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The major components of the tracheal system of insects are an extension of the 

exoskeleton, and the size of the exoskeleton is fixed in the adult stage, so any increase in 

metabolic demand that may accompany reproduction must be met by a relatively unaltered 

tracheal system that the female set in place at ecdysis, when entering adulthood. Acute hypoxia 

tends to elicit an increase in ventilation in insects, and here, I observe increased interburst VCO2 

release, and a tendency towards a more continuous gas exchange pattern being preferred over 

discontinuous gas exchange when Blaptica dubia and Eublaberus posticus are exposed to a 

descending regime of hypoxia. Additionally, higher temperatures appear to increase sensitivity to 

hypoxia in these species, an expected result because both species, like most ectothermic animals, 

display a Q10 effect, increasing metabolic rates as temperature increases. The reproductive mode 

of B. dubia is considered to be lecithotrophic pseudoviviparity (or type A ovoviviparity), and by 

the time the embryos are born, they have more than doubles in volume from the time of 

oviposition. This gain is apparent in the wet mass of the embryo, with no change occurring in dry 

mass. The egg mass that can be attributed to water begins at 39% at oviposition and increased to 

nearly 82% at hatching. The metabolic rates of females and embryos increase as embryonic 

development progresses, but bomb calorimetry reveals that energy content of the embryos does 

not change. It is possible that these embryos gain some nutrition from the mother during 

embryonic development, but direct evidence remains to be demonstrated. Blaptica dubia and 

Eublaberus posticusare both blaberid species that display the same reproductive mode, 

pseudoviviparity, with incubation occurring in a brood sac. Comparisons between the 



reproductive traits of B. dubia and E. posticus reveal that the two species have similar 

reproductive periods, interbirth periods, and clutch sizes to one another, and that both have 

reproductive cycles and incubation times intermediate to oviparous species and the one species 

of cockroach that some consider to be truly viviparous (Diploptera punctata). However, whereas 

adult female E. posticus are larger than female B. dubia (E. posticus non-gravid female mass: 

2.91 +/- 0.42 g, 20; B. dubia non-gravid female mass: 2.60 +/- 0.40 g, 20), the offspring of B. 

dubia are larger than those of E. posticus at the time of birth (B. dubia neonate mass: 24.70 +/- 

4.01 mg, 19; E. posticus neonate mass: 22.40 +/- 1.36 mg, 19). Both gravid and non-gravid 

female B. dubia respond similarly to acute hypoxia exposure, increasing mean total VCO2. 

However, the reproductive state does not appear to exacerbate, nor dull, the acute response to 

hypoxia. Gravid and non-gravid female B. dubia were exposed to chronic hypoxia for 30 days 

and 45 days. Relatively high mortality was observed in nearly all chronic hypoxic treatment 

groups as compared to controls at 21 kPa O2. Comparing treatment groups to controls maintained 

at 21 kPa O2, embryo mass was not decreased, nor was embryo VCO2 at day 30. Adult female B. 

dubia metabolic rates did not show a consistent change in response to chronic hypoxia, but 

decreased metabolic rate was observed in the non-gravid B. dubia exposed to chronic 4 kPa O2, 

an observation that is consistent with past studies in insects. Survival rates were lower for both 

gravid and non-gravid females in 4, 8, and 12 kPa O2, as well as in 15 kPa O2 in gravid females, 

as compared to 21 kPa O2. Gravid females experiences a decreased survival rate compared with 

non-gravid females at 12 and 15 kPa O2, but gravid and non-gravid females had similarly low 

survival rates at 4 and 8 kPa O2. This difference in survival rates suggests there is a cost 

associated with carrying an ootheca in a brood sac, resulting in an increased sensitivity to 

hypoxia, at least over a long period of time. 
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CHAPTER 1 

INTRODUCTION 

Insects have evolved a wide array of adaptations for coping with threats and changes in 

the environment. Some of these adaptations appear in the form of specialized anatomies, whereas 

others appear in the forms of physiological mechanisms and behaviors. Herein, I will explore 

adaptations of insects, particularly Blaberid cockroaches (Blaptica dubia and Eublaberus 

posticus), that involve metabolic rate and respiratory and ventilation patterns, as well as 

reproductive modes and life history tradeoffs, with a particular emphasis on responses to hypoxic 

exposure, which is likely to occur in subterranean environments. Questions I will address, in 

part, include: What patterns of ventilation arise in response to changes in the environment, in 

response to variations in temperature, and in response to variations in atmospheric oxygen 

concentrations? Is regulation of oxygen in a hypoxic environment a major cause underlying the 

appearance of the discontinuous gas exchange cycle? How do insects alter metabolism and 

ventilation patterns in response to acute changes in atmospheric oxygen concentration? How 

does temperature affect the ventilation responses to acute hypoxia? Where ovoviviparity (or 

pseudoviviparity) has evolved, does carrying the ootheca in a brood sac throughout development 

affect the ability of a cockroach to respond to and cope with perturbations in the environment? 

How do the variations in reproduction compare between species of cockroaches; do tradeoffs and 

limitations occur regarding embryo size and number, or periods between reproductive episodes? 

What metabolic and energetic changes occur during the course of embryonic development in 

these cockroaches? 
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1.1 Overview 

From the start of life, all living organisms must cope with constant environmental 

perturbations that threaten to disrupt the balance of the internal environment. Living organisms 

depend upon having a relatively stable internal environment in order to maintain cellular, tissue, 

and organ level functions. Internal fluctuations in osmolality, pH, and temperature can disrupt 

protein and polynucleotide conformation, preventing optimal function or eliminating function 

altogether, which may result in permanent damage, local or systemic, or death of the entire 

organism. As a result, living organisms have adapted ways to resist, buffer, and respond to 

changes in the external environment that may threaten the internal environment.  

Homeostasis is the regulation and maintenance of a constant internal environment, and is 

generally maintained by means of negative feedback loops acting to return each variable in the 

internal environment to a set point. Although different living organisms have adapted varying 

tolerances for environmental and internal perturbations, they have adapted a variety of 

mechanisms to maintain homeostasis. However, if homeostasis is disrupted, then an organism 

may experience stress. 

Perturbations in the environment that act as a source of stress may occur on a narrow or a 

broad temporal scale. Those that occur over a narrow temporal scale may be described as acute 

stressors, and those that occur over a broad temporal scale may act as chronic stressors. The 

environment in which an organism lives does not only vary in time, however, but in space. 

Location can play a paramount role in the survival of an organism, colony, or population, and 

stressors can manifest in the form of biotic factors and abiotic factors. 

Arguably, the most influential abiotic environmental factors affecting animal life on 

Earth are temperature and oxygen availability (e.g., Huey and Ward, 2005, Ward et al., 2006, 
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Berner et al., 2007; Goode, 2013). These two variables alone account for the limitations in the 

distributions of many living organisms, where the variations available for natural selection to act 

upon in a given taxonomic group limit an evolutionary solution to maintain homeostasis in the 

face of extreme stress. However, where the environment is not chronically limiting to such an 

extreme extent, nature has presented with a great variety of seemingly creative proximate and 

ultimate coping mechanisms. As one of the major focuses of the research herein, I have 

quantified metabolic responses to variation in temperature and oxygen to better understand some 

of these coping mechanisms. 

Time frames and spatial scales for exposure to stressors vary widely and may be 

mediated by many different means. Acute exposure to a stressor on a relatively small spatial 

scale may elicit avoidance seeking behavior in a motile organism capable of escaping, but sessile 

organisms must find other means to cope, just as motile ones will in the case of an acute stressor 

on a spatial scale too large to escape. Chronic stressors on a small spatial scale may also be 

avoided by movement or migration. However, chronic stressors on a large spatial scale may 

require adaptation, acclimatization, and/or plasticity in physiological function and genetic 

expression. Another aspect of the research herein will be exploring responses to stressors in a 

controlled laboratory environment at a controlled temporal and spatial scale, and observing acute 

coping mechanisms and long term responses resulting from acclimation.  

Following the ideas of Chown and Nicolson (2004), Goode (2013) defined acclimation as 

follows: “a measure of phenotypic plasticity, the ability of an organism to exhibit a change in 

phenotype (physiological, biochemical or anatomical) in response to an exposure to a new 

environmental condition.” The term acclimation has been used to describe the gradual 

adjustment of the stable physiological state in an organism to a new set point, typically one that 
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can be more easily maintained given a new set of environmental conditions, and yet will allow 

maintenance of physiological function at the cellular and biochemical levels throughout the 

body, the reaching of a new state of homeostasis in response to a long term potential source of 

stress. In physiology, the term acclimatization, however, describes this process specifically in 

nature, rather than an artificial or laboratory environment. In the studies described herein, 

manipulations to the environment are conducted in an artificial setting, and so physiological 

phenotypic plasticity in response to a potential chronic stress is described as acclimation. 

 

1.2 Oxygen 

Oxygen has molded the shape of life on Earth, from anatomy and physiology to behavior 

and distribution. Physiological adaptations seen throughout the animal kingdom have been 

selected in accordance with fluctuations in oxygen availability across locations and geological 

time. Such adaptations include traits associated with movement of various groups of animals to 

land (terrestrialization), the development of flight, various reproductive modes, behavioral 

resource utilization, etc. (Graham et al., 1995; Dudley, 1998, 2000; Clack, 2007; Flück et al, 

2007; Bradley et al., 2009). Whereas many evolutionary adaptations appear to have taken place 

during times of high atmospheric Po2, low atmospheric Po2 may be equally important, possibly 

accelerating rates of extinction (Huey and Ward, 2005; Ward et al., 2006; Berner et al., 2007). 

Many investigators have set out to study the physiological responses to varying oxygen 

availability, and the majority of studies to date has focused on general stress responses and 

coping mechanisms, whether physiological or behavioral, as well as the anatomy and physiology 

of the respiratory system (in addition to the cardiovascular system of vertebrates; Bavis et al., 

2004; Flück et al., 2007). Some of these studies have focused on developmental aspects of 
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oxygen limitation, whereas the majority has focused on the adult organism, often with a focus on 

vertebrates (Bavis et al., 2004; Flück et al., 2007). However, few studies have incorporated 

potential reproductive tradeoffs in response to hypoxia and recovery from hypoxia in insects 

(e.g., VandenBrooks et al., 2012). Herein, I seek to elucidate the potential for oxygen 

availability, or lack thereof, to act as a direct stress that species must endure during reproduction 

using the insect model. 

 

1.3 Insects 

Insects offer unparalleled evolutionary diversity for the study of adaptations and stress 

responses in a laboratory setting. Representing half of all described species, nearly one million 

insect species have been described, making the Class Insecta dominate the described taxa on 

Earth. Harrison et al. (2013) lists several reasons for studying and seeking a better understanding 

of the insect respiratory or tracheal system. Some of these reasons to study the insect tracheal 

system include potential applications in physics and engineering, essentially reverse engineering 

the insect tracheal system artificially for understanding microfluidic dynamics. Such innovations 

could be used to create more efficient ways to extract chemicals in fluid systems, or to supply 

oxygen to growing tissue cultures (Harrison et al., 2013). Insect exoskeletal adaptations, and the 

number of variations that insects have adapted from the same basic anatomical parts has already, 

and will continue to, inspire the designs for space exploration crafts that can traverse uneven 

terrains, as well as advanced flying devices. Insects, including the Orange-spotted Cockroach 

(Blaptica dubia), a species of focus herein, have also been used and are being more widely 

offered as a high protein source of nutrients for both humans and livestock (Yi et al., 2013). 

Studying the insect tracheal system may also help to change our own interactions with insects 



 

6 

simply due to an increased understanding of them; basic research may contribute to a new way to 

control insect pests, or to increase populations of insects that are beneficial to humans. These are 

just a few of the applications that basic research on insects can eventually lead to, amongst a 

large slew of potential other uses.  

Cockroaches (Order: Blattodea) are a diverse group of insects, and with over 4,500 

described species, represent an ancient lineage that diverged from other insects over 300 million 

years ago, and have evolved a wide array of adaptations and life histories (Bell et al., 2007). 

Cockroaches, the focus of the research herein, are relatively easy to house and maintain in a 

laboratory setting, and most have a lifespan of less than two years, and a short time to first 

reproduction of four to eight months. Cockroaches are also small enough to keep entire colonies, 

but large enough to easily manipulate, and many species are generalists that do not require 

specialized resources to survive. Therefore, cockroaches make a useful model for the study of 

physiological and reproductive adaptation. 

 

1.4 The Insect Respiratory System, and How It Compares to that of Vertebrates 

The insect respiratory system is composed of a network of tracheal tubes that supply gas 

exchange directly at the tissue level. The tracheal tubes access the external environment through 

openings termed spiracles, and internally, the tubes branch into progressively smaller 

subdivisions termed tracheoles. The spiracles are located on the sides of the insect where the 

lateral edges of the abdominal sterna and terga convene, as well as along the thorax. 

Cockroaches, like most extant insects, have ten spiracles on either side; they have eight spiracles 

on each side of the abdomen and two spiracles on each side of the thorax. The spiracles of most 

insects (all except the most deeply divergent) are gated by the peritreme, and can open in a 
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graded manner in order to regulate gas exchange between the internal environment of the trachea 

and the external environment. Spiracles of at least some insects can also be opened in an ordered 

pattern to create and regulate directional flow of gasses throughout the insect’s respiratory 

system (Miller, 1964). 

The tracheal system of an insect is an extension of the cuticular exoskeleton, and the 

major trachea are lined with cuticle. Therefore, these major trachea are unlikely to serve a major 

function in direct gas exchange with tissues (Harrison et al., 2013). But, instead, the major 

trachea transport gases between the environment and the smaller tracheoles. It is in the 

tracheoles, which are not lined with cuticle, that gas exchange occurs (Harrison et al., 2013). In 

the tracheoles, gas exchange occurs directly at the level of the cells and tissues, without a 

cardiovascular system mediating gas exchange between the environment and the cells and 

tissues, as occurs in vertebrates. 

The respiratory system of insects contrasts to that of vertebrates in several ways. Insects 

do not possess lungs and do not breath through oral nor nasal cavities, as most terrestrial 

vertebrates do. The arrangement of the spiracles of the tracheal system allows separation of the 

respiratory system from the digestive system. In terrestrial vertebrates, as well as many aquatic 

vertebrates, the respiratory system is intricately linked and shares space with the beginning of the 

digestive system, particularly at the pharynx, allowing for the potential hazard of choking, due to 

food particles entering the respiratory system; this is a hazard insects do not risk. However, 

insects may risk additional hazards due to the high number of openings of the respiratory system; 

particulate matter, or even parasites, may enter the spiracles (Harrison et al., 2001). However, 

most insect spiracles are partially protected from invasion because they are located between 

plates of the exoskeleton, and are gated by the peritreme; similarly, many terrestrial vertebrates 
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have an epiglottis to protect the respiratory system from particulate matter entering the trachea. 

The act of ventilation does expose insects to potential physical threats to the respiratory system, 

however, in addition to the potential hazards (discussed below) that likely influence ventilation. 

Unlike the respiratory system of a vertebrate, wherein the cardiovascular system mediates 

the exchange of gases between the respiratory system and the tissues, the tracheal system of an 

insect exchanges respiratory gases directly at the tissues and the circulatory system plays little or 

no role in gas exchange (although, see van Holde et al., 2001; Burmester and Hankeln, 2007; 

Pick et al., 2010 for discussion of hemocyanins in insect haemolymph). Therefore, the major 

functions of the circulatory system are potentially more restricted in most insects (as compared to 

vertebrates), serving to transport nutrients, wastes, and hormonal signals, in addition to playing 

roles in osmoregulation and pH balance. However, the pH of the haemolymph, like the blood of 

a vertebrate, is related to the respiratory system because the balance of carbon dioxide and 

bicarbonate in the haemolymph requires regulation via carbon dioxide removal through the 

ventilatory responses (Harrison, 1989; Krolikowski and Harrison. 1996; Greenlee and Harrison, 

1998).  

As the insect tracheal system branches throughout the body, like the cardiovascular 

system of a vertebrate, it provides for gas exchange directly at the tissues, but has capabilities 

that exceed the cardiovascular and respiratory systems of vertebrates because the tracheal system 

of an insect opens to the external environment at 20 locations, 10 spiracles on either side of the 

body. The numerous spiracles located along the insect body allow for the possibility of 

unidirectional flow-through ventilation. Unidirectional flow is not possible in most terrestrial 

vertebrates because most terrestrial vertebrates, such as mammals, have lungs that only exchange 

gases through one opening, through the glottis and trachea, and pool air within the lungs, where 



 

9 

air rich in oxygen and air poor in oxygen will mix. Alternatively, at least some insects are 

capable of creating directional gas flow into the more anteriorly located thoracic spiracles, 

through the trachea, and out the abdominal spiracles, by coordinating opening and closing of the 

spiracles (e.g., in dragonflies in Miller, 1962, and in cockroaches in Kitchel, 1935, and Heinrich 

et al., 2013); Kitchel (1935) even demonstrated that the cockroach Nyctobora nocivaga can 

direct ventilation against a pressure gradient. Although the tracheoles are blind ended, and so, 

mixing of air must occur at some level, the directional flow through the major trachea can limit 

the mixing of air and allow for a largely unidirectional flow of gases through the tracheal system 

overall. This is somewhat comparable to the lungs of a bird, which along with posterior and 

anterior air sacs, allow for unidirectional flow of air through the mesobronchi and parabronchi, 

which is where the gas exchange occurs in the lungs, although birds must still alternate between 

inflow and outflow through the trachea (Randall et al., 2002). In the sense that an insect can 

create continuous flow through the respiratory system, although fish are aquatic, fish also serve 

some comparison, as fish have a continuous flow through system for water to pass through the 

mouth and then through the respiratory system, the gill branches, and out the gill slits (Randall et 

al., 2002). 

The bronchioles and alveoli of the mammalian respiratory system serve to maximize the 

surface area within the lungs for gas exchange to occur, but gas exchange occurring at the level 

of the tissues occurs through the cardiovascular system, which branches out into progressively 

smaller units similarly to the insect tracheal system, with the smallest divisions of the insect 

tracheal system, the tracheoles, being somewhat comparable to the capillaries of a vertebrate. It 

is the capillaries of vertebrates, like the tracheoles of an insect, that display the greatest surface 

area to allow gas exchange with the tissues (Krogh, 1941). 
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Insects are also capable of filling the blind ends of the tracheoles with fluid and removing 

this fluid by means of ion regulation. By this means, insects can regulate tracheolar conductance 

in response to variations in environmental conditions (Greenlee and Harrison, 1998; 

Wigglesworth, 1931, 1983). For example, insects may decrease fluid in the tracheoles in 

response to hypoxia (Greenlee and Harrison, 1998; Wigglesworth, 1931, 1983). 

 

1.5 Diffusion and Gas Exchange in Insects 

In insects, gases from the environment are inspired and exhaled through the spiracles, and 

much of the gas exchange in the tracheoles and tissues likely occurs by diffusion, which is 

sufficient to supply an insect with oxygen, even during recovery from acute hypoxic exposure 

(Loudon, 1989). This is consistent with Krogh’s (1941) observations that the cross sectional area 

of the tracheal system remains constant as it branches from major trachea into smaller tracheoles. 

However, gas exchange is further facilitated by convective transport and active pumping 

movements of the thorax and abdomen, such that the trachea provide resistance and a pressure 

gradient is created by the opening and closing of the spiracles, pumping action, and the utility of 

air sacs in concordance with the tracheae and tracheoles in some insects (Miller 1962, 1964; 

Weiss-Fogh, 1967; Loudon, 1989; Greenlee and Harrison, 1998; Henry and Harrison, 2004; 

Greenlee et al., 2009; Harrison et al., 2013).  

One potential disadvantage to the respiratory system of an insect is that the general size 

of an insect is limited due to the limited distance that oxygen can diffuse through the tissues. As 

gas exchange at the cell and tissue levels occurs primarily by diffusion, and diffusion through 

tissues (aqueous solutions) is relatively slow compared to diffusion through gases (Krogh, 1919), 

insect respiration requires that the distance of diffusion be relatively small for passive diffusion 



 

11 

to occur. This means that, in order to maintain the tracheal cross sectional area that corresponds 

to the cross sectional area of the tracheoles providing oxygen to each individual tissue by 

diffusion, the major trachea must become increasingly larger, whereas the tissues must remain 

the same thickness. Hence, the greater an insect’s volume, the greater respiratory surface area it 

will require, and so it requires either larger trachea that make up for an increasing proportion of 

an insects body volume or many more trachea, in order to provide sufficient oxygen to the 

tissues. The relationship between trachea size and insect mass is a hypermetric one, with tracheal 

size increasing to meet the metabolic demands of the tissues at a greater rate per unit mass than 

would be predicted by a linear relationship (Greenlee et al., 2009; Harrison et al., 2010). 

Therefore, an insect’s body size is limited by physical constraints of body volume that can be 

allocated to the respiratory system to facilitate diffusion and sufficient gas exchange versus 

proportion of the body allocated to muscles and other organs (Klok and Harrison, 2009). This is 

the predominating hypothesis as to why insects remain relatively small compared to vertebrates 

and several other non-vertebrate lineages, but this hypothesis has recently come into question 

based on the surprising extent to which adult insects can tolerate hypoxia (Greenlee and 

Harrison, 2004a; Lease et al., 2012). 

Fick’s law of diffusion states: M = ΔP *(A/x)*D*β, where M = net rate of transfer of gas 

molecules (also known as flux, or J) (moles/second), ΔP = total difference in partial pressure of 

gas (across a membrane or distance of diffusion) (Pascals), A = the cross sectional area (meters 

squared), x = distance over which diffusion is occurring (meters), D = diffusion coefficient 

(meters squared per second), β = solubility (aka capacitance) coefficient (moles per cubic meter 

per Pascals). If one applies Fick’s law of diffusion, and assumes that diffusive conductance (G, 

which equals -AD/x) is the same in two systems, then the flux will be greater when the Po2 
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diffuses down a gradient from 35 kPa O2 to 0 kPa O2 than from 20.94 kPa O2 (modern 

atmospheric Po2) to 0 kPa O2. Hence, if raised at 35 kPa O2, an insect can have thicker tissues 

(and therefore, both higher tissue volume and higher mass overall) per unit volume of trachea, as 

there is a relative decrease in the diffusion distance necessary to supply oxygen by diffusion to 

meet the demand at the tissues; oxygen can diffuse a longer distance within a reasonable amount 

of time to meet metabolic demands in an atmosphere of 35 kPa O2 as compared to an atmosphere 

of 20.94 kPa O2.  

When insects have been raised in hypoxia, hypertrophy of the tracheal system (i.e., a 

greater investment in the tracheal system relative to body size) has been observed, but the 

number of major trachea may remain fixed (although tracheoles may increase in number) 

(Loudon, 1989; Henry and Harrison, 2004; Klok and Harrison, 2009). Various insects 

demonstrate increased tracheal branching in response to chronic hypoxia (e.g., Rhodnius 

prolixus, Wigglesworth, 1954; Tenebrio molitor, Locke, 1958; Drosophila melanogaster, Jarecki 

et al., 1999), as well as increased diameter of major trachea (e.g., D. melanogaster, Henry and 

Harrison, 2004; see also Harrison et al., 2006, and citations therein). Some insects, however, 

display decreased branching of major trachea (e.g., D.  melanogaster, Jarecki et al., 1999), and 

decreased tracheal diameters (Henry and Harrison, 2004). Drosophila melanogaster may survive 

chronic hypoxia as low as 7.5 kPa O2, but hypoxia also causes a decrease in body size, cell size, 

number of cells, reduced fecundity, and a decreased rate of development (Peck and Maddrell, 

2005).      

As evidence that gas exchange is occurring by diffusion, Loudon (1989) showed that 

increase in surface area of trachea (relative to body size) of an insect, the potato beetle (Tenebrio 

molitor), can be predicted based on the oxygen concentration that insect was raised under, and is 
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consistent with Fick’s law of diffusion. Based on Fick’s law of diffusion, the tracheal cross-

sectional area is predicted to increase by 1.4x at 15 kPa O2, and the actual measured hypertrophy 

was indeed 1.4x, and the predicted hypertrophy at 10.5 kPa O2 is by a factor 2.0x, and the actual 

measured hypertrophy was 2.2x (Loudon, 1989). Because of the constraint of the increased 

respiratory system surface area requiring an increase in tracheal volume within the body, the 

relative body size is limited in insects raised in hypoxia, and so, such insects may be relatively 

smaller than those raised under normoxic conditions (Klok and Harrison, 2009).  

Alternatively, when raised in moderate hyperoxia, the tracheal system may be relatively 

smaller and body size will not be as constrained by the respiratory system volume required to 

meet metabolic demands, and so, such insects may grow larger than those raised under hypoxic 

or normoxic conditions (Kaiser et al., 2007). Klok and Harrison (2009) reported that fruit flies 

(Drosophila melanogaster) raised in hypoxia (15 kPa O2) over several generations and selected 

for large body size decrease in body size, whereas fruit flies reared at 40 kPa O2 experience little 

change over several generations. It has been hypothesized that this is why giant insects once 

existed (relative to modern insects) during the late Paleozoic, a time of increased atmospheric 

oxygen concentrations, when atmospheric Po2 may have reached 35% or greater during the 

Carboniferous (Dudley, 1998, 2000). Whereas this tracheal system limitation hypothesis is 

consistent with many observations (Kaiser et al., 2007), it must be cautioned, however, that when 

it comes to the evolution of larger body size in insects, this feature was likely adaptive for a 

different purpose. Hyperoxia does not necessarily cause larger body size (see Klok and Harrison, 

2009), but may have released some respiration related constraints on body size (Kaiser et al., 

2007). Additional studies (Greenlee et al., 2007; Lease et al., 2012) have found little support for 

body size affecting safety margins for oxygen delivery, further supporting the view that 
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atmospheric Po2 may not limit insect body size in various modern insects. Further, it should be 

noted that many different environmental factors besides aPo2 can affect body size of the 

individual (e.g., diet, temperature, etc.; see Chown and Gaston, 2010), and, in addition to 

phenotypic plasticity, variations in insect body size are heritable (Klok ad Harrison, 2009); 

therefore, potentially subject to a number of selective pressures driving insect body size at the 

population level (Harrison et al., 2010). 

