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ABSTRACT  

 

The Oxygen and Capacity-Limited Thermal Tolerance (OCLTT) hypothesis proposes 

that the thermal tolerance of an animal is shaped by its capacity to deliver oxygen in relation 

to oxygen demand. Studies testing this hypothesis have largely focused on measuring short-

term performance responses in animals under acute exposure to critical thermal maximums. 

The OCLTT hypothesis, however, emphasises the importance of sustained animal performance 

over acute tolerance. The present study tested the effect of chronic hypoxia and hyperoxia 

during development on medium to long-term performance indicators at temperatures spanning 

the optimal temperature for growth in the speckled cockroach, Nauphoeta cinerea. In contrast 

to the predictions of the OCLTT hypothesis, development under hypoxia did not significantly 

reduce growth rate or running performance, and development under hyperoxia did not 

significantly increase growth rate or running performance. The effect of developmental 

temperature and oxygen on tracheal morphology and metabolic rate were also not consistent 

with OCLTT predictions, suggesting that oxygen delivery capacity is not the primary driver 

shaping thermal tolerance in this species. Collectively, these findings suggest that the OCLTT 

hypothesis does not explain moderate-to-long-term thermal performance in Nauphoeta 

cinerea, which raises further questions about the generality of the hypothesis.  
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INTRODUCTION  

 

To predict the responses of species to environmental change, it is first important to 

understand the mechanisms responsible for limiting their physiological tolerances (Verberk 

and Bilton, 2011). The Oxygen and Capacity-Limited Thermal Tolerance (OCLTT) hypothesis 

has emerged as one compelling framework for understanding and studying the thermal limits 

of animals (Fry, 1947; Pörtner, 2001; Pörtner et al., 2017). According to the OCLTT 

hypothesis, critical temperatures that affect fitness are generally set by a decline in aerobic 

scope and oxygen delivery capacity rather than by a decline in cellular level function. In 

ectotherms, as temperatures shift towards threshold levels (referred to as the pejus in OCLTT) 

the demand for oxygen in tissues increase at a rate greater than what can be supplied by cardiac 

and ventilatory processes, leading to a drop in whole-animal aerobic scope and a shift into 

anaerobic metabolism (Pörtner, 2001; Pörtner, 2012). The capacity to maintain sufficient 

oxygen delivery beyond optimal temperature conditions (Topt), is, therefore, thought to 

determine an animals’ thermal tolerance and performance (Bjelde et al., 2015; Chou et al., 

2017). 

 

The OCLTT hypothesis has been argued to apply to all animals, with support found 

across animal phyla including Chordata (Reptilia, Osteichthyes) and Arthropoda (Insecta, 

Crustacea) (Frederich and Pörtner, 2000; Malmendal et al., 2006; Michaud and Denlinger, 

2007; Michaud et al., 2008; Frederich et al., 2009; Owerkowicz et al., 2009; Jost et al., 2012; 

Jensen et al., 2017; Teague et al., 2017). However, there is a growing body of evidence 

suggesting that the thermal tolerance of some species might not be limited by oxygen transport 

capacity (Stevens et al., 2010; Mölich et al., 2012; Overgaard et al., 2012; McCue and De Los 

Santos, 2013; Verberk et al., 2016; Kim et al., 2017; Youngblood et al., 2019). Wang et al., 

(2014) found that exposing European sea bass, Dicentrarchus labrax, to anaemia at upper 

critical temperatures did not alter their oxygen uptake, indicating that performance declines at 

upper critical temperatures observed in D. labrax were not due to an inability of the 

cardiorespiratory system to meet increasing oxygen demands. Oxygen exposures of 5 kPa and 

35 kPa in the fingered limpet, Lottia digitalis, have also been shown to have no effect on upper 

thermal tolerance (Bjelde et al., 2015). Furthermore, work on the Atlantic halibut, 

Hippoglossus hippoglossus, found that aerobic scope and cardiac performance increased at 

elevated temperatures, but this increase did not correspond with an increase in growth, 
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demonstrating that aerobic scope was not responsible for limiting growth performance at high 

temperatures (Gräns et al., 2014).  

 

Notwithstanding the importance of these studies in contributing to our understanding 

of OCLTT, very few have attempted to directly test multiple predictions of the hypothesis at 

relevant ecological upper and lower thermal limits (Stevens et al., 2010; Walczyńska et al., 

2015; Boardman et al., 2016; Hoefnagel and Verberk, 2017; Pörtner et al., 2017). Short-term 

performance responses are also commonly used despite the OCLTT hypothesis emphasising 

the importance of long-term sustained performance over acute tolerance (Pörtner, 2014). A 

large gap may exist between an animals’ relevant ecological thermal limits and its critical 

thermal limits, so investigating short-term responses under critical temperatures may be 

inappropriate for testing the OCLTT hypothesis (Verberk et al., 2016).  

 

The present study aimed to address these limitations by using medium to long-term 

performance indicators to test two key predictions of the OCLTT hypothesis (1) Hyperoxic 

environments increase thermal tolerance, and hypoxic environments decrease thermal 

tolerance, such that changing oxygen availability manipulates performance at temperatures 

below and above Topt, and (2) Oxygen transport performance and aerobic scope decline as 

temperatures shift away from Topt (Verberk et al., 2016; Pörtner et al., 2017). 