In support of the hypothesis that insects may be released from constraints on body size at 

higher oxygen concentrations, Peck and Chapelle (1999, 2003, 2004) found that aquatic 

crustaceans grow larger in colder oxygen rich waters, except, perhaps, at higher altitudes where 

oxygen is limited. Dillon et al. (2006) found that, specifically in terrestrial insects, body size is 

not larger at higher altitudes, as would be predicted by Bergmann’s rule (i.e., animals that occur 

in colder climates grow larger), but this may be due to low atmospheric Po2 rather than 

temperature effects. 

VandenBrooks et al. (2012) found, in German cockroaches (Blattella germanica), a 

species of cockroach, a group which did not display gigantism during the Paleozoic hyperoxic 

environment, that body size was not affected by hyperoxia (27, 31, and 40 kPa O2) in the 

laboratory. Alternatively, B. germanica raised under chronic hypoxia (12 kPa O2) did not grow 

as large as controls. VandenBrooks et al. (2012) found a negative association between Po2 and 

tracheal volume of cockroaches raised in hypoxia, as is consistent with earlier insect studies 

(e.g., Loudon, 1989). VandenBrooks et al. (2012) also found that rate of development, growth 

rate, and fecundity decreased with chronic exposure to either hypoxia or the more extreme levels 

of hyperoxia tested. It is therefore hypothesized that, whereas moderate levels of hyperoxia may 

be beneficial and allow for release of some physiological limitations and evolutionary 
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restrictions on body size, when Po2 reaches a certain level of hyperoxia (35% Po2 or greater), 

oxidative stress may counteract the positive effects of hyperoxia (Harrison et al., 2006; Rascón 

and Harrison, 2010). Bartrim et al. (2014) found that Speckled Cockroaches (Nauphoeta cinerea) 

raised in 10 kPa O2 grew to a similar mass as those in normoxia, with a similar pronotum length, 

but had a greater tracheal trunk diameter and more primary tracheal branches. Moderate 

hyperoxia (30 kPa O2) resulted in lower femur length, but had no effect on the other parameters. 

But, raising N. cinerea in 40 kPa O2 resulted in a lower mass, pronotum length, femur length, 

and an increased tracheal trunk diameter and number of tracheal branches (Bartrim et al., 2014). 

Streicher et al. (2012) found that V̇o2 consumption scaled with mass both within the Madagascar 

Hissing Cockroach (Gromphadorhina portentosa), and across cockroach species, but that the 

slope decreased, essentially beginning to plateau, as mass approached 10 g, possibly indicating a 

limit by the respiratory system, and a requirement for lower metabolic rate.  

It follows that respiratory safety margins may be affected because of the hypermetric 

development of the respiratory system when an insect is raised in a hypoxic environment 

(Greenlee et al., 2009). When an insect is exposed to decreasing levels of hypoxia, the level of 

atmospheric oxygen at which an insect is no longer capable of meeting metabolic demands for 

oxygen is the critical partial pressure oxygen (Pc). Various insects are capable of maintaining 

metabolic functions down to a Pc well below most vertebrates; most vertebrates cannot maintain 

metabolic function below 10 kPa O2, with mammals being particularly sensitive with Pc values in 

the high 10s kPa O2, and amphibians being less sensitive, with Pc values as low as 5 kPa O2 

(Greenlee and Harrison, 2007). Contrastingly, various insects are known to maintain metabolic 

function below 1 kPa O2 (Lease et al., 2012). Many insect species, however, observe Pc’s 

ranging from 2 to 5 kPa O2 (Greenlee and Harrison, 2004a, and citations therein; Greenlee and 
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Harrison, 2005; Greenlee at al., 2007). Further, within scarabaeid and tenebrionid beetles, Pc 

appears to be independent of mass, independent of whether beetle species flies or not, and 

independent  of phylogenetic relationships (Lease et al., 2012). Similarly, Pc’s in Schistocerca 

americana are lower in adults than in juveniles, a situation that would not be expected if oxygen 

limited size (Greenlee and Harrison, 2004a). 

 

1.6 Po2 Levels as a Source of Stress 

Hypoxia is known to cause stress in insects. Sources of stress, such as hypoxia, have been 

hypothesized to serve as selective pressures for evolution of lower standard metabolic rates 

(Rumbo, 1979; Hebling et al., 1991; Djawdan et al., 1997). When exposed to acute 

environmental stress, animals often decrease metabolic rate, a response that is hypothesized to 

convey a selective advantage by increasing survival (Wood, 1991; Steiner and Branco, 2002). 

Exposure to acute hypoxic stress in insects results in increased ventilation rate as part of a 

physiological response to maintain the tissue O2 supply (Snyder et al., 1980; Djawdan et al., 

1997; Greenlee and Harrison, 1998; Harrison et al., 2006). Fruit fly populations selected for 

resistance to stress of desiccation and starvation display a lower mass specific metabolic rate 

compared to controls, and all treatments decreased metabolic rates when stressed with starvation 

(Djawdan et al., 1997). Some insects are known to become behaviorally stressed and not feed 

below 12 kPa O2 acute stress; however, when raised in moderate hypoxia, as low as 10 kPa O2, 

and possibly lower, fruit flies will have an increased lifespan, perhaps due to a decrease in 

metabolism and resulting reduction in oxidative stress (Rascón and Harrison, 2010). The fitness 

consequences of decreased Po2 have not been extensively explored, beyond VandenBrooks et 

al.’s (2012) observations that cockroaches have a decreased fecundity when raised in hypoxia. 
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Djawdan et al. (1997) summarize the perspective of Koehn and Bayne (1989), defining stress as 

“any environmental change that acts to reduce the fitness of an organism,” but this definition 

does not fully account for short-term stress responses, acclimation (or acclimatization) and 

developmental and physiological plasticity, which may act to reduce the effects of stress. When 

an organism encounters short-term stress in nature, it must cope with the stress by behavioral or 

physiological means, perhaps by escaping the stressor, or it will die. If an organism is capable of 

coping with stress, such that its long-term fitness is not compromised, then the stress may not 

have an ultimate impact. Stress can also be viewed as any environmental stimulus that causes 

disruption to homeostasis, whether the effects are chronic or acute. Some caution must be taken 

though, in this use of the term stress, because, whereas an acute response to a stressor may 

include an increase in metabolic rate, not all events that cause such an increase should 

necessarily be considered stressful events (e.g., feeding). 

The insect tracheal system is an extension of the chitinous exoskeleton, and is shed with 

the rest of the exuvia at each moulting event. The instars between moults must endure growth 

without expansion of the tracheal system, as once the exoskeleton hardens after a moult, the 

exoskeleton itself cannot grow between moults (Greenlee and Harrison 2004a, b, 2005; Greenlee 

et al., 2009; Kivelä et al., 2016). (Although, the tracheoles, which are not lined with chitin may 

exhibit growth and additional branching during an instar stage, and possibly in adulthood, when 

relevant cellular signaling, such as HIF expression, may occur.) Therefore, immediately after 

hardening of a new exoskeleton, in both holometabolous and hemimetabolous insects, the safety 

margin (which can be measured in terms of tolerance to hypoxia) is greater than it was 

immediately before the moulting event, and as a general rule, the safety margin for meeting 

metabolic demand decreases with growth in mass during an instar (Greenlee and Harrison 2004b, 
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2005; Kivelä et al., 2016). The final instar before maturity is the time of most growth for an 

insect, and the adults, despite having the need to meet metabolic demands during and after 

feeding and reproduction, have a relatively wide safety margin (or tolerance to hypoxia), 

comparable to early stage instars (Davidowitz and Nijhout, 2004; Lease et al., 2012). Adult 

insects recover from extreme hypoxic stress by means of oxygen diffusion relatively rapidly 

compared with vertebrates (Greenlee and Harrison, 2004a; Bradley et al., 2009). The question 

remains as to whether a gravid female of a pseudoviviparous species has a decreased safety 

margin because of this fixed maximum volume respiratory system. One might hypothesize that a 

pseudoviviparous female cockroach would have a decreased safety margin, or at least an 

increased sensitivity to hypoxia, when gravid, as the ootheca may compress other internal organs 

and the trachea. Further, a female’s mass increases during gestation and she likely increases her 

metabolic rate in order to carry the eggs, as well as maintain an oxygenated environment for the 

developing embryos within the brood sac without increasing exoskeleton size. 

The number of instars an insect goes through during development displays a great degree 

of plasticity, and the variation in number of instars may vary in accordance with the oxygen 

concentration under which an insect is raised. In a holometabolous insect, the potato beetle 

(Tenebrio molitor), although growth rate was lower, the relative number of moults increased in 

larvae reared in a hypoxic environment (10 kPa O2), increasing the number of times the tracheal 

system will expand and grow relative to body mass (Greenberg and Ar, 1996). Conversely, 

larvae exposed to hyperoxia may decrease the number of moults due to rapid growth toward 

adulthood, and hence, having fewer moulting events to allow expansion of the tracheal system. 

Incidentally, ecdysis, the moulting event that designates growth from one instar to the next, is 

governed by the release of hormones, including ecdysone and juvenile hormone, which may also 
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be responsible for oxidative stress and affect frequency of reproductive episodes later in life; 

hence, a reduction in fecundity in hypoxic raised insects may be due to high juvenile hormone 

levels early in life, or it may be due to decreased body size (Davidowitz and Nijhout, 2004). 

However, oxidative stress is also responsible for accelerated senescence, which is observed in 

hyperoxic raised insects, presumably due to the increase in free radical by-products of increased 

metabolic rate during development (Rascón and Harrison, 2010). Yet, longer than normal life 

expectancy occurs in hypoxia raised insects, possibly due to the decrease in metabolic rate 

resulting in fewer reactive oxygen species (ROS) (Rascón and Harrison, 2010). 

Many ectothermic organisms, when exposed to hypoxia, will demonstrate a behavioral 

preference towards lower temperatures (Wood, 1991; Steiner and Branco, 2002; Petersen et al., 

2003; see also Dillon et al., 2006, and citations therein). In insects, sensitivity to hypoxia may be 

dependent upon temperature. As ectotherms, such as insects, display a higher metabolic rate at 

higher temperatures (a Q10 effect), one might expect an ectotherm at a higher temperature to 

require more oxygen, and therefore, display a greater sensitivity to hypoxia and decreased safety 

margin. Although diffusion rates increase with increasing temperature as well, metabolic demand 

increases at a relatively higher rate (Dillon et al., 2006). Woods and Hill (2004) found that 

hypoxia (5, 9, 13, 17 kPa O2) and hyperoxia (30 and 50 kPa O2) had a relatively small effect on 

metabolic rates of Tobacco Worm (Manduca sexta) eggs at a lower temperature of 22°C, 

although metabolic rate was depressed at 5 kPa O2, but had a more dramatic effect at higher 

temperatures (32-37°C). The negative effects of hypoxia were amplified at higher temperatures, 

and, despite increased metabolic rate, there was little variation in the V̇co2 output of M. sexta 

eggs at 5 kPa O2 due to the oxygen limitation, regardless of the temperature (Woods and Hill, 

2004); contrastingly, the V̇co2 at 50 kPa O2 was almost three times higher at 37°C than at 22°C. 
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Keister and Buck (1961) observed a sigmoidal pattern to the increase in respiration with the 

increase in temperature in pupae of the fly Phormia regina, indicating a low metabolic rate at 

low temperatures and slightly increasing metabolic rate with temperature increase below 15°C, a 

rapidly increasing metabolic rate from 15 to 35°C, and a plateau above approximately 35°C. 

Adults did not plateau at 35°C, but were found to be sensitive to oxygen levels below 5 kPa O2. 

Whether headless or not, the flies experienced higher metabolic rates at higher temperatures 

(comparing temperatures 15, 25, 30, 35, and 40°C), and displayed a more dramatic response to 

hypoxia at higher temperatures compared to lower temperatures; hence, the mechanisms 

controlling these responses are not located in the ganglia of the head (Keister and Buck, 1961).  

 

1.7 Tracheal System Development and Genetics 

The tracheal system is derived from ectodermal tissues and is an internal extension of the 

exoskeleton (Chapman et al., 2013). The tracheal system is composed of trachea, tracheoles, 

spiracles, and air sacs. The tracheae are the larger tubes of the tracheal system, and they are lined 

by a chitinous intima, often with spiral rings termed taenidia, which lend the tube some rigidity 

(Harrison et al., 2013). With this limited flexibility and thick walls, the tracheae are thought to 

function mainly in the transport of respiratory gasses throughout the body, but not to be involved 

in direct gas exchange with the tissues. The smaller tracheoles, which branch into every tissue in 

the body and have much thinner walls, are described as blind ended, as they lead to the tissues 

and cells of the body and dead end; the tracheoles may be collapsible and are thought to be the 

primary location of gas exchange at the tissue level, and typically at the level of the individual 

cells.  
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Development of the insect tracheal system has been most well-studied in the fruit fly, 

Drosophila melanogaster, which has become a widely used genetic model, and so, most genetic 

work that has been done in the insects has been done in the fruit fly. During development, the 

trachea initially arise from a cluster of approximately 80 cells of ectodermal origin in each 

segment of the insect (Ghabrial et al., 2003). The cells first form a tube where they have 

remained attached to the insect’s developing epidermis and a cavity has begun to form where a 

spiracle will be (Ghabrial et al., 2003). Cells move along the primary trachea to bud sites, and 

then an individual cell gives rise to a secondary branch of the trachea, and finally, extensions 

from this cell give rise to the tertiary branches that extend into the tissues; this repeats until 

tertiary branches have extended around the cells throughout the entire body (Sutherland et al., 

1996; Ghabrial et al., 2003). The gene trachealess is expressed early in tracheal precursors, along 

with ventral veinless, which are expressed in an ordered anterior-posterior and dorso-ventral 

pattern, as controlled by segment genes, such as domeless and stat92E. In turn, trachealess and 

ventral veinless initiate the expression of genes that regulate the development of the tracheal 

branching; these include branchless and breathless. Tracheole cells extend filopodia that sense 

where it is necessary to form more tracheole branches. Hypoxia drives the expression of the 

alpha subunit (ortholog sima in the fly) of a hypoxia inducible factor (HIF), and this binds to the 

constitutively expressed beta subunit (ortholog tango in the fly); as a result, the HIF acts as a 

transcription factor for additional genes that are involved in a hypoxic response cascade, a 

response which includes the growth of tracheoles to oxygen deprived tissues (Gorr et al., 2006; 

Ghabrial et al., 2003). In this way, hypoxia drives the development of the tracheal system in 

much the same way that it drives angiogenesis in vertebrates (Ghabrial et al., 2003). Formation 

of tracheoles in a specific region is brought about when hypoxia inducible factors sense a lack of 
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oxygen along a tracheole, and then expression of breathless, a type of fibroblast growth factor 

receptor, is increased (Ghabrial et al., 2003, and citations therein). breathless acts as a receptor 

for branchless, a fibroblast growth factor that bears homology to FGF-10 (which is involved in 

lung development) in mammals, and this pathway induces the formation of further branching of 

the tracheoles (Min et al., 1998). After filopodia sense an appropriate site and tracheole 

formation has begun, the gene escargot regulates a DE-cadherin called shotgun, which controls 

cell adhesion for the cells at the tips of the new tracheoles to fuse and form a seamless lumen, 

which connects to the larger tracheole branches (and trachea farther upstream) (Tanaka-

Matakatsu et al., 1996). There are additional genes that regulate the development of the tracheal 

system, such as ribbon and synaptobrevin, which control lumen formation and the length of the 

trachea, as well as genes involved in the axis formation and orientation of development of the 

overall body plan (e.g., dpp, wnt, hedgehog). Interestingly, the tracheal system begins 

development independently in each individual segment; it must form connections between the 

lumens of major tracheal tubes between the segments, as there exist major longitudinal trunks 

that run the length of much of the body; and the head does not have spiracles, so it must be 

provided with a supply of oxygen from spiracles and trachea of more posterior parts of the body. 

The entire system must be coordinated and ultimately, connected.  

At moulting, and especially during metamorphosis in some insects, the tracheal system 

may be remodeled. In many insects, the chitinous intima of the trachea is shed through the 

spiracles at each moulting episode, as it is an extension of the exoskeleton (Chapman, 2013). In 

early instars in some insects, the tracheal system is sometimes remodeled in such a way that the 

insect gains spiracles at ecdysis. In holometabolous insects, the tracheal system, like most other 

systems, is completely remodeled, and the new trachea that form are often derived, somewhat, 
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from cells that had been part of the tracheal system prior to metamorphosis. Hemimetabolous, 

insects, such as cockroaches, generally do not undergo as extensive remodeling during growth. 

The development of the tracheal system is affected by the oxygen demand at the tissues. 

For example, there is evidence, as mentioned above, that the formation of tracheoles in a 

particular location responds to hypoxia in those tissues (Chapman, 2013). The match between 

supply and demand is also demonstrated by the fact that the tracheal system is well developed 

around muscles that have a high oxygen demand (Meyer, 1989). Further, as the major trachea are 

relatively rigid and cannot expand in size during tissues growth in an instar stage, the oxygen 

supply to the tissues becomes limiting; the tissues grow, but the trachea do not, and the tissues 

may even compress parts of the tracheal system. As a result, in Manduca sexta for example, the 

metabolic rate increases with mass up to a critical mass, and then plateaus until the next moulting 

event, when the tracheal system can expand again (Greenlee and Harrison, 2005; Callier and 

Nijhout, 2011). The safety margin for oxygen delivery is also decreased as oxygen demand 

increases during an instar. For example, M. sexta larvae can maintain metabolic function down to 

5 kPa O2 early during an instar, but only down to 15 kPa O2 before moulting (Greenlee and 

Harrison, 2005). Similar results have been observed in the locust Schistocerca americana 

(Greenlee and Harrison, 2004b). Because of this limitation, it has been hypothesized that the 

resulting mismatch between supply and demand may result in hypoxia, which may, in turn, act as 

a trigger for ecdysis. Kivelä et al. (2016) were able to accurately predict the mass at which 

various species of butterflies would moult based on a model contingent upon oxygen being the 

limitation to growth in mass within an instar. However, late stage S. americana instars may 

compensate for decreased conductance by increasing ventilation frequency, thereby buffering the 

effects of oxygen limitation (Greenlee and Harrison, 2004b).  
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1.8 Insect Ventilation 

Respiratory ventilation in insects is largely based on diffusion, but is facilitated by 

convective air flow and controlled by both opening and closing of the valved spiracles and 

thoracic and abdominal pumping (Miller, 1962, 1964; Weiss-Fogh, 1967; Harrison et al., 2013). 

Most insects display one of three ventilatory patterns, depending on temperature, activity level, 

and other factors; these patterns are known as cyclic gas exchange (CGE), continuous gas 

exchange, and the discontinuous gas exchange cycle (DGC). Cyclic gas exchange is a pattern 

wherein spiracles consistently open and close, displaying an oscillation in V̇co2 release of greater 

amplitude and wavelength than the flutter phase of DGC (described below); CGE is common in 

disturbed and active insects (Gibbs and Johnson, 2004; Gray and Bradley, 2006). Continuous gas 

exchange is a pattern where spiracles are maintained in an open state so gas exchange with the 

external environment is continuous. This pattern is often seen when insects are active or under 

stress and must rapidly facilitate ventilatory gas exchange to meet increased metabolic demands 

(Gibbs and Johnson, 2004). The DGC is a gas exchange pattern composed of three distinct 

phases, the closed (C) phase, the open (O) phase, and the flutter (F) phase. The closed phase is 

characterized by spiracles closing, and sealing off the respiratory system, whereas the open phase 

represents when spiracles are open and gas exchange is occurring between the trachea and the 

environment. The flutter phase represents a rapid opening and closing of spiracles. The DGC is 

observed primarily in insects in which it occurs when they are less active, with lower metabolic 

activity (Hetz and Bradley, 2005; Karise, 2010). 

At rest, many insects are known to display DGC, from insects as small as the mosquito 

(Culiseta inornata) to insects as large as the giant burrowing cockroach (Macropanesthia 

rhinoceros), but the adaptive value, if any, of DGC is a subject of much debate, and several 
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competing hypotheses have been proposed to explain DGC (Gray and Bradley, 2006; Woodman 

et al., 2007; Chown et al., 2006, Chown, 2011; Quinlan and Gibbs, 2006). One hypothesis is the 

hygric hypothesis, which proposes that DGC is an adaptation for conservation of water, as a 

means to minimize water loss through the respiratory system (Buck et al., 1953; Kestler, 1985; 

White et al., 2007; Schimpf et al., 2009; Williams et al., 2010; Matthews and White, 2012). 

Matthews and White (2012) found greater water loss during continuous gas exchange as 

compared to DGC in the flower beetle Protaetia cretica. Schimpf et al. (2009, 2012) observed a 

similar pattern in the Speckled Cockroach N. cinerea, lending potential support to the hygric 

hypothesis. Jõgar et al. (2016) found that two-spotted ladybird beetles, Adalia bipunctata, 

displayed a discontinuous form of gas exchange in low humidity, but a continuous gas exchange 

under conditions of high humidity. However, additional evidence does not support this 

hypothesis, as: 1) additional insect species often lose just as much water through respiration, if 

not more, during the open and flutter phases of DGC than during cyclic gas exchange, 2) DGC 

continues during exposure to high humidity in some species, and 3) respiratory water loss serves 

as a less significant source of water loss in comparison to routes, such as cuticular water loss 

(Gibbs and Johnson, 2004; Dingha et al., 2005; Schilman et al., 2005; Gray and Chown, 2008; 

Lighton and Turner, 2008; Contreras and Bradley, 2009; Bartrim et al., 2014). A second 

hypothesis is the chthonic hypothesis, which proposes that DGC is an adaptation to compensate 

during natural exposure (in burrows, etc.) to hypoxic and hypercapnic environments (Lighton, 

1996, 1998; Gibbs and Johnson, 2004); this hypothesis lacks support, as adult insects exposed to 

hypoxia during rest hyperventilate and display a cyclic or continuous gas exchange pattern 

(Greenlee and Harrison, 1998, 2004b). An additional hypothesis, the chthonic hygric hypothesis 

(Lighton and Berrigan, 1995), suggests that DGC functions in decreasing water loss while 
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insects are exposed to hypoxia (such as in a subterranean environment), and exposure to 

decreased levels of Po2 is known to cause an increase in water loss; however, this water loss is 

not significantly different between individuals displaying DGC or continuous gas exchange 

(Gibbs and Johnson, 2004; Snyder et al., 1995; Schilman et al., 2005), nor when oxygen levels 

are varied (Timmins et al., 1999). A fourth hypothesis is the strolling arthropod hypothesis, 

which proposes that an advantage to insects maintaining a closed phase may be in preventing 

infections from tracheal parasites, such as tracheal mites (Harrison et al., 2001). The oxidative 

damage hypothesis posits that DGC may have evolved as a behavioral adaptation to decrease 

oxidative damage caused by high levels of intratracheal oxygen at resting metabolic rates, 

whereas the respiratory system is adapted to meet metabolic demands during strenuous activity 

(Bradley, 2000; Hetz and Bradley, 2005; Contreras and Bradley, 2009). This hypothesis is 

consistent with the observation that metabolic rate may increase by as much as 100 fold between 

the resting metabolic rate (or standard metabolic rate during inactivity) and the metabolic rate 

during an insect’s flight, which is well established to be one of the most metabolically 

demanding exercises observed across Animalia (Bartholomew and Casey, 1978). This hypothesis 

is also consistent with the observation that high levels of chronic hyperoxia appear to sometimes 

be lethal to insects (Harrison et al., 2006). However, ROS also increase during the C and F 

phases of DGC in the Ailanthus Silkworm (Samia cynthia), when intratracheal oxygen 

concentrations are decreasing (Boardman et al., 2012). Although this observation may indicate a 

role for ROS in DGC regulation, it could also serve as evidence to refute the oxidative damage 

hypothesis, as it does not support the idea that continuously open spiracles increase oxidative 

stress (Boardman et al., 2012). Matthews et al. (2012) also found that the varying environmental 

oxygen levels for Locusta migratoria caused for a DGC response consistent with maintaining a 
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minimum intratracheal oxygen level even in hypoxia, but did not limit oxygen levels in 

hyperoxia; and therefore, the authors argued against the idea that DGC could be an adaptation to 

protect against oxidative damage.   

At least five orders of insects have independently evolved DGC, whereas many others 

display cyclic gas exchange, and a few are limited to continuous gas exchange (Marais et al, 

2005). Marais et al. (2005) conducted phylogeny based comparisons of species that display and 

that do not display DGC, and found no association with winged or wingless insects, as might be 

expected from the oxidative damage hypothesis (because insects that fly will generally have a 

higher oxygen demand when active), nor did they find any association with subterranean versus 

non-subterranean insects, as might be expected from the chthonic hypothesis. Marais et al. 

(2005) did however observe a possible association between DGC and insects that live in xeric 

habitats, which may be interpreted as tentative support for the hygric hypothesis.  

Discontinuous gas exchange has been observed in many species of cockroaches, 

including Blaberus giganteus, B. germanica, M. rhinoceros, P. americana, and Perisphaeria sp., 

N. cinerea (Appel, 2008; Matthews and White, 2011a; Schimpf et al., 2013). Schimpf et al. 

(2013) demonstrated that DGCs are heritable, and therefore could be subject to selective 

pressures in the Speckled Cockroach (N. cinerea). However, this also implies that laboratory 

conditions, and even inbreeding, may be responsible for unintended genetic drift and selection on 

the trait, so it may be important to source animals from the wild and/or be cautious about 

interpretations of data regarding the DGC in captive bred animals. 

A major non-adaptive hypothesis to explain the occurrence of the DGC has been dubbed 

the emergent property hypothesis or neural hypothesis, which suggests that the DGC may be a 

mechanistic by-product of the physiological design of oxygen and carbon dioxide sensing 
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systems and nervous system inputs controlling gas exchange patterns in insects (Chown and 

Holter, 2000; Chown et al., 2006). Matthews and White (2011a, b) found that Speckled 

Cockroaches (N. cinerea) maintain a discontinuous gas exchange pattern even when decapitated; 

this suggests that the basic pattern of discontinuous gas exchange may be under the control of a 

central pattern generator located in the thoracic and abdominal ganglial interneurons, but control 

from the brain may override the signal from the local central nervous system when metabolic 

rates are increased and other gas exchange patterns become necessary. Matthews and White 

(2011b) compared the discontinuous gas exchange pattern to the parasympathetic control of 

ventilation in a vertebrate while it sleeps. Based on measurements of endotracheal partial 

pressures of oxygen and carbon dioxide variations with ventilatory pattern in the Atlas Moth 

(Attacus atlas), Förster and Hetz (2010) proposed a hypothetical pattern for the control of 

oxygen and carbon dioxide in the tracheal system leading to the DGC pattern. Förster and Hetz 

(2010) propose that the closed phase begins when carbon dioxide is sufficiently cleared from the 

tracheal system and an oxygen set point is reached at which time spiracular constriction occurs, 

and then oxygen decreases to a minimum set point (approximately 6 kPa O2 within the trachea as 

estimated by Hetz and Bradley, 2005, although possibly higher, as Förster and Hetz, 2010, later 

provided a range of set points from 12 to 15 kPa O2) that triggers the flutter phase, which would 

be sufficient to bring oxygen levels back to the upper oxygen set point. According to this model,  

the flutter phase is not sufficient to relieve carbon dioxide build up in the haemolymph and 

tracheal system because carbon dioxide diffuses through air more slowly than oxygen, and so the 

open phase occurs, which results in a burst of carbon dioxide release (estimated by Hetz and 

Bradley (2005) to peak at 6.5 kPa O2 intratracheally but possibly lower, according to Förster and 

Hetz (2010)). Förster and Hetz (2010) point out that this is similar to vertebrates, which control 
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respiration based on both CO2 and O2 sensory feedback loops (vertebrate examples discussed in 

Gilmour, 2001). Chown (2011) argues that, in light of all the studies thus far addressing DGC, 

perhaps the best explanation for DGC is a combination that it is adaptive for the purpose of 

saving energy (maintaining homeostasis without actively ventilating) and that it is governed 

mechanistically by the physiology of the sensory pathways for sensing and responding to Pco2 

and Po2, and not necessarily related to water or pH balance (see also Förster and Hetz, 2010).  

An additional, though not mutually exclusive, hypothesis posits that the opening and 

closing of spiracles is regulated in order to control or buffer pH, particularly acid creation due to 

carbon dioxide in the haemolymph, as it appears that insect haemolymph pH is affected by 

respiratory patterns, and changes throughout the DGC, but is maintained around 7.3 in the 

cockroach, N. cinerea (Matthews and White, 2011a). Snyder et al. (1980) found that N. cinerea 

increased ventilatory rate in response to increased haemolymph pH, environmental hypercapnia, 

or environmental hypoxia, and supported the hypothesis that regulation of ventilation could be 

explained by regulatory mechanisms in place to control haemolymph pH. Harrison (1989) 

similarly found that, in the American Locust (Schistocerca nitens), abdominal pumping and 

ventilatory frequency increased with an increase in Pco2, whereas haemolymph pH decreased. 

However, Krolikowski and Harrison (1996) provided evidence that ventilation was not under the 

control of feedback mechanisms sensing haemolymph pH post-exercise in Schistocerca 

americana. Insects may also hyperventilate post flight in order to release excessive carbon 

dioxide (which can cause haemolymph acidosis), whereas they actively ventilate in flight as a 

matter of maintaining the oxygen supply to the tissues (Greenlee and Harrison, 1998). Whereas 

ventilation was not found to be under control of pH regulating or sensing feedback mechanisms, 

it was found that pH was returned to normal after a period of recovery from base injected 
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treatments or exercise, and that pH and haemolymph Pco2 levels are not responsible for elevated 

ventilation after exercise. If the insects regulated uptake of oxygen and release of carbon dioxide 

by means of pH receptors, this may be likened to the mammalian feedback loop wherein the 

carotid bodies and the aortic bodies located in the cardiovascular system, which, respectively 

relay information on pH, carbon dioxide, and oxygen by means of the glossopharyngeal and 

vagus nerves, which, in turn (after integration in the central nervous system) elicit a motor 

response involving ventilation. These chemoreceptors are more sensitive to changes in carbon 

dioxide and pH than to fluctuations in oxygen, and so they regulate pH closely, and control 

ventilation accordingly. This is largely how discontinuous respiration is controlled in vertebrates, 

and it may be important to note that, the insect spiracular control seems to be driven more by 

carbon dioxide than oxygen. 

Insects react more rapidly and more dramatically to fluctuations in Pco2 than to 

fluctuations in Po2, partly due to the fact that responses to Po2 are mostly mediated by the central 

nervous system, whereas responses to Pco2 occur by means of sensing direct stimulation at the 

muscles that control the spiracles, in addition to the central nervous system (Miller, 1964; 

Bustami et al., 2002; Harrison et al., 2006). Ventilation in insects generally increases in response 

to increased Pco2 and decreases in response to increased Po2 (Miller, 1960a, 1964; Arieli and 

Lehrer, 1988; Gulinson and Harrison, 1996). Similarly, increased levels of bicarbonate cause an 

increase in ventilation, but decreased bicarbonate has no apparent effect on ventilation (Gulinson 

and Harrison, 1996). It is also hypothesized that part of the reason for hyperventilation observed 

during hypoxia is to eliminate carbon dioxide and avoid intratracheal hypercapnia (Matthews and 

White, 2011a). However, conversion of bicarbonate to CO2 and transport out of cells into the 

tracheal system probably limits carbon dioxide regulation to a greater extent than does release of 
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CO2 into the environment via diffusion and convection (Greenlee and Harrison, 1998). But, 

whereas the response to hypercapnia may be more dramatic, it is well documented that insects 

increase ventilation in response to acute hypoxia (e.g., Arieli and Lehrer, 1988; Chown and 

Holter, 2000; Woodman et al., 2007; Harrison et al., 2016), so it appears that multiple sensory 

and feedback mechanisms regulate ventilation.  

Peripheral Pco2 sensors at the spiracles cause the opener and closer muscles of the 

spiracles to react to elevated levels of carbon dioxide by direct innervations, whereas responses 

to low levels of oxygen are controlled by the central nervous system (Miller, 1960b). Therefore, 

the spiracles respond nearly instantaneously to fluctuations in carbon dioxide, and there is 

latency in the response to fluctuations in oxygen. Hence, the risk of hypercapnia may be of 

greater adaptive significance than direct risk of hypoxia. Some insects are known to maintain an 

intratracheal Pco2 around 5% and an intratracheal Po2 around 15%, with thresholds or set points 

for spiracular control from 2 to 6 kPa CO2, and 12 to 15 kPa O2 (Förster and Hetz, 2010). In 

animal tissues, the coefficient of diffusion is greater for carbon dioxide than it is for oxygen, but 

the gradients in gas concentrations for each of these gases result in carbon dioxide being 

eliminated from the tracheal system more slowly than oxygen is gained, and therefore, carbon 

dioxide release is the factor that determines how long spiracles must remain open (Snelling et al., 

2012). This is another possible reason that the sensory system may be adapted so spiracles 

respond more directly to fluctuations in carbon dioxide than to fluctuations in oxygen. Cyclic 

and continuous gas exchange patterns appear to be regulated by the same mechanisms and set 

points that control DGC, and as metabolic demands increase (such as in elevated temperatures, 

increased activity, or acutely decreased oxygen concentrations) ventilatory patterns appear in the 
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following order: DGC, CGE, continuous gas exchange (Gibbs and Johnson, 2004; Chown et al., 

2006; Karise et al., 2010; Moerbitz and Hetz, 2010).  

With exposure to acute hypoxia, insects are known to display a cyclic or a continuous gas 

exchange pattern rather than a DGC (e.g., Chown and Holter, 2000; Woodman et al., 2007). In 

fact, hyperventilation has been observed in insects exposed to acute hypoxia, and this increased 

ventilation potentially allows insects to eliminate carbon dioxide that would otherwise 

accumulate in the body until it reaches toxic concentrations (Matthews and White, 2011a). 

However, hyperventilation in response to hypoxia may also cause hypocapnia, leading to an 

increase in pH (alkalization) (Greenlee and Harrison, 1998). Further, hyperventilation during 

acute hypoxic exposure allows an insect to provide oxygen to the tissues at a rate similar to that 

provided during exposure to normoxia. As oxygen concentrations are lowered, insects are known 

to open the spiracles in a graded manner in between discrete bursts of respiratory gas exchange 

with the environment, a period I will refer to as the interburst period, until gas exchange loses a 

cyclic nature and the insect experiences continuous open ventilation in order to attempt to meet 

the demands of eliminating CO2 and acquiring O2. Insects also display a Q10 effect regarding 

metabolic functions at different temperatures, but this has not been studied extensively with 

relation to ventilatory patterns resulting from the decrease in metabolic rate with combined 

variations in Po2. The Giant Burrowing Cockroach, M. rhinoceros, displayed cyclic gas 

exchange at higher temperatures rather than lower (20°C versus 10°C), and cyclic gas exchange 

was also displayed in response to hypoxia (10% Po2 and 2% Po2), with cyclic gas exchange 

occurring most readily with both decreased oxygen and elevated temperature (Woodman et al., 

2007).   
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1.9 Species Studied 

Many, possibly most, cockroaches are considered ecological generalists, omnivorous in 

diet, and generally opportunistic (Mullins, 2015), as are the species studied herein. The majority 

of cockroach species are tropical or subtropical, as are the species studied herein (Mullins, 2015). 

Cockroaches are hemimetabolous, with a life cycle composed of an egg stage, several instars of 

the nymph stage (e.g., typically seven sub-adult nymph stages in the B. dubia), and an adult stage 

(Pick et al., 2010).   

The research presented herein focuses primarily on the Orange-headed Cockroach 

(Eublaberus posticus) and the Guyana Orange-spotted Cockroach (Blaptica dubia). Native to 

South America, E. posticus have wings, but don’t typically fly, and are not capable of climbing 

smooth plastic surfaces, making them easy to house and maintain under artificial settings. 

Eublaberus posticus typically mature in four to eight months and grow to approximately 50 

millimeters in length; they live for over one year as adults, and reproduce multiple times, 

incubating the ootheca in a brood sac. Blaptica dubia are native to Central and South America, 

and being easy to keep, are the most readily available cockroach in the North American pet trade. 

Blaptica dubia has similar characteristics to E. posticus, slightly smaller in  size, and reproducing 

with a similar reproductive mode, although, unlike E. posticus which all have wings at maturity, 

male B. dubia have well developed wings, which serve some limited use in dispersal, but female 

B. dubia only have small vestiges of wings. 

 

1.10 Critical Thermal Maxima in Cockroaches 

Temperature sensitivity has been studied in several species of cockroaches. Periplaneta 

americana remains active over a large range of temperatures, from 15°C up to the low 30s °C, 
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and whereas its activity levels are highest when temperatures range into the mid 30s °C, its 

critical thermal maximum (CTM) is approximately 42°C (Bell and Adiyodi, 1981). Arenivaga 

investigata, a desert species, is active at a wide range of temperatures as well, ranging from the 

low 20s °C in the winter to the mid 30s °C in the summer, but with acclimation to different 

temperatures, the CTM is variable as well. Cohen and Cohen (1981) found A. investigata 

acclimated to 30.1°C have a CTM of 47.4°C and A. investigata acclimated to 13.7°C have a 

CTM of 38.6°C. A related species, Arenivaga apacha, which occurs in cooler habitats, is more 

sensitive to higher temperatures, but acclimates to lower seasonal temperatures. Arenivaga 

apacha acclimated to 17.6°C have a CTM of 42.0°C and A. apacha acclimated to 7.75°C have a 

CTM of 36.7°C (Cohen and Cohen, 1981). Appel (1991), found that additional species of 

cockroaches (Diploptera punctata, Pycnoscelus surinamensis, and Blatta lateralis) having been 

housed at 25.5°C had CTM of approximately 43.20°C, 44.28°C, and 44.02°C, respectively, and 

upper lethal limits of 45.02°C, 46.43°C, and 48.14°C, respectively. 

Appel (1991) observed greater rates of water loss in the cockroaches D. punctata, P. 

surinamensis, and B. lateralis when exposed to higher temperatures compared to lower 

temperatures within their naturally active temperature ranges. Similarly, Cohen and Cohen 

(1981) found greater rates of water loss in the cockroaches A. investigata and A. apacha when 

these were exposed to higher temperatures. Interestingly, the desert adapted cockroach A. 

investigata is capable of absorbing water through a hypopharyngeal bladder from the air at a 

humidity of greater than 82% (O’Donnell, 1977). 

Goode (2013) chronically exposed three species of cockroaches (B. dubia, E. posticus, 

and Blaberus discoidalis) to temperatures ranging from 10°C to 37°C and tested whether 

acclimation to different temperatures would affect the CTM in each species (i.e., whether this 
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behavior would show phenotypic plasticity). Blaptica dubia was the only species that was 

capable of acclimating to the most extreme low and high temperatures (10°C and 37°C), whereas 

E. posticus and B. discoidalis died during chronic exposure to 10°C and 37°C, and so the latter 

species were only tested at temperatures of 15°C, 20°C, 25°C, and 31°C. The CTM of B. dubia 

was similar for all acclimation temperatures except 37°C, an acclimation temperature at which B. 

dubia exhibited a higher mean CTM (roughly 47.06°C to 47.82°C with acclimation to lower 

temperatures, but 49.18°C with acclimation to 37°C). The CTM of E. posticus was higher at 

acclimation temperatures of 15°C and 31°C (46.89°C and 47.27°C, respectively) than at 20°C 

and 25°C (45.88°C and 45.57°C, respectively). No significant differences were found across 

acclimation temperatures in Blaberus discoidalis (44.49°C to 45.64°C). Overall, the CTM of B. 

dubia was higher than the CTMs of the other species at acclimation temperatures of 20°C and 

25°C, all three species had different CTM at 25°C, and both B. dubia and E. posticus had higher 

CTM than B. discoidalis at acclimation temperatures of 15°C, 25°C, and 31°C. 

 

1.11 Cockroach Reproductive and Ootheca Anatomy 

The most posterior organs of the reproductive system of the female cockroach are located 

internally, within an area termed the vestibulum, which is protected by, and can be exposed by 

separation of, the 10th tergum and 7th sternum of the abdomen, the terminal external exoskeletal 

segments of the abdomen (Brunet, 1951). Exposing the vestibulum reveals the 8th and 9th 

abdominal sternites, which are modified into gonapophyses for reproductive purposes, and 

extend from the valvula, the valves of the ovipositor. In cockroach species that carry the ootheca 

in a brood sac until hatching, the brood sac is an extension of the vestibulum located in a ventral 

position to the gonapophyses. The male cockroach produces a spermatophore (Khalifa, 1950), 
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which is stored within a spermatotheca in the females, and allows females to store sperm and 

remain fertile for multiple broods. A spermatophore can be observed in the posterior part of the 

vestibulum in a female that has recently mated (personal observation). 

In oviparous (and pseudoviviparous or ovoviviparous) cockroaches, the eggs are released 

from the ovary, through the oviducts and into the vestibulum; there, the valvulae serve as the 

location where secretions are released from colleterial glands into the vestibulum at the time of 

oviposition (egg laying) (Brunet, 1951). The secretions released include proteins and tanning 

agents that promote scleritization or quinine tanning to create a cross-linked protein network that 

encapsulates the eggs; this is the outer casing of the ootheca. The eggs are typically organized 

into two parallel rows within the ootheca casing (Nalepa et al., 2007). The scleretized outer 

casing is the thickest and hardest part of the entire ootheca capsule. This layer encases the eggs, 

potentially protecting them from wasp parasitization, predation, and desiccation (Wigglesworth 

and Beament 1950; Roth, 1989). In species that abandon their eggs at or shortly after oviposition, 

or carry them externally, the outer layer of the ootheca generally completely encapsulates the 

eggs within, and includes a crest or keel at the top with pores that penetrate the ootheca to the 

chorion of the eggs within, to allow for gas exchange with little water loss (Wigglessworth and 

Beament, 1950; Roth, 1989; Mullins et al., 2002). In species that carry the eggs internally (within 

a brood sac) until hatching, the top of the ootheca forms a seam, and the ootheca often does not 

fully encase the eggs that are located most anteriorly within the female; this is possibly 

associated with how far the ootheca was extruded during ovipostion, as the female must extrude 

the eggs during oviposition in order to move them past the colleterial glands of the vavulae, 

allow for scleritization, and move the eggs into the brood sac (Brunet, 1951; Roth, 1989). As 

development progresses, and the eggs increase in volume, the seam continues to split, and the 
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individual eggs will protrude from the scleritized ootheca casing. Beneath the scleritized ootheca 

casing the outer layer of each individual egg is the chorion, a layer of peroxidase catalyzed cross-

linked proteins produced by follicle cells in the ovary; the chorion is porous to allow respiration, 

and potentially exchange of water and nutrients in and out of the egg (Chapman, 2013). Within 

the chorion, some insects have a wax layer that is thought to play a role in preventing water loss, 

but cockroaches do not have such  a layer. Finally, one additional membrane, the relatively thin 

vitelline membrane encases the embryo within the chorion. 

 

1.12 Reproductive Modes 

Blackburn (1994, 2000) has argued that the term ovoviviparity causes confusion 

primarily because it has historically been used to describe a large amount of variation in 

reproductive modes, dealing with the presence or absence of an egg shell, the presence or 

absence of a functional placenta, sources of nutrients during development, etc. Blackburn (1994) 

argued for the abandonment of the term ovoviviparity in favor of a variety of alternative terms 

and descriptions, some of which do not appear to be mutually exclusive: 1) oviparity to describe 

cases of oviposition, (meaning external laying for external incubation) of developing eggs), 2) 

oviparous egg-retention to describe cases of oviparity in which embryos largely develop prior to 

laying, 3) aplacental viviparity to describe live birth with no placental transfer of nutrients, 4) 

lecithotrophic viviparity to describe live birth with vitelline nutrients only, 5) pseudoviviparity or 

egg-brooding to describe parental care of eggs, including incubation within brood sacs outside of 

the reproductive system (e.g., gastric brooding in vertebrates), 6) matrotrophic viviparity, which 

may describe placental viviparity or aplacental viviparity with nutritional provisions from the 

mother. Blackburn (2000) suggested that emphasis should be given to two criteria, sources of 
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nutrients to an embryo (lecithotrophy if from the yolk only, and matrotrophy if from the mother), 

and whether an animal lays eggs or gives live birth (oviparous or viviparous, respectively), but 

there are additional variants that complicate each of these considerations. 

Matrotrophy, when nutritional provisions are provided by the mother to the embryo 

during development, can be observed in many different variations; six patterns are described by 

Blackburn (2015) in vertebrates and Ostrovsky et al. (2016) in invertebrates: 1) oophagy 

describes nutrient acquisition from sibling ova, 2) embryophagy is the ingesting of a sibling 

embryo, 3) histotrophy describes the direct absorption of nutrients secreted by the mother during 

development of the embryo, 4) histophagy describes the ingesting of nutrients secreted by the 

mother, 5) matrophagy is the ingesting of maternal tissues, and 6) placentotrophy is where 

nutrients are exchanged across a placenta, a specialized organ that provides for transfer between 

the mother and embryo. Whereas arthropods are known to display all of these forms of 

matrotrophy (Ostrovsky et al., 2016), cockroaches are primarily lecithotrophic, with the 

exception of the histophagic Pacific Beetle Cockroach (D. punctata; Stay and Coop, 1973; Roth, 

1989; Youngstead et al., 2005). 

The variants on reproductive mode in cockroaches as described in Nalepa et al. (2007) 

include: 

1) Type A oviparity has been described as the behavior of laying eggs and abandoning 

them in the environment; typically, in cockroaches, this form of oviparity coincides with the 

development of a thick ootheca that fully encloses the eggs. Type A oviparity is found in 

cockroaches outside of Blaberidae, such as Periplaneta. In type A oviparity, the offspring must 

depend upon the nutritional provisioning allocated to them within the yolk of the egg prior to 

laying (vitelline nutrients). 
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2) Type B oviparity (oviparous egg-retention in accordance with Blackburn, 1994) has 

been described as the behavior of laying eggs with a partially water permeable ootheca, and 

carrying the eggs protruding from the vestibulum until they hatch; type B oviparity occurs in 

some members of the family Blattellidae, including Blattella. In type B oviparity, the female is 

not known to provide nutritional provisions after the eggs are laid, with the possible exception of 

water. 

3) Type A ovoviviparity (false ovoviviparity in Roth, 1989; potentially considered 

pseudoviviparity in accordance with Blackburn, 1994) has been described as the behavior of 

laying eggs that are then taken into a brood sac, where the eggs develop until hatching, at which 

time parturition occurs with a live birth, but in false ovoviviparity, the eggs are largely encased 

within an ootheca. This is the reproductive mode found in a few Blattellidae and most 

Blaberidae, including Blaptica and Eublaberus, the genera of the species studied herein. 

Although, the sources of nutrition for developing embryos have been questioned and are further 

questioned herein, thus far, there is no evidence of nutritional provisions outside of vitelline 

nutrients, with the exception of water, and so this mode may be described as lecithotrophic. 

4) Type B ovoviviparity (true ovoviviparity in Roth, 1989; also potentially considered 

pseudoviviparity in accordance with Blackburn, 1994) has been described as the situation 

wherein the eggs are laid and taken into a brood sac to develop until hatching, when parturition 

and live birth occurs, but in this case, the eggs are not organized within an ootheca. 

5) Viviparity (false viviparity in Roth, 1989; matrotrophic pseudoviviparity with 

histophagy in accordance with Blackburn, 1994) has evolved at least once in each of at least 11 

insect orders, and is considered to occur in one species complex of cockroaches, which is in the 

Blaberid family (Roth, 1989); the Pacific beetle cockroach (D. punctata) hatches within the 



 

40 

brood sac at 19-21% of development and consumes a milk-like substance produced by the 

mother (Stay and Coop, 1973; Li, 2007; Youngstead et al., 2015). Diploptera punctata embryos 

increase 50 fold in dry mass between oviposition, when the eggs are moved into the brood sac, 

and parturition from the mother (Stay and Coop, 1973), and the embryos increase 250 fold in 

hydrocarbon content during this time (Youngstead et al., 2015). 

The variation seen in reproductive modes within cockroaches reflects both the deeply 

rooted lineage, having diverged from other insect taxa over 300 million years ago, as well as 

differences in life histories they have adapted. These differences in life histories and reproductive 

modes have contributed to allowing cockroaches to conquer a wide variety of habitats and 

become a highly successful group, both in terms of diversity and prevalence (Bell et al., 2007). 

The purpose in having these different reproductive strategies does not necessarily reflect 

advancement as much as adaptation to different habitats, although the move from oviparity 

towards viviparity seems to be a unidirectional progression. This is probably due, not to 

pseudoviviparity and viviparity being a ubiquitously more advantageous strategy than oviparity 

in terms of fitness in general, but rather to constraints on the adaptive ability of reproductive 

mode. Egg-laying doesn’t generally evolve secondarily from a live-bearing lineage, but live-

bearing will evolve from egg-laying if selection favors it. Depending on the environment, 

pseudoviviparity and viviparity may serve several advantages over oviparity. These advantages 

include (but are not be limited to) mechanical protection for developing embryos, water 

conservation and regulation, limited nutrient allocation to the initial embryo if nutrients are 

provided during development, and thermoregulatory control of the environment of the 

developing embryos. With these advantages come great costs in the increased time and resource 
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commitment to offspring, often fewer offspring produced in an individual reproductive episode, 

and cost of transporting the eggs and/or embryos. 

Some form of viviparity has evolved at least once in each of at least 11 insect orders. 

Hypotheses regarding the reason for this apparent adaptive progression of reproductive modes 

towards pseudoviviparity and viviparity range from adaptive values of these modes when 

animals are faced with challenges of water conservation to protection of offspring. Type A 

oviparous cockroaches must identify a moist habitat appropriate for oviposition in order for eggs 

to survive and can deposit eggs in burrows, but do not provide eggs further protection (Nalepa et 

al., 2007). Type B oviparous cockroaches have been known to provide water to the eggs 

throughout development and aggressively provide protection (Roth and Willis, 1955; Nalepa et 

al., 2007). Pseudoviviparous cockroaches are well-known to provide water to eggs and a few 

species provide nutrients to neonates at the time of parturition (Nalepa et al., 2007). Further 

studies are needed on certain species to ascertain the extent to which they provide nutrition to 

embryos prior to parturition (Nalepa et al., 2007). The Pacific Beetle Cockroach (D. punctata), 

the only cockroach species described as having true viviparity has a gestation period longer than 

most pseudoviviparous species (66+ days versus 58- in other pseudoviviparous species), and has 

fewer offspring on average (9.8±0.2 versus 15+ in other pseudoviviparous species) (Willis et al., 

1958). This species provides water and nutrition in a milk-like substance, which is ingested by 

embryos beginning at 19-21% of development, when the cuticle of the embryo has closed (Stay 

and Coop, 1973; Williford et al., 2004; Li, 2007). If eggs of a pseudoviviparous species are 

deposited prior to full term, then they will not survive, likely due to water loss, but possibly due 

to other factors; despite attempts, I have not been able to successfully maintain Guyana Orange-

spotted Cockroach (B. dubia) eggs alive when maintained in a sterile moist environment outside 
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of the female. As moisture level in the environment is known to play a major role in 

development and function of the egg outside the body, it is potentially an important reason for 

adaptive egg-retention in cockroaches. 