 

To test the first prediction of the OCLTT hypothesis we determined the effect of 

developmental oxygen concentration on the rate of growth and running performance (measured 

as running duration; a proxy for aerobic performance) in the speckled cockroach, Nauphoeta 

cinerea, at the species Topt, upper and lower temperature limit. Growth rate can be used as a 

long-term performance indicator and running performance can provide insight into an animals’ 

oxygen delivery capacity (Full and Tullis, 1990). The presence of anaerobic metabolites was 

not determined, however, so a direct link between running performance and aerobic 

performance cannot be made in the present study. The upper and lower temperature limits were 

defined as the temperatures associated with a 32% reduction in growth performance relative to 

growth at Topt, rather than at critical thermal temperatures. If whole-animal oxygen limitation 

sets thermal tolerance and performance, as proposed by the OCLTT hypothesis, then it is 

predicted that the decline in growth and running performance observed at temperatures below 

and above Topt will be reduced in hyperoxic environments and enhanced in hypoxic 

environments.  

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 A

cc
ep

te
d 

m
an

us
cr

ip
t



 

The second prediction of the OCLTT hypothesis was tested indirectly by measuring the 

rate of carbon dioxide production (a proxy for metabolic rate) and tracheal morphology in 

cockroaches developed under the same oxygen and temperature conditions as mentioned 

above. Routine metabolic rate (RMR) is defined as the metabolic rate of resting post-absorptive 

animals below which function is impaired. It therefore sets the baseline for energetic costs of 

living and is of significant functional importance. RMR can provide some insight into an 

organisms’ aerobic scope, although aerobic scope is a function of both maximum metabolic 

rate (MMR) and RMR. Routine metabolic rate can therefore only provide a partial 

understanding of aerobic scope. The tracheal system is responsible for delivering oxygen to 

sites of respiration and removing carbon dioxide from the tissues to the atmosphere (Chown 

and Nicolson, 2004), and in some species, an outgrowth of the tracheal network in response to 

hypoxia has been observed (Ghabrial et al., 2003). This outgrowth can allow for a greater 

capacity of the tracheal system to meet cellular oxygen demand by altering an animal’s oxygen 

transport performance (Ghabrial et al., 2003). If oxygen transport performance declines as 

temperatures shift away from Topt, as suggested by OCLTT, then we would expect to see similar 

compensatory changes in the tracheal system at temperatures beyond Topt, allowing for insects 

to compensate for the limited oxygen availability. Experimental manipulation of ambient 

oxygen during development might also cause a change in tracheal morphology that will alter 

oxygen delivery in normoxia, with potential consequences for aerobic capacity and sustained 

locomotion. Specifically, an outgrowth of the tracheal network might be observed under 

hypoxic conditions to ensure that cellular oxygen demand is met by the tracheal system. 

Conversely, conditions of hyperoxia may lead to reductions in tracheal dimensions in order to 

avoid hyperoxic damage.  

N. cinerea is a suitable study organism for testing these predictions in the lab due to its 

ease of maintenance and ability to readily breed in captivity (Schimpf et al., 2012b; Schimpf 

et al., 2013).  

 

METHODS 

 

Determining the thermal performance curve for growth 

 

Juvenile speckled cockroaches (mean±s.e.m 9.75 ± 0.16 mg) were obtained from a 

breeding population maintained at 23 ± 2°C at Monash University, Clayton. Fifty individuals 

were randomly assigned to individual 20 ml plastic centrifuge tubes maintained at constant 
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temperatures of 10, 14, 18, 22, 25, 30, 33 or 36°C (± 0.3°C), in incubators (Versatile 

environmental test chambers, MLR-352H series, Panasonic Healthcase Co., Ltd). All 

containers were maintained under normoxic conditions at 21% O2 in N2 with a 12:12 h 

light:dark cycle. The bottom of each centrifuge tube was removed and replaced with mesh 

wiring to provide airflow, and black tape was placed halfway up each tube to provide refuge. 

Cockroaches were maintained on a diet of carrot and dry cat food. Fresh food was provided 

every second day to avoid effects of desiccation and the moulding of food. Water was not 

supplied as the carrot provided all required moisture.  

Each week for five weeks, the mass of every individual in each of the temperature 

treatments were measured to 0.01 mg using a microbalance (XS105DU, Mettler Toledo, Port 

Melbourne, Victoria, Australia; linearity ± 0.2 mg). Measurements coincided with the 

replacement of new food to minimise time spent outside treatments. After a period of five 

weeks, no individual had survived at 10°C and data for this treatment were discarded. Due to 

mortality across each week, only those who survived the entire five weeks were used for 

analysis (Table S1). 

Rates of mass gain were calculated as percentage of mass gained per day, on average, 

from day seven to day 35. Due to potential effects of stress from moving cockroaches from 

their stock populations, and issues with moulding of food in the first week, the mass gained in 

the first seven days was not included in calculations. The Topt was determined as the 

temperature at which growth was maximised, and the lower and upper developmental 

temperatures for subsequent developmental oxygen manipulation experiments (see below) 

were defined as the temperatures below and above Topt, respectively, at which growth was 

reduced by 32% relative to the rate at Topt. This reduction in growth rate was chosen because 

it ensured temperatures remained within critical thermal limits, but were sufficiently distinct 

for changes in performance to be observed across treatment temperatures given the stability of 

the incubators of ± 0.3°C.  