 

1.13 Tradeoffs with Reproduction in Insects 

Reproductive tradeoffs have been studied in many taxa, from invertebrates, including 

insects, through vertebrates, including mammals and birds, yet much debate endures surrounding 

hypotheses about the underlying bases for such tradeoffs (Salmon et al., 2001; Flatt and 

Kawecki, 2007; see also Roff, 1992, and Stearns, 1992 and citations therein). Traditionally, the 

bases for reproductive tradeoffs have been framed in terms of resource allocation (e.g., in 

Yampolsky and Ebert, 1994). In many cases, however, sufficient evidence is lacking in support 

of the hypothesis that resource allocation alone causes early reproduction to limit future 

reproduction and/or survival and/or longevity (Tartar and Carey, 1995). Resource allocation has 

also been the focus of studies on selective pressures that lead to semelparity and iteroparity, as 

well as other tradeoffs that coincide with traits that commonly characterize k and r selected 

species (e.g., see Benton et al., 2005). Tradeoffs may be made regarding resource allocation not 

between the mother and offspring, but between the offspring themselves. When resources 

available for offspring are limited, a female may invest in either many small offspring (r 

selection), or fewer larger offspring (k selection). 

Reproduction greatly influences locomotor ability in insects. Currently, the tradeoffs 

between reproductive state and locomotor ability in insects have primarily been studied in terms 

of the relationship between insect flight, one of the most metabolically demanding behaviors 

known in all animals, as it relates to fecundity. Particularly, a variety of studies have explored 
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the relationship between insects that migrate and those that do not and the fecundity of each 

(Rankin and Burchsted, 1992, and citations therein). Insects depend on lipids from the fat body 

as a source of energy during migration, and flight in general, and the fat body is also the main 

source of energy that provides lipids and synthesizes vitellogenin to provision the developing 

eggs with energy (Chapman, 2013). Insects that have used their stores of energy on locomotion 

display a decreased fecundity; hence, a tradeoff is made between dispersal and reproduction, due 

to resource allocation, and the cost of locomotion (Rankin and Burchsted, 1992). Interestingly, a 

similar tradeoff is seen not just in females, but in males, as males of many species of insects 

invest large amounts of energy in the form of a spermatophylax, or other nutritive package, given 

to the female during mating that contributes to the nutrients allocated to, and general survival of, 

the offspring; if the male cannot offer such nutritive resources, due to spending them on prior 

locomotion, then his fitness is decreased (Chapman, 2013; Rankin and Burchsted, 1992). 

Alternatively, females that have not invested in wings seem to have a higher fecundity (Zera, 

1984). Females of some insects also display increased longevity if they do not reproduce relative 

to females that do reproduce. The decreased longevity of females that do not reproduce is less 

likely associated with locomotor cost, so much as a matter of costs associated with allocation of 

resources or damage incurred to somatic cells by the process of reproduction (and associated 

increases in ROS), which has been suggested as one type of tradeoff experienced by reproductive 

female insects (Alonso-Alvarez et al., 2004; Flatt and Kawecki, 2007; Tartar and Carey, 1995; 

Finkel and Holbrook, 2000; Yanagi and Miyatake, 2003).   

To a much lesser extent has physical locomotor cost of carrying excess mass of eggs been 

considered, rather than tradeoffs in resource allocation to tissues. Berrigan (1991) observed a 

negative association between egg size and number in Diptera, Hymenoptera, and Coleoptera, and 
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argued that this was not necessarily a matter of resources allocation alone, but a function of 

locomotor performance tradeoffs relating to the relative volume of the ovary to the body; a large 

ovary may cause an insect to slow down. Kaitala et al. (2000) found that Golden egg bugs 

carrying a larger egg mass are more likely to be intercepted by a predator, and this increased risk 

of predation indicates that the eggs may decrease a female’s escape response, or rather her 

predator avoidance abilities, due to the excess load she is carrying. This type of reproductive 

tradeoff is more well-documented in vertebrates (e.g., in lizards in Sinervo et al., 1991, and 

Johnson et al, 2010). Beyond this risk, a direct opposition between locomotion and reproduction 

can be seen in what is known as oogenesis-flight syndrome, wherein females of crickets and 

other insects are known to actually experience diminished flight muscle mass in order to allocate 

nutrients, including lipids and proteins, to the developing eggs instead of to locomotor ability 

(Lorenz, 2007; Mole and Zera, 1993; Wheeler, 1996). 

Rarely have discussions of reproductive tradeoffs included mention of the hypothesis that 

future reproduction, survival and longevity, may become limited due to current reproductive 

efforts because of a direct damage on the somatic cells rather than tradeoffs in resource 

allocation (Tartar and Carey, 1995; Salmon et al., 2001; Wang et al., 2001). Recent evidence 

suggests that a direct assault on somatic, and possibly reproductive cells, may be a source of 

limited future reproduction, as well as a cause of accelerated senescence (Tartar and Carey, 

1995; Alonso-Alvarez et al., 2004; Monaghan et al., 2009). An underlying cause for this cell 

damage may be the increase of ROS that are a by-product of elevated metabolic rates associated 

with reproduction (Monaghan et al., 2009). Oxidative stress can have lasting effects on a 

female’s future fecundity, as well as life expectancy (Salmon et al., 2001). Overall, reproductive 

tradeoffs may involve age of reproduction, nutrient allocation and direct assaults on the cells of 
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an individual by the environment or internally, by ROS. In insects, juvenile hormone may also 

mediate such tradeoffs, but this may be due to its influence on free radical levels (Flatt and 

Kawecki, 2007). In insects, body size is also associated with both long-term oxygen 

concentration and temperature during growth, and fecundity is, in turn, associated with size, and 

so oxygen concentration and temperature may also influence reproductive tradeoffs (Arendt, 

2011).  

The potential fitness consequences of variation in metabolic rate have been researched in 

cockroaches. Schimpf et al. (2012) found that the gestation duration was negatively associated 

with standard metabolic rate, age, and mass, in the Speckled Cockroach, Nauphoeta cinerea. 

However, Schimpf et al. (2012) found no association between fecundity and standard metabolic 

rate, nor age, nor mass.  

 

1.14 Abortion in Response to Stress 

Abortion and egg abandonment is widespread in the animal kingdom, and, although it is 

not extensively discussed in scientific literature, it is a well-known response to stress. Abortion 

and egg abandonment can be viewed as a form of reproductive tradeoff governed by the 

tradeoffs discussed above (i.e., resource allocation and direct assault upon somatic cell lines). 

Hence, if an animal is going to abandon its current potential offspring, then this act incorporates 

loss of: 1) the quantity and quality of resources available to and already allocated to the 

offspring, 2) the potential risk to future reproductive ability and/or survival, which future 

reproduction depends upon, and 3) assessed probability of survival of the offspring invested in 

during the current reproductive episode, which reflects fitness (e.g., Andersson and Waldeck, 

2006). In a laboratory setting, the Suriname cockroach (Pynoscelus surinamensis), the banana 
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roach (Panchlora irrorata), and death’s head cockroach (Blaberus craniifer), have been reported 

to eject their ootheca (egg sac) in response to disturbances, perhaps as a means to decrease the 

mass they must transport during escape from potential predators (Nutting, 1953, Willis et al, 

1958, and Willis, 1966). Various pseudoviviparous cockroaches have been observed to abort 

eggs by ejecting them from the brood sac when exposed to thermal stress (i.e., extreme high or 

low temperatures) for a period of hours (Aaron Pauling, personal communication). They may 

also abort and abandon eggs during times of dehydration and/or starvation (Nalepa et al., 2007). 

Denlinger and Ždárek (1997) and Ždárek et al. (2000) reveal the existence of what they refer to 

as the parturition hormone, a hormone that is evidently responsible for: 1) inducing egg-laying in 

oviparous species, the silkworm (Bombyx mori) and the desert locust (Schistocerca gregaria), 2) 

parturition at completion of embryonic development, and 3) abortion if administered earlier in 

development in a viviparous species, the tsetse fly (Glossina morsitans). It may be that this 

hormone is also released in response to extreme stress, in order to induce egg abandonment. 

Recently, the author has observed that in B. dubia, the ootheca will sometimes be aborted 

from the brood sac in response to acute hypoxic stress. Whereas this is observed in the 

aforementioned species, it has not yet been reported in the B. dubia, and death may also occur in 

extreme hypoxic stress without egg abandonment (personal observation). There are several 

possible factors that may influence this occurrence. Gravid females may have a decreased safety 

margin, and hypoxia tolerance in general, due to the relatively fixed volume of the adult tracheal 

system, which may be compressed and limited by the presence of the ootheca. It may be possible 

for the female to salvage such eggs, but she may choose not to because an attempt to save them 

would decrease her own probability of survival to recovery from the hypoxic episode. 

Alternative explanations include the possibilities that the eggs are already functionally dead and 
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that it would be impossible for the female to save them, even if she tried; reasons for this 

potential explanation would include the possibility that eggs suffer mortality due to lack of 

oxygen reaching them, acid-base imbalance, or perhaps due to inability of the female to maintain 

water regulation in the brood sac while experiencing dehydration associated with increased 

ventilation observed during acute hypoxic exposure. Another alternative is that abortion of eggs 

is a passive by-product of the high amplitude abdominal pumping that serves to ventilate the 

abdomen during the beginning of the recovery time, when eggs are ejected. 

 

1.15 The Currently Presented Work on Reproduction and Metabolic Responses to Acute and 
Chronic Hypoxia in Ovoviviparous (Pseudoviviparous) Blaberid Cockroaches 
 
Herein, the first study presented, chapter 2, addresses the responses of Blaptica dubia to 

ascending levels of acute hypoxia at two different temperature with aims of: 1) testing whether 

the metabolic and ventilation responses to hypoxia in this Blaberid cockroach are consistent with 

the predictions of the chthonic hypothesis, which posits that discontinuous gas exchange is an 

adaptation to hypoxic conditions, 2) demonstrate the effects of temperature on metabolic and 

ventilation responses to acute hypoxia in Blaptica dubia. The second study presented herein, 

chapter 3, addresses the same questions and presents with the same aims as the first study, but in 

a second species, Eublaberus posticus, thereby allowing comparisons between the physiological 

responses of this species and Blaptica dubia. Chapter 4 delves into the reproductive 

characteristics of Blaptica dubia, with aims of: 1) elucidating the metabolic changes that take in 

the embryos and gravid females as embryonic development progresses within the brood sac, 2) 

demonstrating the changes that occur in wet mass, dry mass, and energy content in the embryos 

in order to assess the possible contributions that the mother may make to the developing embryos 

during embryonic development within the brood sac, 3) consider the relationships between 
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variables including ootheca mass, embryo size, litter size, survival of embryos, mass of 

hatchlings and the mass of the female in order to ascertain the potential for reproductive 

tradeoffs and what they might mean in regards to the adaptation of pseudoviviparity. In chapter 

5, I compare the reproductive traits of B. dubia and E. posticus, and discuss the relationship 

between the reproductive traits of these species and other species discussed in the literature with 

an aim of gaining a better understanding of the affects of their form of pseudoviviparity as 

compared to other reproductive modes displayed by various cockroaches; traits compared 

include, reproductive period, incubation or gestation period, litter size, neonate mass, gravid and 

non-gravid female mass. A basic study is presented in chapter 6 with the aim of comparing the 

responses of gravid versus non-gravid female B. dubia to hypoxia to test whether this was likely 

to be a factor confounding the results of chapter 2, a study wherein reproductive state was not 

known. Finally, in chapter 7, the affects of chronic hypoxia on gravid and non-gravid female B. 

dubia are studied; this research began with an aim of comparing metabolic responses of females 

and developing embryos at four levels of chronic hypoxia and normoxia at two stages of 

embryonic development (days 30 and 45). However, as the study progressed, a new aim arose to 

assess the impact of chronic hypoxia on survival at different levels of hypoxia and normoxia in 

gravid versus non-gravid female B. dubia. 
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CHAPTER 2 

RESPONSES TO HYPOXIA ARE SUBJECT TO TEMPERATURE EFFECTS IN THE 

GUYANA ORANGE-SPOTTED COCKROACH (Blaptica dubia) AND THE ORANGE-

HEADED COCKROACH (Eublaberus posticus) 

2.1 Introduction 

Temperature and atmospheric oxygen concentration are arguably the most influential 

abiotic factors on the evolution of life on Earth (Huey and Ward, 2005, Ward et al., 2006, Berner 

et al., 2007). Different living organisms have adapted very different solutions to fluctuations in 

these variables, and these variables are known to influence behavior and physiological function 

in complex ways (Wood, 1991; Steiner and Branco, 2002). Insects are of particular interest in  

evolutionary biology due to their vast diversity and vast adaptations for coping with variations in 

the environmental (Chapman, 2013). The respiratory physiology and ventilation of insects is of 

particular interest to physiologists because the unique efficiencies of the insect respiratory 

system have in part allowed insects to become a successful group of animals, conquering every 

terrestrial ecosystem throughout the world, and dominating the number of living animal taxa 

alive today. 

Insects respire by means of a system of tubes, the trachea, that extend from the 

exoskeleton into the body, and branch into progressively smaller airways, termed tracheoles, that 

provide gas exchange directly at the tissue level (Harrison et al., 2013). This tracheal system 

opens to the external environment at spiracles that are located on each side of an insect’s body, 

and are gated so as to allow regulation of air flow into and out of the tracheal system.  

Insect ventilation generally falls into one of three described patterns: 1) the discontinuous 

gas exchange cycle (DGC), which is composed of an open phase in which the spiracles remain 
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open allowing free exchange of gases between the tracheae and the external environment, a 

flutter phase in which the spiracles open and close rapidly, allowing some gas exchange to take 

place, and a closed phase in which the spiracles are closed, 2) cyclic gas exchange (CGE), in 

which the spiracles open and close rhythmically, 3) continuous gas exchange, in which the 

spiracles remain open, allowing continuous exchange of respiratory gasses.  

These patterns of gas exchange are not always discrete, however, and appear to occur on 

a continuum. Spiracles can be opened in a graded manner allowing for some gas exchange at all 

times, but a continuation of the DGC pattern overall, and sometimes there is not a discrete flutter 

phase during DGC (Dingha et al, 2005; Marais et al., 2005; Contreras and Bradley, 2009; Förster 

and Hetz, 2010). It is useful to describe the DGC pattern of ventilation as a burst-interburst cycle 

when a distinct flutter phase is not detected, with the burst representing the open phase, when 

carbon dioxide is released in a burst, and the interburst largely representing the closed phase, or 

the period in between major bursts of carbon dioxide release. 

These gas exchange patterns are subject to variation, and whereas some insect taxa 

demonstrate only continuous or cyclic gas exchange, at least five Orders of insects are known to 

display DGCs, which appear to have evolved independently in each of these Orders (Marais et 

al., 2005). Among these Orders is Blattodea, which, like other Orders known to display DGCs, 

can display the continuous or cyclic gas exchange as well, and will do so in response to 

environmental stimuli (Schimpf et al., 2009; Woodman et al., 2007). Discontinuous gas 

exchange has been the focus of many studies seeking to understand the physiological 

mechanisms and evolutionary origins of variations in insect ventilatory patterns. Various authors 

have proposed adaptive and non-adaptive hypotheses to explain DGC on a proximate and on an 

ultimate level (e.g., the hygric hypothesis, considered by Buck et al., 1953; Matthews and White, 
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2012; the chthonic-hygric hypothesis of Lighton and Berrigan, 1995; the strolling arthropod 

hypothesis of Harrison et al., 2001). Of interest in the current study, the oxidative damage 

hypothesis proposes that the closed phase is adaptive to prevent excessive oxygen from reaching 

the tissues and causing oxygen toxicity (Bradley, 2000; Hetz and Bradley, 2005). Whereas DGC 

may serve several of the functions suggested by adaptive hypotheses, the emergent property or 

neural hypothesis suggests that the downregulation of the central nervous system in an insect at 

rest results in the DGC as a default ventilatory pattern that is regulated by feedback from CO2 

receptors and O2 receptors in the thorax and abdomen (Chown and Holter, 2000; Chown et al., 

2006; Förster and Hetz, 2010).  

Perhaps the hypothesis most relevant to the current study is the chthonic hypothesis. 

Lighton (1998) argues in favor of the chthonic hypothesis, claiming support by pointing out that 

most taxa that display a DGC are likely to experience a hypoxic environment at some point 

during life. Lighton (1998) argues that DGC may be an adaptation to hypoxic and hypercapnic, 

likely subterranean, environments because it offers various advantages in such environments, 

including: 1) even in hypoxia, F phase will allow diffusion of oxygen into the trachea, 2) the C 

phase allows diffusion of oxygen toward areas around the insect while allowing diffusion of 

carbon dioxide away from the insect, 3) sequestration of carbon dioxide between O phases may 

allow an increase in partial pressure gradient between the trachea and the external environment.  

Some insects are known to decrease closed phase or interburst period (Lighton and 

Garrigan, 1995; Chown and Holter, 2000; Hetz and Bradley 2005) and increase frequency of 

ventilation in response to acute hypoxia (Harrison et al., 2006, and citations therein). Along with 

these alterations to ventilation, an increase in carbon dioxide release is also observed (Greenlee 

and Harrison, 1998, 2004a). At critical lower levels of environmental oxygen, however, insects 
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are known to compensate demand for oxygen not by increasing frequency of ventilation, but by 

maintaining the spiracles in an open state, allowing continuous gas exchange (Burkett and 

Schneidermann, 1974; Arieli and Lehrer, 1988; Lighton and Garrigan, 1995; Greenlee and 

Harrison, 1998, 2004a; Chown and Holter, 2000; Woodman et al., 2007).  

In ectotherms, such as most insects, an increase in ambient temperature causes an 

increase in metabolic rate (a Q10 effect), and therefore an increase in oxygen demand, which is 

likely to affect ventilation patterns and rates (Salvucci and Crafts-Brandner, 2000; Woodman et 

al., 2007). Few studies have tested potential interactive effects of hypoxia and temperature on 

ventilation and metabolic rate, although temperature and metabolic rate are closely linked in 

ectotherms (Wood, 1991; Woodman et al., 2007; Harrison et al., 2016). Many organisms will 

demonstrate a preference for colder temperatures if available when they are exposed to hypoxia, 

which would cause a decrease in oxygen demand, and increased chance of survival (Wood, 

1991; Steiner and Branco, 2002; Petersen et al., 2003). In honeybees (Apis mellifera), Lighton 

and Lovegrove (1990) observed a change in ventilation abruptly between 11°C and 12°C, 

wherein a transition from continuous diffusive gas exchange to discontinuous convective gas 

exchange occurred; however, VCO2 release and ventilation frequency were did not vary with 

temperature above 12°C. Harrison et al. (2016) observed an increase in ventilation frequency in 

the Madagascar Hissing Cockroach, (Gromphadorhina portentosa) in response to hypoxia, but 

found no interaction between responses to hypoxia and temperature. Woodman et al. (2007) 

found that the Giant Burrowing Cockroach, (Macropanesthia rhinoceros) increased burst period 

in response to hypoxia, but lowered burst period while increasing burst frequency at a higher 

temperature, as well as an approximate doubling of VCO2 from 10°C to 20°C and from 20°C to 

30°C. 
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In the current study, the species of focus are the Guyana Orange-spotted Cockroach 

(Blaptica dubia), and the Orange-headed Cockroach (Eublaberus posticus). These cockroach 

species are both native to tropical regions of South America, where they live in underground 

colonies that may experience temporary hypoxia in nature. As other cockroaches are known to 

display altered ventilation in response to hypoxia (Snyder et al., 1980; Woodman et al., 2007), I 

predict that the cockroaches studied will do so as well. More specifically, other insects decrease 

closed phase duration and increase frequency of ventilation; I predict that the cockroaches 

studied will display shorter interburst periods and more frequent bursts when exposed to acute 

hypoxia. I also predict that, like other insects, the cockroaches studied will display increased 

carbon dioxide release and a more continuous gas exchange at low levels of atmospheric oxygen. 

Further, although an additional study has found no interaction between temperature and 

ventilation in a cockroach (Harrison et al., 2016), I predict that an interaction will be observed 

between temperature and ventilation, as one would predict based on an increased metabolic rate 

affecting oxygen demand and the critical threshold for displaying DGC. 

 

2.2 Materials and Methods 

2.2.1 Insect Husbandry 

Blaptica dubia and Eublaberus posticus were maintained in colonies contained in 64 

quart Sterilite bins (with 100-300 adults or late stage nymphs, and many early stage nymphs, 

unless otherwise stated) with air holes for ventilation, at a temperature of 30°C. Egg crates 

provided a substrate the cockroaches could hide and congregate in. The cockroaches were fed a 

variety of fruits and vegetables, in addition to presoaked 54% protein alligator diet pellets as a 

source of protein (Texas Farm Products Company, Nacogdoches, Texas). The cockroaches were 
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also provided with presoaked water absorbing crystals (cross-linked polyacrylic acid sodium salt; 

Don Carr Company, Converse, Texas) to provide moisture in a sanitary manner in which nymphs 

would not drown. The cockroaches were fed ad libitum.  

Mature female cockroaches were randomly selected from the large colonies, isolated in a 

small colony (housed in a 6 quart Sterilite bin, and consisting of 10-20 adult female 

cockroaches), and individually marked with distinct patterns of spots made with nail polish on 

the pronotum; mean mass of B. dubia used was 3.0±0.6 g, and the mean mass of E. posticus used 

was 3.1±0.6 g. The metabolic rates and ventilation patterns of these females were subsequently 

measured under selected experimental conditions. The experimental conditions included 

comparisons of metabolic responses under acute environmental exposure to hypoxia at 25°C and 

35°C. At each of these temperatures, I exposed the same individual adult female cockroach (n = 

10 for B. dubia and n = 8 for E. posticus) to a regime of descending oxygen concentrations 

(21kPa O2, 15 kPa O2, 12 kPa O2, 9 kPa O2, 6 kPa O2, 3 kPa O2) with continuous respiration 

measurements for approximately 45 minutes at each oxygen concentration. After an individual 

was measured at one temperature, it was returned to the small colony and a minimum of 48 hours 

elapsed between the repeated measures at the second temperature. The order of temperatures for 

each individual was randomly selected.  

 

2.2.2 Metabolic Measurements 

Measurements analyzed include mean burst period, mean interburst period, mean total 

V̇co2, mean V̇co2 during bursts, and mean V̇co2 between bursts (during the interbursts) for each 

oxygen concentration and temperature. During respiration measurements, nitrogen and oxygen 

were mixed by a Brooks Mass Flow Controller 5850 E series or a Brooks Instrument Read Out 
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and Controller Electronics Model 0154 with two E regulators (accuracy of ±1%, precision of 

±0.25%, Brooks Instrument, Hatfield, PA) to achieve the desired experimental gas ratios. The 

flow rate of the gases was set to 200 ml/min by an MF-8 Airflow Manifold (Sable Systems 

International, North Las Vegas, NV) and measured with a calibrated FlowBar-1 Mass Flow 

Meter (accuracy of ±2%, Sable Systems International, North Las Vegas, NV). A modified 20 ml 

syringe served as a 15 ml flow-through respiration chamber for each cockroach. The outflow gas 

was sub-sampled at approximately 100 ml/min by a PP-2 Dual Channel Field Pump (Sable 

Systems International, North Las Vegas, NV) pulling it through CO2 and O2 analyzers.  

Oxygen was measured by a Sable Systems FC-1B Oxygen Analyzer (accuracy of ±0.1%, 

Sable Systems International, Las Vegas, NV). A CA- 10 Carbon Dioxide Analyzer (accuracy of 

±1%, Sable Systems International, North Las Vegas, NV) measured carbon dioxide released. 

Prior to flowing through the CO2 analyzer, the outflow from the respiration chamber was routed 

through a nafion tube dryer (Model DM-060-24 ,Perme-Pure LLC, Lakewood, NJ) containing 

Drierite (anhydrous calcium sulfate), which served as a desiccant to remove water vapor from 

the gas. Data were recorded and analyzed with an ADInstruments PowerLab/8SP and LabChart 6 

(ADInstruments Inc., Colorado Springs, CO). V̇co2 released was calculated following the 

equation provided by Withers (2001): 

V̇CO2 = V̇1 * {[FECO2 * (1 – FIO2 – FICO2) / (1 – FEO2 – FECO2)] – FICO2} 

The respiration chamber was placed within an 0.25 inch plexiglass incubator with 1 inch 

styrofoam insulation lining the sides and bottom and fitted with a Hova-Bator heating element 

(GQF Manufacturing Company Inc., Savannah, GA). Approximately 30 inches of coiled copper 

tubing placed within the incubator was used to warm the inflow gas to the desired temperature 

before it entered the respiration chamber. This setup allowed for control of inflow gas 
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concentrations and temperature to expose adult female cockroaches to desired experimental 

conditions. 

 

2.2.3 Statistical Analyses 

The experimental setup corresponded to a two-way repeated-measures ANOVA design, 

with the two independent variables being temperature and oxygen concentration. I was interested 

in making multiple pairwise comparisons between V̇co2 release at 35°C versus 25°C and 

between V̇co2 release at 21 kPa O2 versus various levels of hypoxia within temperature groups. 

Therefore, Holm-Šídák multiple pairwise comparison procedures were used to determine 

significance or lack thereof for multiple pairwise comparisons.  

Measurements subjected to statistical analyses (dependent variables) include mean burst 

period, mean interburst period, mean total V̇co2, mean V̇co2 during bursts, and mean V̇co2 during 

interbursts (Fig. 2.1-2). Statistical analyses were conducted by means of SigmaPlot 12.3 (Systat 

Software, Inc., San Jose, CA). 

 

2.3 Results 

When measuring V̇co2 release, the open phase can be observed as a burst of carbon 

dioxide, whereas the closed phase will show a cessation of carbon dioxide release (interburst), 

and graded openings of the spiracles may be observed in a pattern with varying levels of V̇co2 

release even if the spiracles are not fully closing during the respiratory cycle. In the current 

study, there was a transition from DGC to a more continuous ventilation pattern in response to 

decreased O2 levels (Fig. 2.1-2).  
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Figure 2.1. Variations on the burst-interburst discontinuous gas exchange cycle of V̇co2 release 
observed in Blaptica dubia at two temperatures in normoxia and various levels of hypoxia. A. at 
25°C and 21 kPa O2. B. at 25°C and 12 kPa O2. C. at 25°C and 3 kPa O2. D. at 35°C and 21 kPa 
O2. E. at 35°C and 12 kPa O2. F. at 35°C and 3 kPa O2.  
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Figure 2.2. Variations on the burst-interburst discontinuous gas exchange cycle of V̇co2 release 
observed in Eublaberus posticus at two temperatures in normoxia and various levels of hypoxia. 
A. at 25°C and 21 kPa O2. B. at 25°C and 12 kPa O2. C. at 25°C and 3 kPa O2. D. at 35°C and 21 
kPa O2. E. at 35°C and 12 kPa O2. F. at 35°C and 3 kPa O2. 
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At both temperatures, a burst and an interburst could be easily distinguished in normoxia, and in 

slightly hypoxic conditions, and the female B. dubia and E. posticus released little or no carbon 

dioxide during the interbursts. However, as the cockroaches were exposed to lower levels of 

hypoxia, they displayed less difference between burst and interburst; even during interbursts, the 

animals released some carbon dioxide. At the lowest O2 levels, it was sometimes difficult to 

distinguish bursts and interbursts. 

 

2.3.1 Total V̇co2 Release 

In B. dubia, there was a significant interaction effect on mean total V̇co2 release between 

the two temperatures and oxygen levels (F5, 9 = 3.20, P = 0.02, Fig. 2.3). Total V̇co2 was 

significantly higher at 21, 15, 12, 9, and 6 kPa O2 when the animal was at 35°C compared with 

25°C (in each comparison, t ≥ 3.90, P < 0.01). At the lowest level of O2 exposure, 3 kPa, total 

V̇co2 was no longer different between the two temperature exposures (t = 1.87, P = 0.07). At 

25°C, total V̇co2 was significantly higher at 3 kPa O2 compared with 21 kPa O2 (t = 3.31, P = 

0.02), while at all other O2 levels there were no significant differences compared with 21 kPa O2 

(in each comparison, t  ≤  1.96, p  ≥  0.40). At 35°C, total V̇co2 was not significantly different 

between 21 kPa O2 and 15, 12, 9, 6, or 3 kPa O2 (in each comparison, t ≤ 1.71, P ≥ 0.65). 

In E. posticus, there was a significant interaction effect on mean total V̇co2 release 

between the two temperatures and oxygen levels (F5, 7 = 2.67, P = 0.04, Fig. 2.4). Total V̇co2 was 

significantly higher at all oxygen concentrations tested when the animal was at 35°C compared 

with 25°C (in each comparison, t ≥ 2.64, P ≤ 0.01). Total V̇co2 was not significantly different 

between 21 kPa O2 and any other oxygen concentration within each temperature (in each 

comparison, t ≤ 2.60, P ≥ 0.13). 
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2.3.2 Burst V̇co2 Release 

During bursts of ventilation in the DGC, there was a large flux of CO2. There was not a 

significant interaction effect on mean burst V̇co2 release between the two temperatures and 

oxygen levels for either B. dubia (F5, 9 = 0.91, P = 0.49, Fig. 2.5), nor E. posticus (F5, 7 = 0.88, P 

= 0.50, Fig. 2.6).  

 

2.3.3 Interburst V̇co2 Release 

In B. dubia, there was a significant interaction effect on mean interburst V̇co2 release 

between the two temperatures and oxygen levels (F5, 9 = 6.20, P < 0.01, Fig. 2.7). Interburst V̇co2 

was not significantly different at 21, 15, 12, and 9 kPa O2 (in each comparison, t ≤ 1.39, P ≥ 

0.17), but was significantly higher at 6 and 3 kPa O2 when the animal was at 35°C compared 

with 25°C (in each comparison, t ≥ 4.02, P < 0.01). Interburst V̇co2 was significantly higher at 

35°C kPa  when the animal was at 6 and 3 kPa O2 compared with 21 kPa O2 (in each comparison, 

t ≥ 4.27, P < 0.01). Interburst V̇co2 was not significantly different at 35°C kPa  when the animal 

was at 15, 12, and 9 kPa O2 compared with 21 kPa O2 (in each comparison, t ≤ 1.37, P ≥ 0.68). 

Interburst V̇co2 was significantly higher at 25°C kPa  at the lowest oxygen concentration of 3 

kPa O2 compared with 21 kPa O2 (t = 2.96, P = 0.04). Interburst V̇co2 was not significantly 

different at 25°C kPa  when the animal was at 15, 12, 9, and 6 kPa O2 compared with 21 kPa O2 

(in each comparison, t ≤ 1.88, P ≥ 0.49).  

In E. posticus, there was a significant interaction effect on mean interburst V̇co2 release 

between the two temperatures and oxygen levels (F5, 7 = 12.84, P < 0.01, Fig. 2.8). Interburst 

V̇co2 was significantly higher at 12, 9, 6, and 3 kPa O2 when the animal was at 35°C compared 

with 25°C (in each comparison, t ≥ 2.40, P ≤ 0.02). Interburst V̇co2 was not significantly 
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different at 21 and 15 kPa O2 when the animal was at 35°C compared with 25°C (in each 

comparison, t ≤ 0.43, P ≥ 0.67). Interburst V̇co2 was significantly higher at 35°C kPa  when the 

animal was at 9, 6, and 3 kPa O2 compared with 21 kPa O2 (in each comparison, t ≥ 3.79, P ≤ 

0.01). Interburst V̇co2 was not significantly different at 35°C kPa when the animal was at 15 and 

12 kPa O2 compared with 21 kPa O2 (in each comparison, t ≤ 2.40, P ≥ 0.09). Interburst V̇co2 was 

significantly higher at 25°C kPa at the lowest oxygen concentration of 3 kPa O2 compared with 

21 kPa O2 (t = 3.22, P = 0.03). Interburst V̇co2 was not significantly different at 25°C kPa  when 

the animal was at 15, 12, 9, and 6 kPa O2 compared with 21 kPa O2 (in each comparison, t ≤ 

0.49, P ≥ 0.98).  

 

2.3.4 Burst Period 

There was not a significant interaction effect on mean burst period between the two 

temperatures and oxygen levels in B. dubia (F5, 9 = 0.31, P = 0.90, Fig. 2.9), nor in E. posticus 

(F5, 7 = 1.95, P = 0.11, Fig. 2.10).  

 

2.3.5 Interburst Period 

There was not a significant interaction effect on mean interburst period between the two 

temperatures and oxygen levels in B. dubia (F5, 9 = 1.42, P = 0.24, Fig. 2.11), nor in E. posticus 

(F5, 7 = 0.48, P = 0.79, Fig. 2.12).  
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Figure 2.3. Mean total V̇co2 (ml/hr/g) of adult female Blaptica dubia. For this and following 
figures: Data are presented as means plus standard deviations. A line above designates 
statistically significant differences in V̇co2 between temperatures within an oxygen 
concentration. Open symbols designate statistically significant differences in V̇co2 between 21 
kPa O2 and a hypoxic oxygen concentration within a temperature (P < 0.05). 

 

 
Figure 2.4. Mean total V̇co2 (ml/hr/g) of adult female Eublaberus posticus. 
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Figure 2.5. Mean burst V̇co2 (ml/hr/g) of adult female Blaptica dubia.  

 

 
Figure 2.6. Mean burst V̇co2 (ml/hr/g) of adult female Eublaberus posticus. 
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Figure 2.7. Mean interburst V̇co2 (ml/hr/g) of adult female Blaptica dubia.  

 

 
Figure 2.8. Mean interburst V̇co2 (ml/hr/g) of adult female Eublaberus posticus. 
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Figure 2.9. Mean burst period (s) of adult female Blaptica dubia.  

 

 
Figure 2.10. Mean burst period (s) of adult female Eublaberus posticus. 
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Figure 2.11. Mean interburst period (s) of adult female Blaptica dubia. 

 

 

 
Figure 2.12. Mean interburst period (s) of adult female Eublaberus posticus. 
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2.4 Discussion 

The cockroaches studied exhibited a DGC at higher oxygen concentrations, displaying a 

distinct open and closed phase, which I measured as bursts and interbursts of V̇co2 output. The 

closed phase became less distinct and appeared to represent a graded opening of the spiracles, 

with some constant level of V̇co2 output occurring when the cockroaches were exposed to 

progressively lower levels of oxygen; hence, preference is given to the term interburst or 

interburst phase over open phase.  

In B. dubia, mean total V̇co2 was greater at 35°C than 25°C at all O2 levels except 3 kPa 

O2 at 25°C, at which the V̇co2 increased and approached the V̇co2 at 35°C. The metabolic rate at 

35°C may have been approaching the maximum sustainable metabolic rate even at 21 kPa O2. 

The temperature of 35°C potentially approaching the maximum sustainable metabolic rate may 

not be surprising, as, of three cockroach species tested in the family Blaberidae, B. dubia was the 

only one that could acclimate to chronic exposure to 37°C (Goode, 2013), whereas two other 

species (E. posticus and Blaberus discoidalis) experienced 100% mortality at 37°C. This may 

explain the lack of change in total V̇co2 at lower oxygen concentrations at 35°C. The V̇co2 

release during the burst did not exhibit consistent directional change with decreasing 

environmental oxygen concentrations. Changes in ventilation related to temperature were, 

however, easily detected by analysis of the V̇co2 release during the interburst. Interburst V̇co2 

release approached the burst V̇co2 release levels as environmental oxygen concentrations were 

decreased, causing the burst-interburst pattern to become less distinct.  

In E. posticus, mean total metabolic rates were also higher overall at 35°C, nearly double 

those seen at 25°C. There were few changes observed in association with decreased oxygen 

concentrations, although E. posticus displayed an increase in V̇co2 release during the interburst, 
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beginning this increase in metabolic rate at 9 kPa O2 at 35°C, and at 3 kPa O2 at 25°C, indicating 

an earlier acute response during exposure to a descending regime of acute hypoxia at the higher 

of the two temperatures. This is potentially due to heightened sensitivity to alterations in oxygen 

concentration associated with a higher metabolic demand at the higher temperature. The critical 

partial pressure oxygen may have a lower set point at a higher temperature, or it is possible that 

the same metabolic set point is reached at a higher oxygen level. 

In B. dubia, mean interburst V̇co2 was significantly different between 25°C and 35°C at 

the two lowest oxygen levels. In E. posticus, at 25°C, mean interburst V̇co2 was greater only at 3 

kPa O2. At the higher oxygen concentrations, the interburst exhibited low V̇co2 release, 

indicating that the spiracles were largely closed. However, at the 3 kPa O2 at 25°C, the interburst 

exhibited release of carbon dioxide greater than that at higher oxygen concentrations. This is 

indicative of the insect’s movement towards abandoning DGC in favor of more continuous gas 

exchange with graded opening of the spiracles affecting V̇co2 release. This same response is 

observed at 35°C, but is initially observed at a higher oxygen concentration of 6 kPa O2, and then 

continued into 3 kPa O2, under the regime of progressively descending oxygen concentrations. 

The heightened metabolic rate of the cockroaches due to the higher temperature of 35°C may 

have caused the cockroaches to experience a threshold at 6 kPa O2 at which the animals switch 

from DGC to a more continuous cyclic pattern of gas exchange, whereas, this metabolic 

threshold was approached at 3 kPa O2 with the lower metabolic rate at 25°C. Similar to this 

result, additional studies (e.g., Chown and Holter, 2000; Hetz and Bradley, 2005; etc.) have 

found diverse insects (e.g., Lepidoptera, Coleoptera, etc.) that display DGC also display an 

increase in VCO2 release during the flutter phase in between major bursts when exposed to 

hypoxia. 



 

69 

I observed no interaction between temperature and oxygen in burst V̇co2 release, but I did 

observe a relationship between temperature and oxygen in the total and interburst V̇co2 release in 

both B. dubia and in E. posticus. Therefore, the animals at the higher temperature make up for 

the increased oxygen demand by increasing interburst period. The critical oxygen partial 

pressure (Pc) below which the cockroaches could not meet metabolic demands was approached 

with a plateauing of V̇co2 at 6 kPa O2 at 35°C. 

Eublaberus posticus also showed an increased metabolic rate at 9 kPa O2, possibly 

demonstrating a more sensitive response to increased temperature than B. dubia, a finding that is 

consistent with the finding that E. posticus has a lower critical thermal maximum that B. dubia, 

and that B. dubia can acclimate to temperatures higher than E. posticus is capable of acclimating 

to (Goode, 2013). 

In the current study, sensitivity to hypoxia has been demonstrated in B. dubia and E. 

posticus in the form of an increase in V̇co2 release, and this was observed at a higher hypoxic 

oxygen concentration at 35°C than at 25°C, suggesting a heightened sensitivity to hypoxia, likely 

associated with an increased metabolic rate overall (a Q10 effect) at 35°C. This increased V̇co2 

observed at lower levels of oxygen may be the result of a behavioral escape response to acute 

hypoxic stress (i.e. the animals attempting to mobilize to seek an environment with higher levels 

of oxygen). 

At no Po2 did B. dubia decrease V̇co2 overall in either temperature, although there 

appeared to be a failure to continue increasing metabolic rate at the 3 kPa O2 at 35°C, as 

compared to 25°C, at which the animals displayed a lower metabolic rate at all other oxygen 

concentrations. Matthews and White (2011a) reported an increase in ventilation and 

corresponding increase in V̇co2 release in response to acute hypoxia (<10 kPa O2) exposure in 
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the cockroach Nauphoeta cinerea, an observation consistent with the increase in V̇co2 observed 

in the current study at 3 kPa O2 at 25°C. The lack of decrease in metabolic rate overall at 6 and 3 

kPa O2 indicates that the Pc is lower than 3 kPa O2 in B. dubia, although the differences in 

responses between the temperatures may be an indication that Pc is dependent upon temperature, 

and that the animal was approaching Pc at 3 kPa O2 at 35°C. Further, (in a concurrent study) I 

have found that the metabolic rate is depressed in adult female B. dubia under chronic exposure 

at 4 kPa O2 in individuals that survive 4 kPa O2 for at least 30 days, although survival is low. The 

current study observed acute responses to decreasing oxygen levels over a 45 minute period 

exposure to each oxygen concentration for almost 4 hours of step-wise increasing hypoxia. This 

short exposure time may represent an acute response to conditions that an animal is incapable of 

acclimating to over a longer period of days. When an insect is exposed to decreasing levels of 

hypoxia, the level of atmospheric oxygen at which an insect is no longer capable of meeting 

metabolic demands for oxygen is the critical partial pressure oxygen (Pc). Additional studies that 

have limited exposure to hypoxia to shorter periods of time than the current study have observed 

acute decreases in metabolic rates at a Pc higher or equal to 3 kPa O2. Many insects display a Pc 

in the range of 2 to 5 kPa O2 (Greenlee and Harrison, 2004b, and citations therein; Greenlee and 

Harrison, 2005; Greenlee at al., 2007), although some species can tolerate partial pressures lower 

than 1 kPa O2 (see Lease et al., 2012). Dzialowski et al. (2014) found that bumblebees (Bombus 

terrestris), with a mean mass of 789±148 mg, maintained metabolic rate 26°C at 15 and 10 kPa 

O2, but experience decreased metabolic rate at 5 kPa O2, having reached their Pc, though these 

measurements were taken on actively thermoregulating bumblebees, whereas the current study 

has been done on cockroaches at rest. The Pc for decreases in activity levels in active insects 

range from 3 to 10 kPa O2 for various insect activities (e.g., flight in the dragonfly Erythemis 
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simplicicollis and flight, jumping rate and endurance in Schistocerca americana; Harrison and 

Lighton, 1998; Kirkton et al., 2005; Rascón and Harrison, 2005). A similar result may be 

expected when temperature is increased within a tolerable range as the metabolic rate is 

increased by a Q10 effect as it is with exercise in an insect. Lease et al. (2012) demonstrated that 

Pc was independent of body size over a large range of masses (1.70 to 4444.00 mg) in 

Coleoptera, arguing that insect body size is not likely to be limited by atmospheric Po2 (with Pc 

measured at 25°C ranging from 0.52 to 3.01 kPa O2 in the species studied). Comparing with the 

results of these additional studies, I conclude that the lack of an decrease in metabolic rate 

observed at 25°C and 35°C at 3 kPa O2 is not an artifact of the experimental design, but indeed 

indicates that B. dubia and E. posticus are tolerant to acute hypoxia to a degree that is 

comparable to many beetles. It is worth noting that adult B. dubia and E. posticus are comparable 

in mass to the largest beetle species studied by Lease et al. (2012), again demonstrating that even 

insect species of relatively great mass may be equally hypoxia tolerant as smaller insect species. 

This finding is consistent with the argument of Lease et al. (2012) that the safety margin of large 

insects is not dramatically decreased in comparison to that of small insects, and that aPo2 is 

therefore unlikely to be the limiting factor in modern insect body size. 

In accordance with the emergent property or neural hypothesis, the phase space model of 

the DGC proposed by Förster and Hetz (2010) posits that the flutter phase of DGC is regulated 

by tracheal Po2 fluctuating around a set point, and that the open phase or burst becomes 

necessary when carbon dioxide has built up in the tracheal system, owing to the fact that carbon 

dioxide does not diffuse outward as rapidly as oxygen diffuses inward, and the closed phase will 

begin once carbon dioxide is sufficiently evacuated, and it will end once oxygen levels decrease 

once more. Following this model, the increasing release of carbon dioxide (via opening of 
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spiracles) during the interburst may reflect intratracheal Po2 remaining below the threshold that 

elicits shutting or flutter phase. Surprisingly, the burst-interburst pattern still occurred, albeit 

dampened, at low oxygen concentrations, although hyperventilation in response to hypoxia has 

been observed to cause hypocapnia in other insects (Greenlee and Harrison, 1998). 

Woodman et al. (2007) conducted a similar study on the giant burrowing cockroach, 

(Macropanesthia rhinoceros), examining cyclic and discontinuous gas exchange patterns while 

exposing the cockroaches to normoxia, followed by acute hypoxia (10 kPa O2 and 2 kPa O2) at 

20°C, and separately exposing the cockroaches to normoxia at varying temperatures (10, 20, and 

30°C). Woodman et al. (2007) observed an increased burst length at 10 kPa O2 as compared with 

21 kPa O2, and DGC was completely abandoned at 2 kPa O2. Woodman et al. (2007) also 

observed a doubling in V̇co2 release between 10 and 20°C, and again between 20 and 30°C, 

demonstrating a Q10 effect. Like Woodman et al. (2007), I observed an approximate doubling of 

total V̇co2 release at most oxygen levels tested, as well as a dampening and near abandonment 

the DGC during hypoxic exposure. Harrison et al. (2016) exposed Madagascar hissing 

cockroaches (Gromphadorhina portentosa) to varying levels of hypoxia at varying temperatures, 

and, although they observed an increase in ventilation in hypoxia down to 5 kPa O2, they found 

no interaction between temperature and oxygen concentrations. Such a finding is surprising, as 

insects experience a Q10 effect, and one might expect a greater susceptibility to hypoxic stress 

when metabolic rate is higher at a higher temperature. I observed no interaction between 

temperature and oxygen in burst V̇co2 release, but I did observe a relationship between 

temperature and oxygen in the total and interburst V̇co2. 
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2.5 Conclusions 

Temperature and atmospheric oxygen concentrations have had major effects on the 

evolution of life on Earth, and continue to affect the behaviors and physiologies of living 

organisms. Among the most diverse organisms that have adapted a variety of ways to cope with 

changes in temperature and oxygen tensions are insects. The insect tracheal system is adapted to 

regulate the flow of respiratory gasses in accordance with the supply and demand of oxygen and 

the need to remove carbon dioxide from the body. As a result, insects utilize different patterns of 

ventilation as becomes necessary, including DGC, cyclic, and continuous gas exchange.  

Whereas insect ventilation can follow a variety of patterns, including DGC, cyclic gas 

exchange, and continuous gas exchange, at least five Orders of insects have evolved some form 

of DGC, and these will display plasticity in ventilation pattern in response to environmental 

stimuli. The ventilation patterns are regulated by oxygen supply and demand, as well as the need 

to release carbon dioxide. Many insects display DGC at rest, but switch to a cyclic or a 

continuous pattern of ventilation when highly active or stressed, along with increasing metabolic 

rate. 

I have demonstrated that sensitivity to hypoxia is increased at a higher temperature when 

compared to a more moderate temperature in two cockroach species, B. dubia, and E. posticus, 

with the cockroaches favoring a more continuous pattern of gas exchange beginning at 6 and 9 

kPa O2, respectively, at 35°C and at 3 kPa oxygen at 25°C. In addition to having physiological 

implications, this example also demonstrates why it may be beneficial for an ectotherm to show 

preference to a lower temperature, if available, when exposed to hypoxia (Wood, 1991; Steiner 

and Branco, 2002; Petersen et al., 2003).  
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The discontinuous gas exchange cycle has been of particular focus to researchers working 

on understanding the physiological mechanisms and evolutionary origins of ventilation patterns 

in insects. The patterns in V̇co2 release observed in B. dubia and E. posticus during the current 

study are not consistent with the chthonic hypothesis, as DGCs were displayed in normoxia, but 

a more continuous gas exchange was observed under hypoxia. The observation could be 

interpreted as lending support to the set point responses proposed by the emergent property or 

neural hypothesis, with the insect failing to reach the oxygen set point in hypoxia, and thereby 

maintaining the spiracles in an open state to a greater extent throughout the breathing cycle. 

Finally, the increased V̇co2 observed with hypoxia during the current study may be the result of 

an escape response, wherein the cockroaches are seeking higher oxygen levels.  
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CHAPTER 3 

METABOLISM AND GROWTH OF EMBRYONIC GUYANA ORANGE-SPOTTED 

COCKROACHES (Blaptica dubia); EMBRYONIC NUTRITION AND POTENTIAL 

INVESTMENT TRADEOFFS ASSOCIATED WITH PSEUDOVIVIPARITY, WITH A 

COMPARISON OF REPRODUCTIVE TRAITS OF TWO BLABERID COCKROACHES 

3.1 Introduction 

Reproduction is the central behavior that unites life and allows it to evolve. Reproducing 

is both selfish and selfless. Reproduction is selfish in passing along one’s own genetic variations 

(alleles) into subsequent generations, presenting one of the major premises on which the theory 

of natural selection is built. However, reproduction is selfless because it is not required for self 

preservation on the individual level, and because it requires resources to be allocated to offspring 

that could otherwise be invested in oneself. Additional tradeoffs occur during reproduction, 

however, such as the tradeoff between offspring number and offspring size in a reproductive 

event if resources are limiting (Smith and Fretwell, 1974; Montague et al., 1981; Berrigan, 1991; 

Olsen et al., 1994). Resource allocation in the form of nutrient provisioning to offspring is 

subject to variation in nutrient source and variation in timing, occurring as the embryo develops 

or after the juvenile is born, depending on the reproductive mode and life history of the species 

in question (Blackburn, 1994, 2000). 

Insects display a wide variety of life histories and reproductive modes that have allowed 

them to radiate and adapt to nearly every terrestrial habitat on Earth. Though many Orders of 

insects are very diverse and widespread, cockroaches (Blattodea) are abundant, readily available, 

and easily kept and bred in artificial settings, making them well-suited for life history research. 

Further, cockroaches are hemimetabolous, never undergoing a complete metamorphosis of the 
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body during growth and development (see Fig. 3.1), whereas many other insect models are 

holometabolous, which allows for meaningful comparisons between insects of different life 

histories.  

Cockroaches have evolved several reproductive modes that provide different fitness 

advantages and disadvantages (Roth, 1989). The variants on reproductive mode in cockroaches 

as described in Nalepa et al. (2007) include:  

1) Type A oviparity, wherein the female lays the eggs and abandons them in the 

environment; therefore, the female must identify an environment suitable to lay the eggs, a place 

where the eggs are likely to be safe from parasites and mechanical damage, and where 

temperature, moisture and humidity will remain appropriate for development. Typically, in 

cockroaches, this form of oviparity coincides with the development of a thick ootheca that fully 

encloses the eggs. Type A oviparity occurs in Blattidae, such as Periplaneta. In type A oviparity, 

the developing embryos must depend upon the nutritional provisioning allocated to them within 

the yolk of the egg prior to oviposition, vitelline nutrients, a situation sometimes described as 

lecithotrophic.  

2) Type B oviparity (oviparous egg-retention in accordance with Blackburn, 1994) has 

been described as the behavior of laying eggs with a partially water permeable ootheca, and 

carrying the eggs protruding from the vestibulum until they hatch; type B oviparity occurs in 

some members of the family Blattellidae, including Blattella. In type B oviparity, the female is 

not known to provide nutritional provisions after the eggs are laid, with the possible exception of 

water. 