 

Developmental oxygen manipulation  

 

To investigate whether oxygen delivery will influence thermal performance at the upper 

and lower developmental temperatures, 80 juvenile speckled cockroaches (mean±s.e.m 20.45 

± 0.20 mg) were randomly assigned to individual 20 ml centrifuge tubes maintained at factorial 

combinations of one of three levels of ambient O2 (10, 21 or 40% O2 in N2), and one of three 

temperatures (Topt, upper and lower developmental temperatures), as determined from the 
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thermal performance curve for growth; a total of nine treatment groups. Atmospheric air is 

21% oxygen, and oxygen levels of 10% (hypoxic treatment) and 40% (hyperoxic treatment) 

were selected because previous work has shown that these are sufficient to result in 

developmental changes in tracheal morphology in N. cinerea without adverse effects on 

maturation (Bartrim et al., 2014). Cockroaches were obtained from the same laboratory 

breeding population at Monash University and maintained under the same photoperiod and 

feeding conditions as for measurement of the thermal performance curve for growth. Each 

treatment group consisted of a clear plastic storage container (J.Burrows 15 L Storage 

Container, Clayton, VIC, Australia), to maintain oxygen concentrations, with four racks of 

centrifuge tubes each containing a juvenile cockroach (20 individuals per rack). Due to 

temperature fluctuations of 0.3°C within incubators, racks were randomly rotated within each 

container every two days, and containers were randomly rotated within each incubator every 

four days. Rotations coincided with the replacement of new food to minimise time spent outside 

treatments. 

Oxygen concentrations within the 40% O2 treatment containers were maintained at the 

selected O2 level using a ROXY-4 gas regulation system (Sable Systems, Las Vegas, USA) 

that measured O2 levels within each container using O2 fuel cell sensors fitted to the middle of 

each container lid. The O2 was then delivered to the housing containers as required. The 10% 

O2 treatments were maintained by delivering atmospheric air at a constant rate of 50 ml/min 

and nitrogen at a constant rate of 50 ml/min into a 100 ml glass mixing chamber, and then into 

the animal container. Atmospheric air delivered at a constant rate of 100 ml/min was used to 

maintain the 21% O2 treatments. Flow rates were regulated by mass flow controllers (Aalborg 

GFC17, Stanton Scientific, Byron Bay, NSW). 

A single input hole was drilled into each container, and six output holes were drilled on 

opposite ends to provide for greater air flow. Holes that were required for the cell sensor and 

input hole were covered with modelling putty to minimise leakage of the input gases. 

Humidifiers were constructed from 500 ml glass jars filled to 350 ml with water; however, they 

were removed within the first week due to issues of high water vapour moulding the food.  

 

Growth rate: 

Growth rate was calculated using the same technique as for the measurement of the 

thermal performance curve for growth. Each week for five weeks, the mass of every individual 

in each treatment group were measured to the nearest 0.01 mg using a microbalance. The 

percentage of mass gained per treatment per day, on average, using the data from day seven to 
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day 35, was calculated and used for analysis. Due to mortality across each week, only those 

who survived the entire five weeks were used in analysis (Table S2). 

 

Running performance: 

Juvenile cockroaches (n = approximately 11 per treatment) were randomly selected 

from each treatment group and run on a modified treadmill (LE8708TS, Harvard Apparatus, 

Holliston, Massachusetts, USA) under normoxia until exhaustion. Prior to measurement, 

cockroaches were weighed to the nearest 0.01 mg. The treadmill was maintained at a constant 

speed of 2 cm/s and small plastic cups (measurement chambers) lined with fluon were placed 

over individuals to prevent escape during measurements (Movie 1). Exhaustion was 

determined when cockroaches refused to continue running after three nudges of encouragement 

within one minute. The total time spent continuously running was used in analysis to determine 

running performance (a proxy for aerobic performance). Each cockroach was run on the 

treadmill once at each of the three developmental temperatures in a temperature controlled 

room (or once at the lower developmental temperature and Topt, depending on survival). These 

temperatures were randomly set in the order: 1) lower developmental temperature, 2) Topt, and 

3) upper developmental temperature. Temperatures were recorded prior to measurements and 

temperature fluctuations within the temperature controlled room were ± 0.5°C. At least one 

week was provided between each temperature measurement to allow for recovery, although 

mortality did occur within some treatments. Only individuals who survived were included in 

statistical analysis.  

 

Tracheal morphology:  

Tracheal morphology was measured using a staining technique modified from Weis-

Fogh (1964), Kanwisher (1966), and Bartrim et al., (2014). An ink solution was prepared from 

1 g gelatine, 20 ml water, 4 ml liquid detergent, and 25 ml black ink (Quink, Parker pens, 

Clayton, VIC, Australia). Cockroaches (n = approximately 11 per treatment) were cold 

euthanised for 1 h in a - 20°C freezer and were removed and allowed to defrost. Cockroaches 

were then submerged into the ink solution in a pressurised bulb-shaped flask attached to a tubed 

tonometer comprised of two stop cocks (see Bartrim et al., 2014). The flask was then slowly 

re-pressured by sequentially opening and closing the two stop-cocks. The stop-cocks were 

opened twice every 5 min for the first 30 min, and once every 1 min thereafter until the flask 

returned to atmospheric pressure. The stop-cocks then remained open for an additional 5 min 

to ensure infiltration of the ink solution into the tracheal network. Care was taken not to leave 
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cockroaches inside the ink solution for more than 55 min, as this would result in the staining 

of tissues, obscuring the tracheal system. Dimensions of the tracheal system were taken using 

a microscope-mounted digital camera attached to a dissecting microscope (Olympus SZ61, 

Olympus Australia, Mount Waverley, Australia). Images were captured from the camera and 

analysed on a PC computer using the Olympus micro imaging software cellSens platform. The 

legs of each cockroach were imaged because this area is aerobically important for locomotion, 

and because the tracheal network can be viewed externally without dissection. The femur 

segment of the right and left metathoracic legs of each cockroach were imaged on a 1 mm grid 

for scale (Figure 1). The length of each femur as well as the diameter of the main trunk, 

calculated from estimated thirds of the femur, were recorded. The average femur length and 

tracheal diameter for each cockroach was then calculated and used for analysis.  