3) Type A ovoviviparity (false ovoviviparity in Roth, 1989; potentially considered 

pseudoviviparity in accordance with Blackburn, 1994) has been described as the behavior of 
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laying eggs that are then taken into a brood sac, where the eggs develop until hatching, at which 

time parturition occurs with a live birth, but in type A ovoviviparity, the eggs are largely encased 

within an ootheca. This is the reproductive mode found in a few Blattellidae and most 

Blaberidae, including Blaptica and Eublaberus, the genera of the species studied herein. There is 

no evidence of nutritional provisions outside of vitelline nutrients, with the exception of water, 

and so this mode may be described as lecithotrophic.  

4) Type B ovoviviparity (true ovoviviparity in Roth, 1989; also potentially considered as 

pseudoviviparity in accordance with Blackburn, 1994), wherein eggs that are not organized 

within an ootheca are laid and taken into a brood sac for the duration of development until 

hatching; this mode allows the female to afford the eggs some protection from desiccation, 

parasites, and extreme temperatures, as does type A ovoviviparity. Type B ovoviviparity is seen 

in large Blaberids, such as Macropanesthia. 

5) Viviparity (false viviparity in Roth, 1989; matrotrophic pseudoviviparity with 

histophagy in accordance with Blackburn, 1994), wherein, in cockroaches, eggs are laid and 

retracted into a brood sac, but hatch within the brood sac early during development, where the 

female provides them with nutritional provisions in the form of a milk-like substance (Stay and 

Coop, 1973; Youngstead et al., 2005; Li, 2007). Viviparity has evolved at least once in each of at 

least 11 insect orders, and is considered to occur in one species of cockroach, a Blaberid, the 

Pacific Beetle Cockroach (Diploptera punctata), which hatches within the brood sac at 19-21% 

of development and consumes a milk-like substance produced by the mother (Stay and Coop, 

1973; Li, 2007; Youngstead et al., 2015).  

Whereas oviparity limits the female’s abilities to protect the eggs from desiccation, 

predation, and environmental hazards, such as extreme temperatures, it allows the female to enter 
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a new reproductive cycle before development of the eggs has completed. In contrast, 

pseudoviviparous and viviparous cockroaches must suppress hormone production at the corpora 

allata and await parturition before they initiate a new reproductive episode (Alamer and 

Hoffman, 2014a,b). Pseudoviviparity and viviparity may also incur a cost of transport on the 

gravid mother.  

In species that display pseudoviviparity, the contribution of the mother has been 

questioned by past studies (e.g., Roth and Willis, 1955; Nalepa et al., 2007). Although some 

studies have found that water content increases, whereas dry mass does not, throughout 

development (Roth and Willis, 1955), Nalepa et al. (2007) suggested that the mother may 

contribute nutrients (other than water) to the developing embryos in species other than the 

Pacific Beetle Cockroach (Diploptera punctata), the one species of cockroach that is known to 

display histotrophic matrotrophy, producing a milk-like substance into the brood sac for the 

developing embryos to feed upon. This is one hypothesis explored herein, by measuring wet 

mass, dry mass, and energy content of Orange-spotted Cockroach (Blaptica dubia) embryos 

throughout development.  

In a type A ovoviviparous species, such as B. dubia, the gravid female will also 

experience metabolic costs associated with reproduction. These metabolic costs may be due to a 

potential cost of transport, and there may be a cost incurred by the female mediating the 

respiratory gas exchange of the embryos. By measuring the metabolic rate of the female while 

gravid and after the ootheca has been removed, as well as measuring the metabolic rate of the 

ootheca and individual embryos, I seek to assess the metabolic demand and potential metabolic 

costs incurred upon gravid female B. dubia. 
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The act of reproduction presents with many potential tradeoffs, ranging from offspring 

nutrient allocation to locomotor tradeoffs and effects on survival (Berrigan, 1991; Kaitala et al., 

2000). When resources are limiting for reproduction in insects, potential tradeoffs between 

number of offspring and the size of offspring are well documented (Smith and Fretwell, 1974; 

Montague et al., 1981; Berrigan, 1991). Whereas Berrigan (1991) found a correlation between 

egg number and body size in Diptera, Berrigan (1991) did not find such a relationship in 

Hymenoptera, nor in Coleoptera. The current study also compares life history traits of B. dubia 

and E. posticus, two Blaberid cockroaches that display similar reproductive modes, type A 

ovoviviparity. 

 

3.2 Materials and Methods 

3.2.1 Insect Husbandry 

Blaptica dubia and Eublaberus posticus were maintained in colonies contained in 64 

quart Sterilite bins (with 200-400 adults or late stage nymphs, and many early stage nymphs, 

unless otherwise stated) in a walk in incubator at an ambient temperature of 30°C. Cardboard egg 

crates served as substrate so as to allow the cockroaches a medium to hide and congregate. I fed 

the cockroaches a variety of fruits and vegetables, in addition to 54% protein alligator diet pellets 

that were presoaked for increased palatability (Texas Farm Products Company, Nacogdoches, 

TX). The cockroaches were also provided with presoaked water absorbing crystals (cross-linked 

polyacrylic acid sodium salt; Tandem Marketing, Colorado Springs, CO) to provide moisture in 

a sanitary manner in which nymphs would not drown. The cockroach colony was fed ad libitum.  

The colonies were observed daily for female B. dubia and female E. posticus in the 

process of laying eggs, at which time, the females extrude the eggs from the vestibulum, 
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exposing the outer membrane of the ootheca to allow scleritization or tanning of the ootheca. 

(Brunet, 1951). The female cockroaches maintain control of the ootheca during this time and 

within 1-3 hours retract the ootheca into the brood sac, a specialized extension of the vestibulum. 

Females observed in the act of oviposition were then isolated and housed individually in 50 ml 

conical tubes with air holes at 30°C and fed the same dietary composition as the colony, ad 

libitum. The gravid females were then monitored daily from oviposition until measurements 

were taken or until parturition. Animals were fasted for 24 hours prior to metabolic 

measurements. 

 

3.2.2 Metabolism and Growth of Embryonic Guyana Orange-Spotted Cockroaches (Blaptica 
dubia) 
 
At various stages through gestation, body mass and metabolic rate was measured for 

gravid female B. dubia. Metabolic rate was measured as CO2 release and was measured as 

described in chapter 2. After metabolic measurements were taken on gravid female B. dubia, the 

ootheca was removed from the brood sac. This was done by separating the terminal external 

tergum (the 10th tergum) from the terminal abdominal sternum (the 7th sternum) to expose the 

posterior vestibulum and brood sac openings and the posterior end of the ootheca, allowing 

forceps to gently grasp the ootheca and remove the intact ootheca from the brood sac without 

harming the female. Upon removal, ootheca metabolism was immediately measured in a humid 2 

ml respiration chamber in the same way the adults were measured. After ootheca mass was taken 

and metabolism measured, individual embryos were dissected out and masses measured. In 

contrast, neonates for which metabolic rates and masses were taken were allowed to hatch prior 

to measurement, but were measured similarly, in a humid 2 ml respiration chamber. Metabolic 

rate was measured as CO2 release and was measured as described in chapter 2. Metabolic rate 
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was taken a second time for a previously gravid female a minimum of 24 hours after the ootheca 

had been removed.  

 

3.2.3 Embryo Energy Content 

Energy content was determined by means of drying embryo samples from all stages of 

development in aluminum weigh boats at 60°C, taking dry mass, crushing the samples, and 

bombing them in a Parr 6725 Semimicro Calorimeter (Parr Instrument Company, Moline, IL). 

 

3.2.4 Reproductive Parameters Measured for Interspecific Comparison 

Measurements taken for each species included mass of total litter, mass of individual 

neonates, number of offspring per litter, number of days from oviposition until parturition, 

number of days between births, mass of gravid females, and mass of non-gravid females (as 

taken after a parturition event). 

 

3.2.5 Statistical Analyses 

Measurements taken in association with days gravid included embryo dry mass, embryo 

wet mass, embryo energy content per unit mass, embryo metabolic rate, embryo metabolic rate 

per unit wet mass, mass specific female metabolic rate, and percent embryo water mass. These 

data were all subjected to linear regression analysis with days gravid being the independent 

variable. I used an alpha level of 0.05 to designate significant regressions. Pairwise comparisons 

of reproductive traits (litter size, hatchling mass, interbirth period, gestation period) between B. 

dubia and E. posticus were made by means of Student’s t-tests to compare means. I used an 
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alpha level of 0.05 to designate significant findings. Statistical analyses were conducted by 

means of SigmaPlot 12.3 (Systat Software, Inc., San Jose, CA).  

 

3.3 Results 

3.3.1 Guyana Orange-Spotted Cockroach (Blaptica dubia) Reproduction 

As embryonic development progresses, the embryos undergo many changes, and may 

absorb nutrients from the egg or brood sac environment. I measured several variables to describe 

reproduction in Blaptica dubia (e.g., neonate wet mass, litter size, etc., Table 3.1) and better 

understand the energetic relationship between mother and developing embryo (e.g., embryo dry 

mass, embryo wet mass, embryo energy content, etc.) and the changes occurring in association 

with progression of embryonic development. Days gravid did not predict embryo dry mass (mg) 

(F1, 25 = 1.81, P = 0.19, r2 = 0.07, embryo dry mass (mg) = 0. 01 * days gravid + 5.82, Fig. 3.2). 

Days gravid partially predicted embryo wet mass (mg), accounting for 55% of the variability 

around the mean for embryo wet mass (F1, 25 = 31.10, P < 0.01, r2 = 0.55, embryo wet mass (mg) 

= 0.23 * days gravid + 9.30, Fig. 3.2). Days gravid did not predict embryo energy content per 

unit mass (kilocalories/gram) (F1, 26 = 0.84, P = 0.37, r2 = 0.03, embryo energy content per unit 

mass (kilocalories/gram) = 0.03* days gravid + 46.19, Fig. 3.3). Days gravid partially predicted 

percent embryo water mass, accounting for 82% of the variability around the mean for percent 

embryo water mass (F1, 25 = 137.93, P < 0.01, r2 =  0.85, percent embryo water mass = 100* 

(0.01 * days gravid + 0.36), Fig. 3.4). Days gravid did not predict embryo energy content per 

embryo (F1, 25 = 0.81, P = 0.11, r2 = 0.10, embryo energy content per embryo (calories/embryo) = 

0.88 * days gravid + 267.92, Fig. 3.5). 
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Days gravid partially predicted embryo metabolic rate (V̇co2 in µl/hr), accounting for 

74% of the variability around the mean for embryo metabolic rate (F1, 49 = 140.69, P < 0.01, r2 = 

0.74, embryo metabolic rate (V̇co2 in µl/hr) = 0.08 * days gravid + 0.21, Fig. 3.6). Days gravid 

partially predicted embryo metabolic rate per unit (wet) mass (V̇co2 in µl/hr/g), accounting for 

29% of the variability around the mean for mass specific embryo metabolic rate (F1, 43 = 17.42, P 

< 0.01, r2 = 0.29, embryo metabolic rate (V̇co2 in µl/hr/g) = 1.57 * days gravid + 91.00, Fig. 3.7). 

Days gravid partially predicted female metabolic rate (V̇co2 in µl/hr), accounting for 28% of the 

variability around the mean for mass specific female metabolic rate (F1, 37 = 14.40, P < 0.01, r2 = 

0.32, female metabolic rate (V̇co2 in µl/hr) = 7.07 * days gravid + 168.65, Fig. 3.8). Days gravid 

partially predicted mass specific female metabolic rate (V̇co2 in µl/hr/g), accounting for 32% of 

the variability around the mean for mass specific female metabolic rate (F1, 60 = 28.46, P < 0.01, 

r2 = 0.32, female metabolic rate (V̇co2 in µl/hr)= 1.44 * days gravid + 87.5, Fig. 3.9).  

Although days gravid partially predicted mass specific female metabolic rate with a 

positive slope, the mass specific metabolic rate of a female when gravid was, on average, lower 

than the metabolic rate of that same female after the ootheca had been removed (two-tailed 

paired t-test, t = 3.99, df = 58, P < 0.01; 0.12±0.03 ml/hr/g for gravid females, 0.15±0.06 ml/hr/g 

for post-abortion females). However, the metabolic rate of the female when gravid was not 

different from the same post-gravid female (two-tailed paired t-test, t = 0.11, df = 58, P = 0.92; 

0.37±0.12 ml/hr for gravid females, 0.38±0.14 ml/hr for post-abortion females), potentially 

indicating that carrying the ootheca has little effect on the metabolic rate overall. Days gravid did 

not predict the difference in gravid versus post-gravid female total metabolic rate (F1, 25 = 1.11, P 

= 0.30, r2 = 0.04, Δ female metabolic rate (V̇co2 in µl/hr) = -0.71 * days gravid - 7.87, Fig. 3.10), 

nor mass specific metabolic rate ( F1, 25 = 0.66, P = 0.43, r2 = 0.03, Δ female metabolic rate (V̇co2 
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in µl/hr/g) = -1.47 * days gravid + 43.60, Fig. 3.11). Days gravid partially predicted ootheca 

metabolic rate, both total V̇co2 (F1, 24 = 47.16, P < 0.01, r2 = 0.66, Δ female metabolic rate (V̇co2 

in µl/hr) = 2.06 * days gravid + 5.82, Fig. 3.12) and mass specific V̇co2 (F1, 21 = 12.42, P < 0.01, 

r2 = 0.37, Δ female metabolic rate (V̇co2 in µl/hr/g) = 1.83 * days gravid + 68.87, Figs. 3.13). 

Days gravid also partially predicted mean gravid female mass (g), accounting for 16% of the 

variability around the mean gravid female mass ( F1, 65 = 12.57, P < 0.01, r2 = 0.16, gravid female 

mass (g) = 0.01 * days gravid + 2.47, Fig. 3.14). 

Days gravid partially predicted mean ootheca wet mass (g), accounting for 24% of the 

variability around the mean ootheca wet mass ( F1, 64 = 20.12, P < 0.01, r2 = 0.24, ootheca mass 

(g) = 0.01 * days + 0.29, Fig. 3.15).  

Gravid female mass (g) partially predicted ootheca wet mass (g), accounting for 24% of 

the variability around the mean ootheca wet mass (F1,64 = 19.71, P < 0.01, r2 = 0.24, mean 

ootheca wet mass (g) = 0.23 * female mass (g) – 0.18, Fig. 3.16). 

Litter size partially predicted mean neonate wet mass (mg), accounting for 13.0% of the 

variability around the mean for mean neonate mass (F1,125 = 18.66, P < 0.01, r2 = 0.13, neonate 

wet mass (g) = -0.19* litter size + 28.90, Fig. 3.17). Post-gravid female mass (g) did not predict 

litter size (F1, 117 = 0.54, P = 0.47, r2 = 0.01, litter size = 1.19 * female mass (g) + 16.25, Fig. 

3.18). Post-gravid female mass (g) partially predicted mean neonate wet mass (mg), accounting 

for 5.1% of the variability around the mean for mean neonate mass (F1,117 = 6.27, P = 0.01, r2 = 

0.05, mean neonates mass (mg) = 2.05 * female mass (g) + 20.00, Fig. 3.19). Incubation day did 

not predict survival (F1, 22 = 0.81, P = 0.08, r2 = 0.14, survival (embryos alive/total eggs) = -

30*10-4 * days gravid + 0.97, Fig. 3.20). 
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3.3.2 Interspecific Comparisons 

Mean body mass significantly differed between gravid female E. posticus and gravid 

female B. dubia (t = -2.52, df = 14, P = 0.03; 2.82±0.50 g for B. dubia, and 3.28±0.16 g for E. 

posticus), with mean gravid female E. posticus mass being greater than mean gravid female B. 

dubia mass. Mean body mass significantly differed between non-gravid female E. posticus and 

non-gravid female B. dubia (t = -2.42, df = 38, P = 0.02; 2.60±0.40 g for B. dubia, and 2.91±0.42 

g for E. posticus), with mean non-gravid female E. posticus body mass  being greater than mean 

non-gravid female B. dubia mass.   

Mean number of offspring per litter did not significantly differ between B. dubia and E. 

posticus (t = 1.82, df = 28, P = 0.08); among 16 cockroach species, number of offspring per litter 

or clutch was variable across pseudoviviparous and oviparous reproductive modes, yet lowest in 

the viviparous Beetle Cockroach (Diploptera punctata) (Fig. 3.21). The mean number of eggs 

per clutch was lower in four type A oviparous species than  in two type B oviparous or five 

pseudoviviparous species (Fig. 3.22). Mean mass of individual neonates differed between B. 

dubia and E. posticus (t = 2.33, df = 36, P = 0.03; 24.70±4.01 mg for B. dubia, and 22.40±1.36 

mg for E. posticus), with mean B. dubia neonate mass being larger than E. posticus mean 

neonate mass.   

The period between birthing events did not significantly differ between B. dubia and E. 

posticus (t = 0.76, df = 22, P = 0.46), with mean interbirth period in B. dubia (63.8±6.8 days) 

being similar to mean interbirth period in E. posticus (62.2±3.4 days). Of 11 cockroach species, 

the viviparous Beetle Cockroach had the longest reproductive period, whereas type B oviparous 

species had a shorter reproductive period, and three out of four type A oviparous species had 

even shorter reproductive periods (Fig. 3.23). The gestation period did not differ significantly 
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between E. posticus and B. dubia (t = -1.1, df = 14, P = 0.29), with mean B. dubia gestation 

period (46.6±1.8 days) being similar to mean E. posticus gestation period (47.5±1.3 days). Of 15 

cockroach species, the viviparous Beetle Cockroach had the longest mean gestation period, 

whereas two type B oviparous species had shorter incubation periods than five pseudoviviparous 

and seven type A oviparous species(Fig. 3.24). Percent change in water mass in clutches during 

incubation was similar across four pseudoviviparous species, lower in two type B oviparous 

species, and lower yet in three type A oviparous species (Fig. 3.25). 

Table 3.1. Reproductive characteristics of Blaptica dubia. 
 

 Mean ± S.D. N 

Clutch size (# of eggs) 26.0 ± 10.3 129 

Litter Size (# of live offspring) 19.5 ± 7.5 114 

Neonate wet mass (mg) 25.2 ± 4.1 117 

Gestation Period (d) 47.0 ± 1.8 46 

Reproductive Period (d) 62.3 ± 5.8 58 

Gravid female wet mass (g; stage unknown) 2.89 ± 0.48 170 

Post-gravid female wet mass (g) 2.57 ± 0.44 164 
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Figure 3.1. Images of Blaptica dubia: A. and B. are females with their aborted oothecas. A. day 
8. B. day 22. C. day 22 ootheca. D. day 8 ootheca. E. day 1 ootheca crest. F. day 8 ootheca crest. 
Scale bar is 0.5 cm. G. day 17 ootheca crest. Scale bar is 0.5 cm. H. day 22 ootheca crest. I. day 
22 eggs extracted from ootheca. J. day 22 embryo extracted from egg. K. life cycle depicting 
nymphs, adult female and male, appearance of mating positions, and female extruding ootheca at 
time of oviposition and scleritization of oothecal membrane.  
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Figure 3.2. Blaptica dubia incubation day versus mean embryo dry mass (mg), and B. dubia 
incubation day versus mean embryo wet mass (mg) linear regression model. 

 

 
Figure 3.3. Blaptica dubia incubation day versus mean embryo energy content (kcal/g). 
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Figure 3.4. Blaptica dubia incubation day versus proportion water mass (g) linear regression 
model. 

 

 
Figure 3.5. Blaptica dubia incubation day versus mean energy content per embryo (cal/individual 
embryo). 
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Figure 3.6. Blaptica dubia incubation day versus embryo V̇co2 release per individual (ml/hr) 
linear regression model; each point represents the mean of a clutch. 

 

 
Figure 3.7. Blaptica dubia incubation day versus mass specific embryo V̇co2 release (µl/hr/g) 
linear regression model. 
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Figure 3.8. Blaptica dubia incubation day versus gravid female V̇co2 release (µl/hr) linear 
regression model. 

 

 
Figure 3.9. Blaptica dubia incubation day versus mass specific gravid female V̇co2 release 
(µl/hr/g) linear regression model. 
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Figure 3.10. Blaptica dubia gestation day versus female ΔV̇co2 (mean gravid V̇co2 - mean post-
gravid V̇co2 in µl/hr), the difference between the female while gravid and after eggs have been 
removed. 

 

 
Figure 3.11. Blaptica dubia gestation day versus female ΔV̇co2 (mean gravid V̇co2 - mean post-
gravid V̇co2 in µl/hr/g). 
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Figure 3.12. Blaptica dubia incubation day versus ootheca V̇co2 release (µl/hr). 

 

 
Figure 3.13. Blaptica dubia incubation day versus mass specific ootheca V̇co2 release (µl/hr/g) 
linear regression model. 
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Figure 3.14. Blaptica dubia gestation day versus gravid female wet mass (g) linear regression 
model. 

 

 
Figure 3.15. Blaptica dubia gestation day versus ootheca wet mass (g) linear regression model. 
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Figure 3.16. Gravid Blaptica dubia mass (g) versus ootheca mass (g) linear regression model. 

 

 
Figure 3.17. Blaptica dubia litter size versus neonate wet mass (mg) linear regression model. 
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Figure 3.18. Blaptica dubia gravid post-partum mass (g) versus litter size (# of individuals born). 

 

 
Figure 3.19. Blaptica dubia gravid post-partum mass (g) versus neonate wet mass (mg) linear 
regression model. 
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Figure 3.20. Blaptica dubia incubation day versus embryo survival (embryos alive/total eggs per 
ootheca). 

 

 
Figure 3.21. Hatchlings per clutch in various cockroach species (Mean ± SD). For this and the 
following four graphs, data on species not currently studied were taken from Willis et al. (1958). 
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Figure 3.22. Eggs per clutch in various cockroach species (Mean ± SD).  

 

 
Figure 3.23. Reproductive period (time between subsequential reproductive events) in various 
cockroach species (Mean ± SD).  
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Figure 3.24. Gestation or Incubation period  in various cockroach species (Mean ± SD).  

 

 
Figure 3.25. Percent change in water mass in clutches of various cockroach species.   
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3.4 Discussion 

3.4.1 Blaptica dubia Reproductive Physiology: Metabolism and Potential Tradeoffs 

Blaptica dubia is a blaberid species that may be described as pseudoviviparous or Type A 

ovoviviparous, carrying its ootheca in a brood sac throughout the duration of development, and 

then giving live birth to hatchling nymphs. During development, the ootheca increases in 

volume, consuming an increasing amount of space in the female’s abdomen (see Fig. 3.1). The 

embryos themselves increase in volume during this time, and whereas the embryos increase in 

wet mass, they do not increase in dry mass and they maintain energy content. Meanwhile, the 

embryos increase in metabolic rate, but also experience a subsequent further increase in 

metabolic rate upon hatching. The female also increases in metabolic rate during the course of 

gestation, but the difference between gravid V̇co2 and non-gravid V̇co2, after the ootheca has 

been removed, does not show a consistent trend, and so, even though the V̇co2 of the ootheca can 

be measured and is found to increase in metabolic rate throughout development, it has thus far 

proven infeasible to determine if the female incurs a metabolic cost due to an increased 

metabolic demand of female plus ootheca. Gravid female mass increased throughout 

development, as did ootheca mass, though female mass only partially predicted the change in 

ootheca mass. Neonate mass partially predicted litter size, and female mass predicted neonate 

mass to a very small extent, but female mass did not predict litter size.  

In B. dubia, embryo wet mass increases as embryonic development progresses, with 

developmental day accounting for 73.2% of the variability in wet mass, but dry mass and energy 

content per unit dry mass do not change as embryonic development progresses. The percent of 

the B. dubia embryo mass that is attributed to water begins at approximately 36% at oviposition 

and increases to nearly 86% at hatching (as estimated for day 46, based on the linear regression 
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model: proportional water mass = 0.01 * days gravid + 0.36). Whereas dry mass and energy 

content do not change, wet mass and corresponding volume increase throughout development 

(Fig. 3.2-5). Roth and Willis (1955) similarly measured the percent water content of the ootheca 

of various cockroach species, observing a similar increase in water content in other 

pseudoviviparous species, a change from 34% to 75% water in Nauphoeta cinerea, a change 

from 39% to 69% water in Pycnoscelus surinamensis, and a change from 37% to 72% water in 

Rhyparobia maderae. Roth and Willis (1955) observed less of a change in species that display an 

intermediate reproductive mode: Blatella are considered oviparous (Type B oviparity), but carry 

the ootheca protruding from the vestibulum until hatching. The water content of the Blatella 

germanica ootheca increased from 62% to 76%, and the water content of the Blatella vaga 

ootheca increased from 60% to 70%. Water content in oviparous species that abandon the eggs 

(Periplaneta americana, Blatta orientalis, Supella supellectilium) exhibited much less change, 

with water content decreasing from 60 to 57%, remaining at 64%, and increasing from 64% to 

69%, respectively, as incubation progressed (Roth and Willis, 1955). Mullins et al. (2002) 

injected radiolabelled water into female Blatella germanica, and demonstrated that 18% of the 

radiolabelled water could be recovered from the ootheca after 24 hours. Hence, it is reasonable to 

suggest that increasing water content of the ootheca of pseudoviviparous species is derived from 

the mother, while the ootheca are in the brood sac. Whereas cockroaches display a variety of 

reproductive modes, including apparently intermediate evolutionary stages between oviparity 

and pseudoviviparity, it appears that water availability may have played a role in driving the 

evolution of pseudoviviparity, or the ootheca water content changes observed may be a result of 

the evolution toward pseudoviviparity, while it was other factors (e.g., protection from parasitoid 

wasps, predators, etc.) that primarily underlie selection for egg retention.  
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Roth and Willis (1955) observed that the dry masses of ootheca of the Nauphoeta 

cinerea, P. surinamensis, R. maderae, B. germanica, B. vaga, P. americana, B. orientalis, S. 

supellectilium either decreased slightly or did not change during development. Nalepa et al. 