 

Routine metabolic rate: 

Juvenile cockroaches (n = approximately 19 per treatment) were randomly selected 

from each treatment group and subjected to standard flow through respirometry (Withers, 2001; 

Lighton, 2008) to measure rate of carbon dioxide production as a proxy for RMR. Prior to 

respirometry, cockroaches were fasted for 24–82 h, which is sufficient to yield a post-

absorptive state in adult N. cinerea (Schimpf et al., 2012a) and weighed to the nearest 0.01 mg. 

Background CO2 concentrations were measured using an empty 10 ml respirometry chamber 

until the CO2 trace was stable (~15 min). This empty chamber was then replaced with a 

chamber containing a cockroach. The CO2 production for each cockroach was measured for 3 

h in darkness under normoxia at each of the three developmental temperatures (1h at each 

temperature, with an initial 20 min settling period to induce resting behaviour). The order of 

measurement temperature was randomised, and shifts between each temperature occurred over 

a period of 20 min. These 20 min periods were not included in the 1h measurement period at 

each temperature. The first and last 10 min of each 1h recording at each temperature was 

discarded to avoid effects of handling stress. The activity of cockroaches was not monitored, 

so activity may have occurred during the measurement period. We therefore refer to this trait 

as routine metabolic rate to account for low levels of spontaneous activity. After the total 

measurement period, cockroaches were removed from the chambers, and the background CO2 

concentration was measured again for 15 min using empty chambers. The mean of the lowest 

30 min of CO2 production measured over the 1h period at each temperature was used for RMR 

calculations. This 30 min measurement duration ensured potential effects of discontinuous gas 

exchange and differences in gas exchange patterns across treatments were accounted for. The 
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background CO2 concentrations were subtracted from the CO2 concentrations obtained from 

the 30 min recording of each cockroach (see Alton et al., 2017), and standard equations (see 

Lighton, 2008) were used to calculate final rates of CO2 production. Temperatures were 

controlled using a temperature cabinet, and approximately 2 m of tubing was looped inside the 

cabinet to ensure the air entering the chamber had equilibrated with the specified measurement 

temperature. Dry atmospheric air scrubbed of water vapour and CO2 was delivered through the 

chamber at a constant rate of 25 ml/min and then passed through an Li-840A CO2 analyser (Li-

Cor, Nebraska, USA), which was interfaced with a computer running Lab-Chart 7 

(ADInstruments, Bella Vista, NSW). The CO2 analysers were calibrated with N2 and certified 

gas mixers (11.4 ± 0.5 ppm mol CO2 in N2, and 50.3 ± 1.0 ppm mol CO2 in N2, Air Liquide, 

North Sunshine, VIC). Mass flow controllers (Aalborg GFC17, Stanton Scientific, Byron Bay, 

NSW) were used to regulate the flow rate into the chamber and were calibrated using a Gilian 

Gilibrator-2 NIOSH Primary Standard Air Flow Calibrator.  

 

Statistical methods 

 

The Topt, lower and upper developmental temperatures were determined in the 

measurement of the thermal performance curve for growth using the Akaike information 

criterion (AIC) weighted mean of three models fitted to the data: Baker (Baker et al., 1991), 

Sharpe-Schoolfield (Schoolfield et al., 1981) and Cubic Polynomial. A linear model was used 

to test for significant effects of developmental oxygen and developmental temperature on 

growth.  Linear mixed effect models were applied to the running performance, tracheal 

morphology and RMR data to determine whether the developmental oxygen and temperature 

treatments had a significant effect on these performance traits. Following Quinn and Keough 

(2002), random effects were retained in models only if a likelihood ratio test yielded p values 

greater than 0.25 for the random effect.   

 

Cockroach mass, measurement temperature, developmental temperature, and 

developmental oxygen were included as categorical fixed effects in the model for running 

performance, with cockroach mass included as a continuous fixed effect. Order of experimental 

measurement (Run), measurement chamber, and cockroach identification number (ID) were 

included as random categorical effects in the model. Measurement chamber was found to 

explain very little of the variation so was removed from the final model. Developmental 

temperature and developmental oxygen were included as categorical fixed effects in the model 
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for tracheal morphology, with average femur length included as a continuous fixed effect. The 

Run and order of tracheal staining were included as random categorical effects in the model 

for tracheal morphology but were later removed because they explained very little. The linear 

mixed effect model for RMR controlled for the categorical fixed effects of measurement 

temperature, developmental temperature, and developmental oxygen, with cockroach mass and 

fasting duration included as continuous fixed effects in the model. Run, measurement chamber, 

temperature order and cockroach ID were also included as categorical random effects. 

Measurement chamber and temperature order were found to explain very little of the variation 

so were removed from the final RMR model.  

 

In order to meet assumptions of normality and homoscedasticity, a natural log 

transformation was applied to the response variables of running performance, average tracheal 

diameter, and RMR in each of the three linear mixed effect models. Cockroach mass was also 

log transformed in the running performance and RMR measures, and average femur length was 

log transformed in the tracheal morphology measure. Interactions of the main effects were 

removed from all linear models if they were not significant. Pairwise comparisons using 

Tukey’s Honest Significant Difference were conducted to investigate significant differences 

among sample means.  

 

Data analysis was performed using R version 3.2.3 (2015-12-10) and Rstudio version 

0.99.891. All significance testing was at the 0.05 level. 

 

RESULTS 

Thermal performance curve for growth 

The AIC weighted values of the Baker, Sharpe-Schoolfield and Cubic Polynomial 

models indicated an optimal developmental temperature for growth at 32.3°C, a lower 

developmental temperature at which growth was reduced by 32% at 28.3°C, and an upper 

developmental temperature at which growth was reduced by 32% at 34.5°C (Figure 2).  
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Growth rate 

There was a significant interaction of the main effects of developmental temperature 

and developmental oxygen on the rate of growth in N. cinerea (F4,572 = 3.69, p = 0.006). In 

contrast to OCLTT, hyperoxia did not significantly increase growth and hypoxia did not 

significantly reduce growth at both the upper (34.5°C) and lower (28.3°C) developmental 

temperature treatments, relative to normoxia at those temperatures. Interestingly, individuals 

developed under hyperoxia had significantly lower rates of growth relative to normoxia, at 

34.5°C (Figure 3). At Topt (32.3°C), developmental hypoxia did lower rates of growth, 

however, there was no significant effect of developmental hyperoxia on growth rate, further 

contradicting OCLTT expectations (Figure 3). Significant differences across temperatures 

were only observed in the hyperoxic and normoxic treatments, with growth declining at the 

upper developmental temperature of 34.5°C (Figure 3). 

 

Running performance and tracheal morphology 

In contrast to OCLTT, developmental oxygen concentration had no significant effect 

on running performance and tracheal morphology across all three temperature treatments 

(Figure 4a, b, c; Figure 5a, b, c). There was no significant interaction of the fixed effects of 

cockroach mass, measurement temperature, developmental temperature, and developmental 

oxygen on running performance (p > 0.05 in all cases). In controlling for the effect of cockroach 

mass and measurement temperature, there was no significant difference in running 

performance across all three oxygen treatments (10, 21 and 40%) at each of the three 

developmental temperatures (34.5, 32.3 and 28.3°C). Similarly, there was no significant 

interaction of the fixed effects of average femur length, developmental temperature, and 

developmental oxygen on tracheal morphology (p > 0.05 in all cases). In controlling for the 

effect of average femur length, tracheal morphology did not significantly differ across all three 

oxygen treatments (10, 21 and 40%) at each of the three developmental temperatures (34.5, 

32.3 and 28.3°C).  
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Routine metabolic rate 

There was a significant interaction of the main effects of developmental temperature 

and developmental oxygen on RMR (χ2
4 = 11.17, p = 0.025), as well as a significant main 

effect of natural log-transformed mass (χ2
1 = 1137.27, p < 0.001). Measurement temperature 

exhibited no significant interactions with developmental temperature or developmental oxygen 

(p > 0.05 in both cases), so these interactions were removed from the minimum adequate 

model, leaving the significant main effects of measurement temperature (χ2
1 = 1340.38, p < 

0.001) and fasting duration (χ2
1 = 4.28, p = 0.038). Because the effect of measurement 

temperature did not differ among treatments and the effect of measurement temperature was 

strictly positive over all measurement temperatures, for presentation all RMR data were 

adjusted to a common temperature (Topt) as well as a common body mass (equal to the mean 

of natural log-transformed mass, 67.67 mg), using the parameter estimates for measurement 

temperature (mean±s.e.m 0.078  0.002, equivalent to a Q10 of 2.18) and mass (mean±s.e.m 

0.999  0.030).  

 

Developmental oxygen concentration had no significant effect on RMR at the upper 

(34.5°C) and lower (28.3°C) developmental temperature, relative to normoxia under those 

temperatures (Figure 6). No significant differences were found in RMR in the hyperoxic and 

normoxic treatment between the upper and lower developmental temperature and Topt (Figure 

6). Cockroaches developed under hypoxia however did show significantly higher RMR at the 

lower developmental temperature of 28.3°C and significantly lower RMR at the upper 

developmental temperature of 34.5°C, when compared to those developed under hypoxia at 

Topt, indicating a decrease in RMR with an increase in developmental temperature (Figure 6).  

 

DISCUSSION 

Growth rate  

 Few studies have investigated the effect of chronic exposures to different oxygen 

concentrations on a species thermal performance, with even fewer investigating long-term 

performance indicators, such as growth rate or reproductive success, particularly at lower 
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temperatures (Frazier et al., 2001; Owerkowicz et al., 2009; VandenBrooks et al., 2012; 

Bartrim et al., 2014). Those studies that have investigated the effect of oxygen on performance 

at cooler temperatures have found evidence in support of the OCLTT hypothesis, which 

suggests that hypoxic environments should reduce the rate of growth and hyperoxic 

environments should increase the rate of growth, relative to normoxia. Hoefnagel and Verberk 

(2017) found a decline in final body size in the great pond snail Lymnaea stagnalis when reared 

at 17 and 22°C in hypoxia when compared to those reared in normoxia. An effect of body size 

and fecundity in response to temperature and oxygen was also found in the rotifer Lecane 

inermis (Walczyńska et al., 2015). The fitness (measured as fecundity and growth) of larger 

sized rotifers was more sensitive to changes in temperature than to oxygen, and vice versa for 

smaller sized individuals, indicating that the observed decline in the scope for growth upon 

cooling in smaller individuals was attributed to a lower supply of energy, whereas the observed 

increase in the scope for growth upon cooling in larger individuals was attributed to lower 

demands of oxygen (Walczyńska et al., 2015).   