(2007) suggested that nutrients (other than water) may be transferred from mother to ootheca in 

pseudoviviparous cockroaches other than D. punctata, a species which hatches within the brood 

sac at 19-21% of development and consumes a milk-like substance produced by the mother (Stay 

and Coop, 1973; Li, 2007; Youngstead et al., 2015), even if dry mass is not observed to increase 

overall. The developing B. dubia exhibited stability in dry mass and also in energy content 

throughout development. While it is clear that the B. dubia embryos gain water during 

embryonic development, water may not be the only nutrient that the mother contributes to the 

ootheca during development in the brood sac, as the stability in energy content does not account 

for energy utilized by metabolic activity during development, and the embryos may be supplied 

with additional nutrients that account for this energy; it is worth noting that some clutches, 

including large clutches that produce typical hatchlings, experience little or no mortality, and it is 

therefore unlikely that the embryos are gaining this additional nutrition from other eggs within 

the brood sac. These findings overall contrast with D. punctata, wherein the embryos increase 50 

fold in dry mass between oviposition and parturition from the mother (Stay and Coop, 1973), and 

the embryos increase 250 fold in hydrocarbon content during this time (Youngstead et al., 2015), 

but nonetheless indicate a possible extravitelline source of nutrients for B. dubia embryos. 

Currently, the source of a potential hydrocarbon based extravitelline nutrient is not known in B. 

dubia, but may come in the form of a milk-like substance similar to that of D. punctata. 

The number of neonates versus wet mass of individual neonates is weakly negatively 

related, with number of neonates explaining only 13.0% of the variability in wet mass at 
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hatching. This may represent a tradeoff in terms of nutrients allocated to offspring, but may also 

represent a tradeoff in other resources. There may be a limitation in oxygen available to the 

developing embryos within the brood sac, or in water availability, or the tradeoff may be due to a 

limitation in space within the brood sac. Tradeoffs between offspring number and offspring size 

are well-known in insects. Alternatively, there may not be a tradeoff if resources for reproduction 

are not a limiting factor during clutch production (Smith and Fretwell, 1974; Montague et al., 

1981; Berrigan, 1991).  

I tested the hypotheses that female mass predicts number off offspring in a litter, and that 

female mass predicts embryo wet mass at birth. Whereas Berrigan (1991) found a correlation 

between egg number and body size in oviparous Diptera, Berrigan (1991) did not find such a 

relationship in Hymenoptera, nor in Coleoptera. Similarly, female B. dubia mass did not predict 

number of offspring. Female mass explained variation in embryo wet mass approximately 5.1%, 

and, as stated, did not predict litter size, which arguably brings into question whether or not there 

is a limit in resources during egg and ootheca production that would cause for a tradeoff between 

offspring number and size in B. dubia. Further, in other arthropods, fecundity is known to be 

influenced by adult size (Arendt, 2011).  

Female V̇co2 increased as embryonic development progressed, with developmental day 

accounting for 32.2% of the variability in V̇co2. This increasing metabolic rate in the female with 

development may reflect a direct need for the female to provide the developing embryos with 

greater respiratory gas exchange as the embryos develop, or it may reflect the addition of the 

V̇co2 release of the embryos directly reflecting gas exchange through the vestibulum between the 

brood sac and the external environment or the trachea. Further, although I consider the metabolic 
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rate measurements discussed herein to represent a resting metabolic rate, I cannot rule out a 

potential effect of cost of transport incurred by the female carrying the ootheca.  

The V̇co2 of hatchling B. dubia is higher than the V̇co2 of late stage embryos prior to 

hatching. This increase in metabolic rate may, in part, be due to a constraint on respiration during 

embryonic development within the brood sac, and the embryos being released of this constraint 

upon birth. During embryonic development, insects have fluid within the tracheal system, and 

this may limit the exchange of respiratory gases prior to emerging (Woods et al., 2009), 

although, it is likely that simple diffusion suffices to meet metabolic demand, and late stage 

embryonic B. dubia are known to express a hemocyanin in the haemolymph (Pick et al., 2010). 

Additional factors may also play into the increase in metabolic rate observed in B. dubia upon 

hatching, such as potential feeding on the eggs and ootheca at the time of hatching resulting in an 

increase in metabolic rate (i.e., specific dynamic action), which may or may not be experienced 

within the brood sac, or an increase in activity overall. 

With energy content and dry mass remaining relatively constant in developing embryos, 

and water content increasing, it appears that the gravid female B. dubia provides water to the 

embryos, but the question remains as to any additional nutritional provisioning. The metabolic 

rate of the embryos remains relatively low in the brood sac in comparison to after the embryos 

are born, but the results still do not provide an explanation for how they compensate for energy 

lost during development. Due to a cost of maintenance, oviparous insects of the orders 

Orthoptera, Coleoptera, and Lepidoptera eggs have been found to decrease in dry mass to 

anywhere between 60.4% and 89.4% of the egg mass at oviposition by the time of hatching 

(Maino et al., 2017, and citations therein). The lack of such decrease in dry mass in B. dubia may 

indicate that the developing embryos are provided an extravitelline source of nutrients during 
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development. Among possible additional sources of nutrition and water are the other embryos; 

however, the number of eggs surviving in a clutch was not predicted by incubation day, and 

although there may be additional nutritional provisioning to the developing embryos during 

development, it seems that, with such high survival, dead eggs or embryos are an unlikely 

source. A likely source of nutrients for B. dubia is the mother, potentially in the form of a milk-

like substance secreted within the brood sac, as is known to occur in D. punctata. Although the 

embryos of B. dubia appear exposed from the ootheca casing during the later stages of 

development, the existence of such a nutritive substance in B. dubia has not been confirmed.  

 

3.4.2 Interspecific Comparisons 

Cockroaches are a highly diverse group of insects, and likewise display diverse 

adaptations in reproductive mode and other aspects of their biology. Herein, comparisons 

between two pseudoviviparous species of the family Blaberidae, E. posticus and B. dubia, were 

observed to display similarities in number of offspring, gestation length, and the period from the 

start of one reproductive episode to the next. However, although the adult females of E. posticus 

were greater in mass than adult B. dubia, the neonates of B. dubia were greater in mass than the 

neonates of E. posticus. 

Blaptica dubia and Eublaberus posticus had a similar number of offspring per clutch with 

one another. The number of offspring that hatched per clutch is similar to several other 

pseudoviviparous cockroach species, including Blaberus craniifer, Leucophaea maderae, 

Nauphoeta cinerea, and Pycnoscelus surinamensis, as well as various Type A oviparous species.  

Blaptica dubia offspring had a greater mean mass than E. posticus, though adult female 

E. posticus had a greater mean mass, whether gravid or not, and there was not a significant 
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difference in the number of offspring per clutch. This evidence does not support, nor does it 

necessarily refute, a hypothesis of a tradeoff between offspring number and offspring size, but 

also suggests that the size of offspring is not necessarily dependent on, nor correlated with, the 

size of the adult when comparing different cockroach species with similar life histories. This is 

consistent with the finding of Berrigan (1991) that body size does not correlate with egg number 

in Hymenoptera and Coleoptera. Alternatively, Berrigan (1991) did find a correlation between 

egg number and body size in Diptera. 

Incubation period was not different between B. dubia and E. posticus. Their incubation 

periods fall within the expected range when compared to other pseudoviviparous cockroaches, 

being greater than those of Nauphoeta cinerea and Pycnoscelus surinamensis, but less than 

Leucophaea maderae and Diploptera punctata (this species is sometimes considered viviparous; 

Willis et al., 1958). 

Frequency of oviposition is greater in species that display oviparity than it is in species 

that display pseudoviviparity (or ovovivparity) or viviparity (Willis et al., 1958). I measured 

interbirth period (interval between hatches of successive broods), a period that is the same length 

of time, on average, as the period between oviposition events. The mean interbirth period did not 

differ between B. dubia and E. posticus, being 63.8 ± 6.8 days in B. dubia and 62.2 ± 3.4 days in 

E. posticus. These reproductive cycle lengths place these species somewhere between those of 

the pseudoviviparous cockroach N. cinerea (46.0 days) and the viviparous cockroach D. 

punctata (76.8 days), and similar to the pseudoviviparous cockroach P. surinamensis (57.5 days; 

Willis et al., 1958). Interestingly, the number of eggs per clutch (independent of survival to 

hatching) was similar across B. dubia and other pseudoviviparous species, but may be lower in 

oviparous species, and whereas pseudoviviparous species may experience a limitation in space, 
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the amount of time and resources allocated to eggs over the amount of time between clutches 

may play a role in the selection for optimal number of eggs laid per clutch. 

It should be noted that the parameters measured may be influenced by the fact that the 

females in the current study were isolated. Holbrook et al. (2000) found that there was an 

influence of ‘group effect’ on feeding and reproductive condition in female German Cockroach 

(Blatella germanica), with females housed in female pairs developing larger oocytes in the same 

amount of time. The proposed explanation is that the presence of another female stimulates 

feeding and the production of juvenile hormone by the corpora allata, thereby affecting 

reproduction (Holbrook et al., 2000). 

 

3.5 Conclusions 

 Reproduction is subject to many different selective pressures, and nature has 

presented with a wide variety of adapted mechanisms for overcoming challenges to reproduction 

(Stearns, 1992). Tradeoffs between offspring number and size come into play when resources are 

limiting, but such tradeoffs may only play a minor role when other aspects of life history are 

causing limitations. In B. dubia, there may be a tradeoff between offspring number and size, but 

the underlying reason for this tradeoff is unknown, and may be due to the space available within 

the brood sac, or may be due to a limitation in the availability of other resources (e.g., oxygen 

delivery may be limiting, water availability may be limiting). The amount of time necessary for 

one reproductive episode may be a greater limiting factor in reproductive output overall. 

Reproductive mode determines how much and what kind of nutrients a female may allocate to 

offspring and over what timeframe. Pseudoviviparous cockroaches provide water to the embryos 

developing in the ootheca throughout development, and are likely to provide additional nutrients, 
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as the energy utilized during metabolism of the developing embryos remains unaccounted for. 

Female B. dubia metabolism increases during development, and this may represent a cost of 

transporting the ootheca in a brood sac, rather than abandoning the eggs, but may also be caused 

by the female providing gas exchange with the embryos, or even producing nutrients for the 

embryos. The pseudoviviparity displayed by B. dubia and many other cockroach species, 

therefore, may provide the benefit of preventing desiccation of the ootheca, but may also cause 

for limitations in reproductive output, and may incur a metabolic cost for the mother, while 

allowing continued provisioning of nutrients to the developing embryos. 

Cockroaches display a wide variety of reproductive modes, including oviparity and what 

has been described as viviparity, as well as a wide range of intermediate forms. Herein, I 

compared two species of Blaberid cockroaches that follow similar reproductive modes, 

pseudoviviparity or type A ovoviviparity. Not surprisingly, both species studies displayed 

reproductive cycle and incubation times intermediate to oviparous species and matrotrophic 

pseudoviviparous species that have been reported on previously (Willis et al., 1958). Eublaberus 

posticus and B. dubia had incubation periods, interbirth periods, and clutch sizes that were 

similar to one another. However, whereas adult female E. posticus have a greater mean mass 

than adult female B. dubia, the offspring of B. dubia have a greater mean mass than those of E. 

posticus at the time of birth.  

Whereas reproductive tradeoffs may occur between several parameters governing 

reproduction, a well known hypothesis that has been supported in some insect groups is that a 

tradeoff will occur between the number of offspring and the size of offspring. This may occur as 

a tradeoff observable across and within species, but in the current study, the comparison is 

primarily between two Blaberid species was made; these are the only two cockroach species for 



 

109 

which neonate wet mass is available and as the species do not have significantly different 

numbers of offspring, the differences in mass are not associated with differences in number of 

offspring. In comparison with oviparous species of cockroaches, the species studied herein, as 

well as other pseudoviviparous species, have a much longer interval between laying consecutive 

ootheca. This finding is consistent with the hypothesis that there is a tradeoff between carrying 

eggs until they hatch and producing the maximum number of ootheca over a given period of 

time. Interestingly, however, there appears to be an association between the number of eggs per 

ootheca and reproductive mode, wherein pseudoviviparous cockroach species produce more eggs 

per ootheca than oviparous cockroach species, and it is possible that species that lay and abandon 

their eggs experience a set of selective pressures that have optimized the number of eggs per 

clutch while laying more frequent clutches than species that carry their eggs.  
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CHAPTER 4 

EFFECTS OF ACUTE AND CHRONIC HYPOXIA ON METABOLISM AND SURVIVAL  

IN GRAVID AND NON-GRAVID GUYANA ORANGE-SPOTTED  

COCKROACHES (Blaptica dubia) 

4.1 Introduction 

Atmospheric oxygen concentrations have fluctuated throughout the history of life, 

playing an important role in the evolution of terrestrial life on Earth (Huey and Ward, 2005; 

Berner et al., 2007). The evolution of terrestrialization of arthropods, in particular, may have 

coincided with a time of high atmospheric oxygen partial pressures. It is hypothesized that high 

oxygen partial pressures may release constraints on oxygen delivery in arthropods, allowing 

them to attain greater sizes (Ward et al., 2006; VandenBrooks et al., 2012). Alternatively, a 

hypoxic atmosphere may constrain insects and impose stress. Many studies have explored the 

effects of chronic hypoxia on ventilation and V̇co2 in insects (e.g., Rumbo, 1979; Hebling et al., 

1991, etc.), while few studies have explored the effects of chronic hypoxia on reproduction (e.g., 

Peck and Maddrell, 2005; VandenBrooks et al., 2012). Long term hypoxia exposure appears to 

have effects on fitness of insects. Peck and Maddrell (2005) found that chronic hypoxia (15, 10, 

and 7.5 kPa O2) caused reduced body size, decreased rate of development, and reduced fecundity 

in Drosophila melanogaster. Similarly, VandenBrooks et al. (2012) observed a decreased rate of 

development and reduced fecundity in Blattella germanica. 

With exposure to acute hypoxia, a wide variety of insects display increased ventilation 

rate (Chown and Holter, 2000; Woodman et al. 2007; Harrison et al., 2016). This behavior may 

be part of an escape response from the hypoxic stress. Meanwhile, other animals often decrease 

metabolic rate in response to exposure to hypoxia, a response that is hypothesized to convey a 
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selective advantage by increasing survival (Wood, 1991; Steiner and Branco, 2002). Unlike 

acute hypoxic stress, however, chronic stress, including chronic hypoxic stress, is known to 

cause a decrease in metabolic rate in insects (Rumbo, 1979; Hebling et al., 1991; Djawdan et al., 

1997). 

When exposed to a hypoxic environment, insects will fail to maintain metabolic demands 

of oxygen acquisition and carbon dioxide release if oxygen levels reach below a threshold 

critical oxygen partial pressure. This critical oxygen partial pressure (Pc) is a measure of the 

safety margin for oxygen and has been reported for many resting insects to range from 2 to 5 kPa 

O2 (Greenlee and Harrison, 2004a; Greenlee and Harrison, 2005; Greenlee at al., 2007; Lease, 

2012). Although, the tracheal system surface area to mass ratio of an insect dictates that an 

insect’s Pc might be lower if the insect is small, Pc appears to be independent of size in one of the 

most diverse groups of insects, Orthoptera (Lease et al., 2012). 

Many insects display viviparity or pseudoviviparity, including many Blaberid cockroach 

species (Roth, 1989; Nalepa et al, 2007). The ootheca may increase physical pressure within the 

body, thereby affecting the haemolymph and tracheal systems, and therefore pseudoviviparity 

may constrain respiratory efficacy, and conversely, the respiratory system may serve as a 

constraint to reproductive mode and fecundity in these species. Additionally, the added 

metabolizing tissue of the developing embryos may impact the female’s ability to respond to 

hypoxia. In chapter 2, I explored the acute respiratory and metabolic effects of exposure to a 

descending regime of acute hypoxia at two different temperatures in B. dubia. However, during 

the study, I was not aware of the reproductive status of the female B. dubia being studied, which 

brought up the question of whether or not B. dubia that are gravid at variable points in incubation 

would display a different response to acute hypoxia. Thus far, I am unaware of any studies that 
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compare responses to hypoxia in gravid female insects to non-gravid females. I hypothesize that 

being gravid will incur a cost associated with providing respiratory gases to the developing 

embryos, and therefore, I predict: 1) the metabolic rates of gravid female B. dubia will be greater 

than the metabolic rate of non-gravid females and 2) the respiratory safety margin will be 

decreased in females that are gravid when compared to non-gravid females. 

Studies have demonstrated a decreased fecundity in insects in response to chronic 

hypoxia when individuals were raised in hypoxia (e.g., Peck and Maddrell, 2005; VandenBrooks 

et al., 2012), but this may be influenced by developmental plasticity, such as smaller body size, 

which has also been observed in response to chronic hypoxia (Peck and Maddrell, 2005). 

Alternatively, I aim to compare clutch characteristic and metabolism of gravid versus non-gravid 

B. dubia that have been raised in normoxia, and have been introduced to hypoxic stress, 

requiring acclimation to their new chronic hypoxic environment. Many studies have observed a 

decrease in survival in insects in response to chronic hypoxic exposure (e.g., Loudon, 1989; 

Soderstrom et al., 1986; Donahaye,1990; Whiting et al., 1992; Greenberg and Ar, 1996; Peck 

and Maddrell, 2005; Rascón and Harrison, 2010), however, and this may influence results.   

 

4.2 Materials and Methods 

4.2.1 Insect Husbandry 

Blaptica dubia were maintained in a colony contained in a 64 quart Sterilite bin (with 

200-400 adults or late stage nymphs, and many more early stage nymphs, unless otherwise 

stated) at an ambient temperature of 30°C. Egg crates served as a substrate so as to allow the 

cockroaches a medium to hide and congregate in. Blaptica dubia were fed a variety of fruits and 

vegetables, in addition to 54% protein alligator diet pellets that were presoaked for increased 
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palatability (Texas Farm Products Company, Nacogdoches, Texas). The cockroaches were also 

provided with presoaked water absorbing crystals (cross-linked polyacrylic acid sodium salt; 

Don Carr Company, Converse, Texas) to provide moisture in a sanitary manner in which nymphs 

would not drown. The cockroach colony was fed ad libitum. 

 

4.2.2 For Acute Hypoxia 

The colony was observed daily for female B. dubia in the process of laying eggs, at 

which time, the females extrude the eggs from the vestibulum and out the cloaca, exposing the 

outer membrane of the ootheca to the external environment, to allow scleritization or tanning of 

the ootheca. The female B. dubia maintain control of the ootheca during this time, and typically 

within 1-3 hours, they retract the ootheca into the brood sac. Females observed in the act of 

laying eggs were isolated and housed individually in 50 ml conical tubes with air holes at 30°C 

and fed the same dietary composition as the colony ad libitum, but were not fed within 24 hours 

of metabolic measurements.  

At various ages of gestation, mass was taken and metabolic rate was measured for each 

gravid female B. dubia. Non-gravid females were taken from the colony and mass and metabolic 

rates taken for comparison.   

 

4.2.3 For Chronic Hypoxia 

Blaptica dubia late stage nymphs were visually sexed (based on the relative size of the 

terminal external sternum, which is larger on females) and females were isolated in a colony (of 

100-200 individuals) consisting exclusively of female late stage nymphs. Approximately every 

three days, I inspected the colony for newly matured females, and removed such females, 
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randomly placing them either into the experimental treatments (isolated in a 50 ml conical tube 

with air holes in normoxia or hypoxia; see below) as non-gravid females for comparisons, or into 

small colonies (of 15-30 mature females and 5-10 mature males); these mall colonies were 

housed in 6 quart Rubbermaid shoe boxes. Three of these small colonies were maintained 

throughout the currently discussed study. Reproductive state of the females was determined 

approximately every three days by manual manipulation and the use of forceps gently separating 

the terminal external abdominal tergum (the 10th tergum) from the terminal external abdominal 

sternum (the 7th sternum) to expose the vestibulum and brood sac opening and the posterior end 

of the ootheca, if one was present. The males in each small colony were redistributed and 

replaced every few weeks, sourcing from the large mixed colony. When a female in a small 

colony was found to be gravid, she was then isolated and housed individually in a 50 ml conical 

tube with air holes, which was placed within a six quart Rubbermaid shoe box with one of five 

oxygen levels. The females were randomly assigned to these shoe boxes, and the levels of 

chronic hypoxia included: 15 kPa O2, 12 kPa O2, 8 kPa O2, and 4 kPa O2. The colony of 

exclusively female nymphs, the small colonies, and isolated females were all kept at 30°C and 

fed the same dietary composition as the source colony ad libitum, but were not fed within 24 

hours of metabolic measurements. Chronic hypoxic levels of oxygen were maintained by means 

of a Sable Systems Roxy Four Gas Regulator (accuracy of ±0.1%, Sable Systems International, 

North Las Vegas, NV) to control hypoxia by addition of nitrogen to the six quart Rubbermaid 

shoe boxes. A small fan was affixed within each shoe box to ensure adequate mixing of gases 

within the shoeboxes. 

From this time forward, the gravid and non-gravid female B. dubia would remain in the 

environmental hypoxia until each was randomly used for one of two groups, those removed for 
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measurements at day 30 and those removed for measurement at day 45. At these times, mass was 

taken and metabolic rate was measured for each gravid or non-gravid female B. dubia. After 

measurements were taken on the whole gravid female B. dubia, the ootheca was removed by 

means of separating the terminal external tergum from the terminal abdominal sternum to expose 

the cloaca and brood sac openings and the posterior end of the ootheca, allowing for the forceps 

to gently grasp the ootheca and remove the ootheca intact from the brood sac. Upon removal, the 

ootheca metabolism was immediately measured in a humid 2 ml respiration chamber. After 

ootheca mass was taken and metabolism measured, individual embryos were dissected out and 

mass measured. Animals that were dissected from eggs showed signs of life (e.g., movement, 

and sometimes abdominal pumping) after respirometry measurements were taken. 

 

4.2.4 Metabolic Measurements 

Metabolic rate was measured as CO2 release using the methods described in chapter 2.  

For the chronic hypoxia study, metabolic measurements were all taken at the same respective 

oxygen levels at which the individuals being measured had been acclimated in chronic hypoxia 

for the past 30 or 45 days. All respiration measurements were collected at 30°C. 

The experimental conditions included comparisons of metabolic responses to acute 

environmental exposure to hypoxia between 16 gravid and 16 non-gravid female B. dubia. 

Respiration was measured in gravid and non-gravid adult female B. dubia exposed to a step-wise 

regime of descending oxygen concentrations, 21 kPa O2, 8 kPa O2, 4 kPa O2, at 30°C. Animals 

were exposed to each oxygen level for 45 minute. Measurements analyzed include mean total 

V̇co2, mean V̇co2 during bursts, and mean V̇co2 between bursts (during the interbursts) for each 
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oxygen concentration and temperature. The mean mass of non-gravid female B. dubia studied 

was 3.11±0.42 g, and the mean mass of gravid female B. dubia studied was 3.24±0.34 g. 

 

4.2.5 Statistical Analyses 

The experimental setup corresponded to a two-way ANOVA design, with the two 

independent variables being reproductive state and oxygen concentration for acute hypoxia, and 

oxygen concentration and incubation day for chronic hypoxia. I was interested in making 

multiple pairwise comparisons between V̇co2 release in gravid B. dubia and non-gravid B. dubia 

and between V̇co2 release at 21 kPa O2 versus various levels of hypoxia within gravid and non-

gravid groups. Therefore, Holm-Šídák pairwise multiple comparison procedures were used to 

determine significance or lack thereof for pairwise differences.   

For acute hypoxia, measurements taken in association with days gravid included 

metabolic rates at 21 kPa O2, 8 kPa O2, and 4 kPa O2. The two-way ANOVA observed no 

significant difference between gravid and non-gravid female B. dubia V̇co2 at oxygen levels of 8 

kPa O2 or 4 kPa O2 (see Results), but it is possible that there are differences in the responses to 

acute hypoxia within the gravid females according to the gestation day. Therefore, the difference 

between V̇co2 release at 21 kPa O2 and 8 kPa O2 and the difference between V̇co2 release at 21 

kPa O2 and 4 kPa O2 were each subjected to simple linear regression analysis with days gravid 

being the predicting variable.  

For chronic hypoxia, due to high mortality and high incidence of gravid females aborting 

ootheca, sample sizes within treatment groups that survived and remained gravid until day 45 

were too small to make meaningful comparisons with B. dubia at 15 kPa O2, 12 kPa O2, and 8 

kPa O2, 4 kPa O2, as well as day 30 at 4 kPa O2. Therefore, for B. dubia embryo mass, embryo 



 

117 

V̇co2 at incubation day 30, I conducted one-way ANOVAs; Holm-Šídák pairwise multiple 

comparison procedures were used for pairwise comparisons. 

One-way ANOVAs were used to test for significant differences in female V̇co2 release 

between various levels of hypoxia exposure for 30 days within gravid female Blaptica dubia and 

separately within non-gravid female Blaptica dubia; these were treated as separate because there 

was no group for comparison within the 4 kPa O2 exposure for gravid females, as the females 

died or aborted before 30 days. Holm-Šídák pairwise multiple comparison procedures were used 

for pairwise comparisons. Student’s t-tests with Holm-Šídák correction for multiple comparisons 

were used to make pairwise comparisons between gravid and non-gravid female Blaptica dubia 

V̇co2 for each level of chronic hypoxia at 30 days exposure.  

Survival curves were compared between gravid and non-gravid females, and between 

different concentrations of chronic hypoxia by means of a Cox proportional hazard model. 