The non-significant effect of developmental oxygen on growth in cooler temperatures 

in the present study, as opposed to the significant effects found for the fitness of L. stagnalis 

and L. inermis may be the result of an effect of different respiratory mediums and respiratory 

systems across the species. In contrast to L. stagnalis and L. inermis, N. cinerea makes use of 

a tracheal respiratory system comprised of fine branches that reach deep into the tissues, 

providing a gas exchange pathway that has a much higher diffusive capacity than blood or 

water (Verberk and Bilton, 2011). This high capacity for oxygen delivery of the tracheal system 

may allow N. cinerea to better meet oxygen demands even under hypoxic conditions. Indeed, 

short-term investigations into the effects of ambient oxygen concentrations ranging from 2.5 

to 40 kPa in other tracheated species have found no significant effects on critical thermal 

minimums (Klok et al., 2004; Stevens et al., 2010; Boardman et al., 2016). These results 

suggest that oxygen availability in tracheated species is not a limiting factor contributing to 

performance declines at cooler temperatures (Klok et. al., 2004; Verberk et al., 2016).  

 

In contrast to the OCLTT predictions, the present study further found no significant 

effect of developmental hypoxia on the rate of growth in N. cinerea at the upper developmental 

temperature of 34.5°C. Individuals developed under hyperoxia at 34.5°C also had significantly 

reduced rates of growth when compared to those developed in normoxia.  The effect of hypoxia 

on growth at upper thermal limits in previous studies have garnered mixed support for OCLTT. 

For instance, developmental hypoxia at warmer temperatures has been shown to reduce growth 
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and final body size in the aquatic isopod, Asellus aquaticus, and the great pond snail, L. 

stagnalis (Hoefnagel and Verberk, 2015; Hoefnagel and Verberk, 2017). Conversely, oxygen 

availability was found not to be responsible for setting the upper thermal tolerance for growth 

in Macrobrachium rosenbergii (Ern et al., 2014). Experimental rearing of M. rosenbergii at 

different temperatures found that the oxygen transport capacity in the species could be 

maintained well beyond the temperatures required for growth, indicating that other 

mechanisms, such as protein dysfunction, may be responsible for the loss of performance at 

elevated temperatures (Ern et al., 2014). Evidence for increased growth rates under hyperoxic 

conditions at warmer temperatures is also mixed, although most studies generally examine the 

effect of hyperoxia under standard or optimal temperatures rather than at temperatures above 

the optimal temperature for growth. Some studies have found hyperoxia to increase the rate of 

growth (Frazier et al., 2001; Owerkowicz et al., 2009; Verberk et al., 2013), while others have 

found negative relationships (McCue and De Los Santos, 2013; Bartrim et al., 2014), such as 

the one shown in the present study. Other studies have found no effect of hyperoxia on growth 

rate (Gräns et al., 2014; Bjelde et al., 2015). 

The observation that hyperoxia reduces growth rate only at the upper developmental 

temperature, however, is consistent with the observation that hyperoxia and temperature-

induced oxidative stress can increase the production of reactive oxygen species (ROS) (Sohal 

et al., 1993; Abele et al., 2002; Boardman et al., 2012; Kipp and Boyle, 2013; Schieber and 

Chandel, 2014). A coupling effect of heat stress and hyperoxic damage could explain the 

significant decline in growth seen at 34.5°C but not at 28.3 or 32.3°C in the 40% oxygen 

treatment (Figure 4).  

 

The present study further shows an effect of hypoxia on growth at Topt which suggests 

that oxygen delivery is important for growth. In contrast to the OCLTT hypothesis, these results 

suggest that ensuring adequate oxygen delivery is most important at temperatures where 

growth is maximal (Topt) and that oxygen delivery is less important at temperatures below and 

above Topt, where growth rates are slower. Such an observation suggests that, at least in N. 

cinerea, factors other than oxygen delivery are responsible for the decline in growth 

performance observed at temperature below and above Topt.  
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Running performance and tracheal morphology 

 

Modulation of oxygen diffusive capacity through compensatory changes of the tracheal 

system may be an important mechanism by which insects adjust to varying oxygen availability. 

Since conditions of hyperoxia can lead to increased oxidative stress due to higher tissue oxygen 

levels, modulation of the tracheal network may allow for sufficient tissue oxygen levels to be 

maintained, without the accumulation of oxygen radicals. An outgrowth of the tracheal system 

under hypoxic conditions may also increase the capacity of the tracheal system to meet 

increasing cellular oxygen demand.  Such changes in tracheal morphology have the potential 

to reduce the negative effects of hypoxia and hyperoxia on fitness traits (such as growth rate 

and aerobic performance) and may enhance an animal’s oxygen transport capacity (Harrison 

et al., 2006; Harrison et al., 2010). Compensatory changes of the tracheal system have been 

observed in Drosophila melanogaster larvae in response to increased atmospheric oxygen 

(Henry and Harrison, 2004). Blattella germanica have also been shown to reduce their tracheal 

dimensions in response to 40% oxygen concentrations, and to increase their tracheal 

dimensions in response to 12% oxygen concentrations (VandenBrooks et al., 2012). There is 

evidence for similar compensatory changes in the limb tracheal diameter of adult speckled 

cockroaches when reared under 10% oxygen (Bartrim et al., 2014). If oxygen transport capacity 

declines as temperatures shift away from Topt, as proposed by the OCLTT hypothesis, then we 

might expect to see changes in the tracheal system at temperatures beyond Topt, allowing for 

insects to compensate for the varying oxygen availability. 

In our study of N. cinerea, tracheal diameter was not significantly different at 28.3°C, 

and 34.5°C. There were also no significant differences observed in running performance (proxy 

for aerobic performance) across treatment groups. It should be noted, however, that aerobic 

performance was determined from the running duration of cockroaches on a treadmill. Average 

running duration was high across treatments (15 to 80 minutes) and so it is plausible that the 

performance trait was fuelled aerobically. Nonetheless, the presence of anaerobic metabolites 

was not tested in individuals and anaerobic metabolism might have played a role in the 

performance between treatments. Care should therefore be taken when drawing comparisons 

in aerobic performance results between those observed in this study and other published work.  

 The lack of change in tracheal morphology may indicate that oxygen is not a limiting 

factor contributing to performance declines at temperatures beyond Topt in N. cinerea. 

However, multiple compensatory mechanisms that share identical functional outcomes (i.e. to 

reduce oxidative stress) may exist within a species. For instance, D. melanogaster are able to 
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increase their tracheal diffusive capacities in response to hypoxia by either increasing the length 

of the main dorsal tracheae without a change in diameter (Beitel and Krasnow, 2000), or by 

increasing the diameter of the main dorsal trachea without a change in length (Henry and 

Harrison, 2004; Harrison et al., 2006). The absence of a change in tracheal diameter in the 

present study may therefore not necessarily indicate a limitation of oxygen.  

Possible effects of ontogeny are also likely. Bartrim et al., (2014) found that adult 

speckled cockroaches reared in hypoxic atmospheres had significantly greater limb tracheal 

diameters and branching than those reared in normoxia. This suggests that oxygen delivery in 

adults may be more constrained than in the juveniles examined in the present study. The 

mechanisms responsible for ontogenetic effects in respiratory systems and respiratory 

capacities across species are not clearly understood. It has been suggested that larger insects 

invest more of their body volume in the tracheal system, which could potentially lead to greater 

effects of atmospheric partial pressures of oxygen on larger insects (Harrison et al., 2010). This 

has been supported in the tenebrionid beetle, T. molitor (Kaiser et al., 2007). These 

observations, however, are not universal, and the mechanisms responsible for ontogenetic 

effects in respiratory capacities are, therefore, likely to be species specific (Wegener and 

Moratzky, 1995; Kirkton et al., 2012; Boardman and Terblanche, 2015). In Schistocerca 

americana, for example, first instars were more sensitive to hypoxia than later instars, possibly 

due to reduced development in their air sacs leading to lower ventilation capacities (Greenlee 

and Harrison, 2004; Greenlee et al., 2009). These results indicate that the impact of temperature 

and atmospheric oxygen level on insect tracheal development and function is complex, and that 

an absence of compensatory changes in the tracheal system may not indicate a limitation of 

oxygen on fitness.  

 

Routine metabolic rate 

A negative relationship was found between RMR and developmental temperature in the 

hypoxic treatment, with lower RMR found for individuals developed at the upper temperature 

of 34.5°C and higher RMR found for individuals developed at the lower temperature of 28.3°C. 

Such declines in RMR with increased developmental temperature may act to maintain or 

increase aerobic scope in hypoxic conditions as metabolic demand increases with temperature 

(Gräns et al., 2014; Norin et al., 2014; Claësson et al., 2016). In the normoxic group, on the 

other hand, RMR at the upper and lower developmental temperature did not significantly differ 

from that at Topt. These trends, however, are based on routine metabolism whereas aerobic 

scope is a function of both maximum metabolic rate (MMR) and RMR. MMR and RMR have 
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been known to experience different constraints and levels of selection allowing them to shift 

independently from each other (Wone et al., 2015; Pettersen et al., 2018). Without a clear 

understanding of temperature- and oxygen-induced changes in MMR it is difficult to draw clear 

conclusions regarding the role of changes in RMR for aerobic scope and the OCLTT 

hypothesis. Notwithstanding this limitation, RMR is still an important indicator of performance 

and reflects the baseline energetic cost of living, so comparisons across treatments are still 

informative.  

The difference between the acclimation responses of RMR at high temperatures in 

normoxia and hypoxia is suggestive of a role for oxygen limitation as a contributor to the 

metabolic acclimation response. Such an interpretation does not support the OCLTT 

hypothesis, however, which states that physiological performances, such as growth, should 

decline in concert with aerobic scope (Pörtner et al., 2017), because growth declines at 34.5°C 

in normoxia, but RMR does not show an acclimation response. Taken together, this data 

suggests that although oxygen delivery performance may be important for metabolic 

acclimation, it may not be responsible for the decline in growth seen in juvenile speckled 

cockroaches developed at high temperature.   

 

CONCLUSION 

 

Despite incorporating long-term performance indicators and less extreme upper and 

lower temperatures into experimentation in the present study, the results did not support an 

effect of oxygen on the thermal performance for growth in N. cinerea. Development under 

hypoxia did not significantly reduce growth rate or running performance, and development 

under hyperoxia did not significantly increase growth rate or running performance. The non-

significant effect of developmental temperature and oxygen on the tracheal morphology in N. 

cinerea might further suggest that oxygen delivery capacity is not the primary driver shaping 

thermal tolerance in juveniles of this species. Furthermore, the RMR results indicate that 

oxygen delivery capacity is not the primary driver shaping thermal tolerance; however, due to 

the absence of MMR data, these results warrant further investigation.  

Collectively, these results suggest that the OCLTT hypothesis is not a “unifying” model 

that can be used to explain thermal tolerance across all levels and orders of biological 

organisation. Given the mixed support found for OCLTT, it is likely that a species thermal 

tolerance is shaped by a range of factors (incl. cellular dysfunction) and encompasses 

interactive effects of ontogeny, locomotion requirements, respiratory mediums, and capacities 
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to regulate oxygen uptake. Given our limited understanding of the effect of oxygen on long-

term performance traits, future studies should also consider incorporating traits such as growth 

rate and reproductive success into thermal performance measures.  
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Figures 

 

 

 

Figure 1. Stained tracheal system (Quink ink, Parker pens, Clayton, VIC, Australia) of 

the femur in the back right leg of N. cinerea developed at 21% oxygen at 28.3°C. 