An alpha level of 0.05 designated significant findings. Statistical analyses were 

conducted with SigmaPlot 12.3 (Systat Software, Inc., San Jose, CA). 

 

4.3 Results 

4.3.1 Effects of Acute Hypoxia on Gravid versus Non-gravid Females  

4.3.1.1 V̇co2 Release 

There was not a significant interaction effect on mean total V̇co2 (F2, 15 = 0.28, P = 0.76, 

Fig. 4.1), mean burst V̇co2 (F2, 15 = 2.51, P = 0.09, Fig. 4.2), or mean interburst V̇co2 (F2, 15 = 

0.05, P = 0.95, Fig. 4.3) when comparing reproductive state and oxygen levels.  
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4.3.1.2 Total V̇co2 and Gestation 

Days gravid did not predict the V̇co2 release at 21 kPa O2 in gravid female B. dubia 

(simple linear regression analysis, F1, 14 = 0.10, P = 0.76, r2 = 0.01, V̇co2 (µl/hr/g) = -(0.20 * days 

gravid) + 109.00, Fig. 4.4). Days gravid did not predict the V̇co2 release at 8 kPa O2 in gravid 

female B. dubia (F1, 14 = 3.12, P = 0.10, r2 = 0.18, V̇co2 (µl/hr/g) = -(2.93 * days gravid) + 

320.00). Days gravid did not predict the V̇co2 release at 4 kPa O2 in gravid female B. dubia (F1, 14 

= 0.01, P = 0.93, r2 = 0.00, V̇co2 (µl/hr/g) = (0.13 * days gravid) + 273.00). 

Days gravid did not predict the difference between V̇co2 release at 21 kPa O2 and V̇co2 

release at 8 kPa O2 at 30°C in gravid female Blaptica dubia (F1, 14 = 3.98, P = 0.07, r2 = 0.221, 

ΔV̇co2 (µl/hr/g) = -(2.72 * days gravid) + 0.21, Fig. 4.5). Days gravid did not predict the 

difference between V̇co2 release at 21 kPa O2 and V̇co2 release at 4 kPa O2 at 30°C in gravid 

female Blaptica dubia (F1, 14 = 0.04, P = 0.84, r2 = 0.00, ΔV̇co2 (µl/hr/g) = 0.33 * days gravid + 

16.50, Fig. 4.6). 

 

4.3.1.3 Burst Period 

There was not a significant interaction effect on mean burst duration between the 

reproductive states and oxygen levels (F2, 47 = 2.13, P = 0.13, Fig. 4.7).  

 

4.3.1.4 Interburst Period 

There was a significant interaction effect on mean interburst period between the 

reproductive states and oxygen levels (F2, 47 = 5.80, P < 0.01, Fig. 4.8). Interburst period was 

significantly longer at 21 kPa O2 in a gravid female compared with a non-gravid females (t = 

2.74, P < 0.01). Interburst period was significantly longer at 4 kPa O2 in a non-gravid female 
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compared with a gravid female (t = 2.07, P = 0.04). Interburst period was not significantly 

different at 8 kPa O2 in a gravid female compared with a non-gravid female (t = 0.65, P = 0.52). 

Interburst period was not significantly different between 21 kPa O2 and any other oxygen 

concentration in non-gravid females (in each comparison, t ≤ 1.50, P ≥ 0.36). Interburst period 

was significantly lower in gravid females at 4 kPa O2 compared with 21 kPa O2 (t = 3.51, P < 

0.01), but not significantly different in gravid females at 8 kPa O2 compared with 21 kPa O2 (t = 

0.59, P = 0.56).  

 

4.3.2 Effects of Chronic Hypoxia on Embryos and Gravid versus Non-gravid Females 

4.3.2.1 Embryo V̇co2 Release 

No significant differences were observed between any chronic treatment groups for 

embryo V̇co2 release at 30°C at day 30 (one-way ANOVA, F3,4 = 1.58, P = 0.23, Fig. 4.9). V̇co2 

release of embryonic B. dubia in 21 kPa O2 did not significantly differ between day 45 and day 

30 (Student’s t-test, t = 0.20, df = 15, P = 0.84).   

 

4.3.2.2 Embryo Wet Mass 

No significant differences were observed between any chronic treatment groups for 

embryo wet mass at 30°C at day 30 (one-way ANOVA, F3,4 = 1.13, P = 0.37, Fig. 4.10). Embryo 

wet mass was significantly greater for B. dubia embryos raised in 21 kPa O2 on day 45 when 

compared with embryos after day 30 (Student’s t-test, t = 4.33, df = 15, P < 0.01). Final sample 

sizes for day 45 embryos in hypoxia were too small to make meaningful comparisons. 
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4.3.2.3 Embryo Survival Within Ootheca 

Survival rate within the ootheca was not significantly different at day 30 under chronic 

treatments of 21, 15, 12, or 8 kPa O2 compared with one another (one-way ANOVA, F3,4 = 1.50, 

P = 0.26, Fig. 4.11). 

 

4.3.2.4 Female V̇co2 Release 

V̇co2 was not significantly different at 21 or 15 kPa O2 at day 30 in gravid females 

compared with non-gravid females (Student’s t-test, t ≤ 1.79, df = 13, P ≥ 0.10, Fig. 4.12). V̇co2 

was significantly higher at 12 and 8 kPa O2 in non-gravid  compared with gravid females 

(Student’s t-test, t ≥ 2.29, df = 21, P ≤ 0.03).  

V̇co2 was not significantly different at 21 kPa O2 at day 45 in gravid females compared 

with non-gravid females (Student’s t-test, t = 0.85, df = 17, P = 0.41). 

V̇co2 was not significantly different in gravid females at day 30 between any chronic 

treatment groups 21, 15, 12, or 8 kPa O2 compared with one another (one-way ANOVA, F = 

1.22, P = 0.33). 

V̇co2 was not significantly different in non-gravid females at day 30 under chronic 

treatments of 15, 12, or 8 kPa O2 compared with 21 kPa O2 (one-way ANOVA with Holm-Šídák 

multiple pairwise comparison procedures, t ≤ 1.10, P ≥ 0.72). V̇co2 was significantly higher in 

non-gravid females at day 30 at 21 kPa O2 when compared with chronic 4 kPa O2 (one-way 

ANOVA with Holm-Šídák multiple pairwise comparison procedures, t = 3.06, P = 0.03). 
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4.3.2.5 Female Mass 

There was not a significant interaction effect on mean mass change by day 30 between 

the reproductive state and chronic oxygen levels (two-way ANOVA with Holm-Šídák multiple 

pairwise comparison procedures, F3, 4 = 0.89, P = 0.45, Fig. 4.13).  

Change in mass from initial exposure to oxygen treatment through day 30 in 21 or 8 kPa 

O2 was not significantly different in gravid females compared with non-gravid females (two-way 

ANOVA with Holm-Šídák multiple pairwise comparison procedures, t ≤ 1.86, P ≥ 0.07).  

 

4.3.2.6 Female Survival Curves 

Gravid individuals exposed to hypoxia often aborted and gravid individuals that died 

often aborted prior to death. The state of being gravid may have affected the survival rates in 

chronic hypoxia, but gravid females that aborted and were not discovered to be dead at the same 

time were removed from the study; hence, these individuals may have continued to survive, but 

fit neither into the gravid nor the non-gravid experimental groups, and were not included in the 

survival curve analyses. 

The survival curves for B. dubia maintained at chronic 8 and 4 kPa O2 were not 

significantly different between gravid and non-gravid females (Cox proportional hazard model, 

df = 1, X2 ≤ 0.93, P ≥ 0.33, Figs. 4.14 - 15). The survival curves for B. dubia maintained at 

chronic 21, 15, and 12 kPa O2 were significantly different between gravid and non-gravid 

females (Cox proportional hazard model, df = 1, X2 ≥ 6.61, P ≤ 0.01, Figs. 4.16 - 18). Non-

gravid females displayed higher survival at 15, and 12 kPa O2, but lower survival at 21 kPa O2. 
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The survival curve for gravid B. dubia maintained at 21 kPa O2 was significantly higher 

compared to gravid B. dubia maintained at chronic 15, 12, 8, and 4 kPa O2 (Cox proportional 

hazard model, df = 1, X2 ≥ 33.17, P < 0.01, Fig. 4.19).  

The survival curve for non-gravid B. dubia maintained at 21 kPa O2 was significantly 

higher compared to non-gravid B. dubia maintained at chronic 12, 8, and 4 kPa O2 (Cox 

proportional hazard model, df = 1, X2 ≥ 11.51, P < 0.01, Fig. 4.20). The survival curve for non-

gravid B. dubia maintained at 21 kPa O2 was not significantly different from non-gravid B. dubia 

maintained at chronic 15 kPa O2 (Cox proportional hazard model, df = 1, X2 = 1.53, P = 0.22). 

 
Figure 4.1. Total V̇co2 (µl/hr/g) of gravid and non-gravid adult female Blaptica dubia in 
normoxia and acute hypoxia at 30°C. Data are presented as means plus standard deviations. 
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Figure 4.2. Burst V̇co2 (µl/hr/g) of gravid and non-gravid adult female Blaptica dubia in 
normoxia and acute hypoxia at 30°C. Data are presented as means plus standard deviations.  

 

 
Figure 4.3. Interburst V̇co2 (µl/hr/g) of gravid and non-gravid adult female Blaptica dubia in 
normoxia and acute hypoxia at 30°C. Data are presented as means plus standard deviations. 
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Figure 4.4. Blaptica dubia days gravid versus gravid female V̇co2 (µl/hr/g) at 21, 8, and 4 kPa 
O2. Day zero represents non-gravid female B. dubia mean V̇co2 at 21, 8, and 4 kPa O2, with error 
bars representing standard deviations.  

 

 
Figure 4.5. Blaptica dubia days gravid versus difference in female V̇co2 (ml/hr/g) between 21 
kPa O2 and acute 8 kPa O2. Day zero represents non-gravid female B. dubia mean difference in 
female V̇co2 (µl/hr/g) between 21 kPa O2 and acute 8 kPa O2, with error bar representing 
standard deviation. 
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Figure 4.6. Blaptica dubia days gravid versus difference in female V̇co2 (µl/hr/g) between 21 
kPa O2 and acute 4 kPa O2. Day zero represents non-gravid female B. dubia mean difference in 
female V̇co2 (µl/hr/g) between 21 kPa O2 and acute 4 kPa O2, with error bar representing 
standard deviation. 

 
 

 
Figure 4.7. Burst duration (s) of gravid and non-gravid adult female Blaptica dubia in normoxia 
and acute hypoxia at 30°C. Data are presented as means plus standard deviations. 
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Figure 4.8. Interburst period (s) of gravid and non-gravid adult female Blaptica dubia in 
normoxia and acute hypoxia at 30°C. Data are presented as means plus standard deviations.  
Open symbols designate statistically significant differences in interburst period between 21 kPa 
O2 and a hypoxic oxygen concentration within gravid or non-gravid group. A line above 
designates statistically significant differences in interburst period between gravid and non-gravid 
females within an oxygen concentration.  

 

 
Figure 4.9. Mean Blaptica dubia embryo V̇co2 in normoxia and chronic hypoxia (21 kPa O2, n = 
5; 15 kPa O2, n = 4; 12 kPa O2, n = 5; and 8 kPa O2, n = 6) after 30 days and 45 days (21 kPa O2, 
n = 12), and after separation from mother and excision from ootheca. 
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Figure 4.10. Mean Blaptica dubia embryo wet mass in normoxia and chronic hypoxia (21 kPa 
O2, n = 5; 15 kPa O2, n = 4; 12 kPa O2, n = 5; and 8 kPa O2, n = 6) after 30 days and 45 days (21 
kPa O2, n = 12). Data are presented as means plus standard deviations.. Embryo wet mass was 
significantly greater for embryonic B. dubia in chronic 21 kPa O2 on day 45 compared to day 30 
(Student’s t-test, P < 0.01), as designated by a line above. 

 
Figure 4.11. Embryo survival per ootheca in Blaptica dubia in normoxia and chronic hypoxia (21 
kPa O2, n = 4; 15 kPa O2, n = 4; 12 kPa O2, n = 5; and 8 kPa O2, n = 6) after 30 days.  
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Figure 4.12. Mean gravid and non-gravid Blaptica dubia V̇co2 in normoxia and chronic hypoxia 
(21 kPa O2, ng = 6, nng = 10; 15 kPa O2, ng = 5, nng = 11; 12 kPa O2, ng = 5, nng = 18; and 8 kPa 
O2, ng = 6, nng = 7) after 30 days. Data are presented as means plus standard deviations. Open 
symbols designate statistically significant differences in V̇co2 between normoxia and a hypoxic 
oxygen concentration within gravid or non-gravid group (P = 0.03). A line above designates 
statistically significant differences in V̇co2 between reproductive states within an oxygen 
concentration (P ≤ 0.03).  

 
Figure 4.13. Change in mass from initial exposure to oxygen treatment (21 kPa O2, ng = 6, nng = 
10; 15 kPa O2, ng = 5, nng = 11; 12 kPa O2, ng = 5, nng = 18; and 8 kPa O2, ng = 6, nng = 7) 
through day 30 for gravid and non-gravid Blaptica dubia. Data are presented as means plus 
standard deviations. 
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Figure 4.14. The survival curves for gravid (n = 9) and non-gravid (n = 8) female Blaptica dubia 
maintained at chronic 4 kPa O2 (Cox proportional hazard model, P = 0.33).  

 

 
Figure 4.15. The survival curves for gravid (n = 14) and non-gravid (n = 10) female Blaptica 
dubia maintained at chronic 8 kPa O2 (Cox proportional hazard model, P = 0.92). 
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Figure 4.16. The survival curves for gravid (n = 40) and non-gravid (n = 39) female Blaptica 
dubia maintained at chronic 12 kPa O2 (Cox proportional hazard model, P = 0.01). 

 

 
Figure 4.17. The survival curves for gravid (n = 21) and non-gravid (n = 29) female Blaptica 
dubia maintained at chronic 15 kPa O2 (Cox proportional hazard model, P = 0.00). 
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Figure 4.18. The survival curves for gravid (n = 24) and non-gravid (n = 27) female Blaptica 
dubia maintained at 21 kPa O2 (Cox proportional hazard model, P = 0.01). 

 

 
Figure 4.19. The survival curves for gravid Blaptica dubia maintained at 21, 15, 12, 8, and 4 kPa 
O2 (Cox proportional hazard model, in all comparisons between 21 kPa O2 survival curve and a 
hypoxic level survival curve, P < 0.01). 
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Figure 4.20. The survival curves for non-gravid Blaptica dubia maintained at 21, 15, 12, 8, and 4 
kPa O2 (Cox proportional hazard model, in the comparison between the 21 kPa O2 survival curve 
and the 15 kPa survival curve, P = 0.216; in all comparisons between 21 kPa O2 survival curve 
and a hypoxic level survival curve, P < 0. 
 

4.4 Discussion 

4.4.1 Acute Hypoxia Treatments 

During the current studies, I have tested the hypothesis that gravid female B. dubia in 

general would be more sensitive to acute hypoxia than non-gravid B. dubia. Although, when 

compared to non-gravid females, gravid females had an increased burst duration at 8 kPa O2, a 

greater interburst period at 21 kPa O2, and a decreased interburst period at 4 kPa O2, differences 

in responses to a descending regime of hypoxia were not observed in V̇co2. Both gravid and non-

gravid females similarly experienced an increased overall V̇co2 and interburst V̇co2 in response 

to hypoxia.  
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In chapter 2, I discussed the effects of acute hypoxia exposure on B. dubia ventilation, 

respiration and metabolism. However, the reproductive status was not known for the adult 

female B. dubia studied. The females may have been gravid at any stage, or they may have  been 

non-gravid. Hence, the question arose as to whether a gravid female B. dubia would respond to 

acute hypoxic exposure differently than a non-gravid individual. Although I observed that the 

variation in V̇co2 of gravid female B. dubia could be accounted for approximately 32% by days 

into gestation, this result was not seen in the current study when gestation stage was considered, 

a result that may be an artifact of the smaller sample size, or may have to do with additional 

variables, such as differences in mass. As no differences were observed in the current study in 

V̇co2 release between gravid and non-gravid female B. dubia at 21, 8, nor 4 kPa O2, it seems 

unlikely that this unknown had a significant effect on the V̇co2 results of the study presented in 

chapter 2. 

Both gravid and non-gravid females increased V̇co2 with acute exposure to 8 kPa O2. The 

total V̇co2 release was not different between the gravid and non-gravid female B. dubia at any of 

the three oxygen concentrations, indicating that the gravid females may not exhibit increased 

sensitivity to hypoxia. Overall, as B. dubia were exposed to decreasing levels of hypoxia, 

whether gravid or non-gravid, they increased total V̇co2 output, and displayed a ventilation 

pattern in which the interburst phase and the burst phase became less distinct, as the spiracles 

became opened more and V̇co2 output increased during the interbursts. 

Insects, like other ectotherms, display a Q10 effect wherein, as temperature increases, the 

metabolic rate increases. Large Blaberid cockroaches (M. rhinoceros and G. portentosa) are 

known to increase ventilation when metabolic rates are increased in response to increased 

temperatures and in response to hypoxia (Woodman et al., 2007; Harrison et al., 2016). 
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However, Harrison et al. (2016) did not find a significant interaction between temperature and 

oxygen concentration in regards to response in ventilation rates in G. portentosa; increased 

temperature does not exacerbate the ventilation rate response to hypoxia. Similarly, herein, I find 

that B. dubia reproductive state does not exacerbate the effect that hypoxia has on V̇co2. 

Although there appears to be little effect of reproductive state on response to hypoxia in 

B. dubia, it is worth consideration that the animals measured in the current study were displaying 

a resting metabolic rate when measured. It is possible that B. dubia may display an increased 

sensitivity to hypoxia when highly active. A decreased safety margin has been observed in other 

insects when exercised and exposed to hypoxia (e.g., a dragonfly Erythemis simplicicollis in 

flight, Schistocerca americana jumping and flying; Harrison and Lighton, 1998; Kirkton et al., 

2005; Rascón and Harrison, 2005). It is also possible that an effect of exercise will compound or 

reveal an effect of being gravid, as B. dubia may incur a cost of transport associated with the 

demands of carrying the mass of an ootheca. 

 

4.4.2 Chronic Hypoxia Treatments 

Gravid and non-gravid B. dubia were also maintained in normoxia and experimental 

treatments of various levels of chronic hypoxia (15, 12, 8, and 4 kPa O2) for 30 or 45 days. 

Overall, few differences in masses and metabolic rates were observed between treatment groups, 

and results were largely inconclusive. The cockroaches tended to have low survival under 

hypoxic conditions,  contributing to difficulties in making comparisons. Survival rates were 

decreased in gravid females as compared to non-gravid females in moderate hypoxia (12 and 15 

kPa O2), but this difference was not seen at lower levels of hypoxia (4 and 8 kPa O2), at which 

survival rates were low for both gravid and non-gravid females. Survival rates were lower in 
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gravid females at all levels of hypoxia, as compared with normoxia, and survival rates were 

lower in non-gravid females at all levels of hypoxia except 15 kPa O2, as compared with 

normoxia. In normoxia, embryo wet mass was greater at day 45 than at day 30 of development; 

this finding is consistent with the previous findings herein (chapter 3), wherein development day 

was found to predict embryo mass, and accounted for 73.2% of the variability in wet mass. 

Within day 30, embryo wet mass was not found to be different between different levels of 

chronic hypoxic exposure.  

Mass specific embryo V̇co2 was not different between either 45 and 30 days in normoxia, 

nor between any levels of chronic hypoxia within the 30 day treatment group. No significant 

differences were observed in female V̇co2 when comparing non-gravid females to day 30 gravid 

and day 45 gravid females in normoxia. This finding is inconsistent with other findings reported 

herein (chapter 3), wherein the developmental day was found to account for 28.8% of the 

variability around the mean for embryo metabolic rate, and 32.2% of the variability around the 

mean for mass specific female metabolic rate, but the variability and small sample sizes herein, 

and low slopes of these linear regressions (see chapter 3) may account for a lack of statistically 

significant differences seen in this study.  

Although the adult female B. dubia were not exposed to hypoxia throughout development 

herein, the lack of differences in metabolic rates between animals acclimated to varying levels of 

chronic hypoxia is similar to the results of Harrison et al. (2006), who observed that Schistocerca 

gregaria did not display differences in ventilation rates when measured at the hypoxic Po2 at 

which they had been raised.  

Schistocerca americana raised in hypoxia (5 and 10 kPaO2) had a decreased number of 

breaths per minute when placed in normoxia, compared to when they were placed at the levels of 
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oxygen they were respectively raised in (Harrison et al., 2006). The number of breaths per 

minute is similar across animals within the oxygen concentrations at which they were raised 

(Harrison et al., 2006). These observations indicate that when raised in hypoxia, Schistocerca 

americana may be phenotypically plastic and develop compensatory mechanisms within the 

tracheal system for coping with hypoxia that are not necessary when placed in normoxia, 

therefore allowing for a decreased rate of breaths. 

Many other studies have observed a decrease in survival in insects in response to chronic 

hypoxia exposure (e.g., Loudon, 1989; Soderstrom et al., 1986; Donahaye,1990; Whiting et al., 

1992; Greenberg and Ar, 1996; Peck and Maddrell, 2005). Rascón and Harrison (2010) also 

observed decreased survival rates in Drosophila melanogaster in response to chronic 10 kPa O2. 

Herein, I observed decreased survival at all levels of hypoxia (15 kPa O2, 12 kPa O2, 8 kPa O2, 

and 4 kPa O2) when compared to normoxia, in both gravid and non-gravid females, with the 

exception of non-gravid females at 15 kPa O2. Low survival rates up to 30 days impeded the 

ability to accrue meaningful sample sizes at 4 kPa O2. Further, low survival rates up to day 45 

impeded our ability to accrue meaningful sample sizes for gravid female B. dubia for all hypoxic 

treatments.  

Past studies have observed decreased body size in insects raised in chronic hypoxia (e.g., 

in Loudon, 1989; Greenberg and Ar, 1996; Harrison et al., 2006; Peck and Maddrell, 2005; Klok 

and Harrison, 2009; Heinrich et al., 2011). VandenBrooks et al. (2012) found a negative 

association between Po2 and tracheal volume, as well as between Po2 and rate of development, 

growth rate, and fecundity in Blatella germanica raised in moderate chronic hypoxia (12 and 16 

kPa O2). Whereas I did not raise insects in hypoxia during the current study, the embryos 

developing within the gravid female B. dubia maintained in hypoxia at 8 kPa O2, 12 kPa O2, and 
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15 kPa O2 throughout gestation were not smaller at day 30 than those in normoxia. It is possible 

that the female provides respiratory gas exchange to the brood sac and buffers the ootheca from 

the hypoxic environment, but this will require further research to clarify. Many experimental 

groups in this study ultimately ended up with sample sizes too small to make any conclusions, or 

conduct meaningful statistical analyses. The decreased survival rates seen in gravid females 

compared to non-gravid females in several chronic hypoxic experimental groups may indicate an 

increased sensitivity to hypoxia and decrease in respiratory safety margin in gravid females, but 

this interpretation is tentative. Chronic exposure requires an organism not only to survive and 

adjust to an environmental stressor on a short time frame, but to adjust set points for negative 

feedback, acclimating to the changes in the environment, so this reflects more than an immediate 

sensitivity, but rather a failure to acclimate long term to adjustments in oxygen concentrations. 

The V̇co2 output of female B. dubia was found to be greater in non-gravid females than 

gravid females after 30 days in hypoxia at 12 kPa O2 and 8 kPa O2. However, the V̇co2 output 

within gravid females was not found to be different at any oxygen concentration after 30 days. 

Non-gravid female B. dubia displayed a depressed V̇co2 at 4 kPa O2 at 30 days exposure as 

compared to 21 kPa O2. Insects are known to display decreased metabolic rate when exposed to 

chronic hypoxia (Rumbo, 1979; Hebling et al., 1991). In the current study, gravid B. dubia did 

not display a significantly reduced metabolic rate in response to chronic hypoxia at day 30, 

whereas non-gravid B. dubia displayed a reduced metabolic rate in chronic 4 kPa O2, compared 

to non-gravid B. dubia at 21 kPa O2. However, gravid B. dubia had a low survival rate in chronic 

4 kPa O2, and therefore, metabolic rates in this treatment could not be compared.  
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4.5 Conclusions 

Both gravid and non-gravid female B. dubia respond similarly to acute hypoxic exposure. 

Blaptica dubia increase mean total V̇co2 in response to acute hypoxia. However, the reproductive 

state does not appear to exacerbate, nor dull, the response. Therefore, being gravid may not cause 

an increased sensitivity to hypoxic stress, and may not cause a decreased safety margin, although 

Pc was not reached in the current study. It may be informative to identify the Pc in gravid versus 

non-gravid insects, and may also be informative to study hypoxic response of gravid and non-

gravid insects during activity in the future. 

I exposed B. dubia to chronic hypoxia, and compared responses of gravid and non-gravid 

female B. dubia after 30 days and after 45 days to chronic hypoxia. Relatively high mortality was 

observed in nearly all chronic hypoxic treatment groups as compared to controls kept at 21 kPa 

O2, so much so that many additional comparisons could not be made, due to decreased sample 

sizes. Gravid females displayed higher mortality rates at 12 and 15 kPa O2. Comparing treatment 

groups to controls kept at 21 kPa O2, embryo mass was not decreased, nor was embryo V̇co2 in 

response to chronic hypoxia at day 30. This may indicate that embryos are buffered by the 

mother, or that the embryos are relatively non-responsive to the environmental stress in general. 

Non-gravid female B. dubia showed a decrease in metabolic rate when exposed to chronic 4 kPa 

O2, an observation that is consistent with past studies in insects. 
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