Developmental oxygen concentration (10%, 21%, and 40%) had no significant effect on the 

tracheal morphology in cockroaches developed at 28.3°C, 32.3°C, and 34.5°C. 
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Figure 2. The thermal performance curve for growth in N. cinerea over a five week 

developmental period. Points show the mean±s.e.m. of the mass gained at each temperature, 

calculated as percentage of mass gained per day, on average, from day seven to day 35. 

Coloured curves indicate three models fitted to the data (blue = Baker model, red = Sharpe-

Schoolfield model, green = Cubic Polynomial model; optimum temperatures predicted by each 

model are shown as dotted lines, and upper and lower temperatures at which growth was 

reduced by 32% are shown using dashed lines). 14°C (n = 20). 18°C (n = 40). 22°C (n = 41). 

25°C (n = 38). 30°C (n = 36). 33°C (n = 31). 36°C (n = 18).  
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Figure 3. The effect of oxygen concentration during development on the growth rate of 

N. cinerea at three developmental temperatures; a lower developmental temperature of 

28.3°C, an optimal developmental temperature of 32.3°C and an upper developmental 

temperature of 34.5°C. Points show the mean±s.e.m. of the mass gained in individuals 

developed at each oxygen and temperature treatment, calculated as percentage of mass gained 

per day, on average, from day seven to day 35. All points that share a letter are not significantly 

different from each other. Blue squares = 10% O2.  Green triangles = 21% O2. Red circles = 

40% O2. 10% O2 at 34.5°C (n = 60). 21% O2 at 34.5°C (n = 64). 40% O2 at 34.5°C (n = 56). 

10% O2 at 32.3°C (n = 68). 21% O2 at 32.3°C (n = 61). 40% O2 at 32.3°C (n = 65). 10% O2 at 

28.3°C (n = 68). 21% O2 at 28.3°C (n = 70). 40% O2 at 28.3°C (n = 69). 
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Figure 4. The effect of developmental oxygen concentration on the running performance 

of N. cinerea at A) the upper developmental temperature of 34.5°C B) the optimal 

developmental temperature of 32.3°C and C) the lower developmental temperature of 

28.3°C. Running performance (proxy for aerobic performance) was calculated as the total time 

(minutes) spent continuously running on a treadmill under normoxia (21% O2) at a speed of 2 

cm/s. Total time spent continuously running for each individual are shown as grey dots. Black 

diamonds show the mean±s.e.m for each treatment. Cockroaches were run once at each of the 

three developmental temperatures (or once at 28.3°C and 32.3°C, depending on survival). 

Developmental oxygen concentration had no significant effect on running performance across 

all three temperature treatments. 10% O2 at 34.5°C (n = 11). 21% O2 at 34.5°C (n = 11). 40% 

O2 at 34.5°C (n = 9). 10% O2 at 32.3°C (n = 11). 21% O2 at 32.3°C (n = 11). 40% O2 at 32.3°C 

(n = 12). 10% O2 at 28.3°C (n = 11). 21% O2 at 28.3°C (n = 12). 40% O2 at 28.3°C (n = 11). 
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Figure 5. The effect of developmental oxygen concentration on the tracheal morphology 

of N. cinerea at A) the upper developmental temperature of 34.5°C B) the optimal 

developmental temperature of 32.3°C and C) the lower developmental temperature of 

28.3°C. The average tracheal trunk diameter in the femurs of each cockroach were quantified 

and used as an indicator for changes in tracheal morphology. The average tracheal trunk 

diameter for each individual are shown as grey dots. Black diamonds show the mean±s.e.m for 

each treatment. Developmental oxygen concentration had no significant effect on tracheal 

morphology across all three temperature treatments. 10% O2 at 34.5°C (n = 10). 21% O2 at 

34.5°C (n = 11). 40% O2 at 34.5°C (n = 11). 10% O2 at 32.3°C (n = 11). 21% O2 at 32.3°C (n 

= 11). 40% O2 at 32.3°C (n = 11). 10% O2 at 28.3°C (n = 12). 21% O2 at 28.3°C (n = 12). 40% 

O2 at 28.3°C (n = 12). 
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Figure 6. The effect of developmental oxygen concentration and temperature on the rate 

of carbon dioxide production (ml/min) (proxy for routine metabolic rate) of N. cinerea. 

Points show the mean±s.e.m. of mass- and measurement temperature-adjusted CO2 production 

for cockroaches developed at each treatment (data were adjusted to the mean of natural log-

transformed mass [67.67 mg] and to Topt [32.3°C]). All points that share a letter are not 

significantly different from each other. Blue squares = 10% O2. Green triangles = 21% O2. Red 

circles = 40% O2. 10% O2 at 28.3°C (n = 16). 21% O2 at 28.3°C (n = 17). 40% O2 at 28.3°C (n 

= 21). 10% O2 at 32.3°C (n = 18). 21% O2 at 32.3°C (n = 20). 40% O2 at 32.3°C (n = 21). 10% 

O2 at 34.3°C (n = 24). 21% O2 at 34.3°C (n = 20). 40% O2 at 34.3°C (n = 15). 
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SUPPLEMENTARY MATERIALS 

Table  S1. Weekly mortality (%) of N.cinerea developed under different temperature 

treatments. 

Temperature (°C) Week 1   Week 2   Week 3   Week 4   Week 5 

10 22 94 100 100 100 

14 6 24 32 48 60 

18 6 6 8 10 20 

22 10 10 12 14 18 

25 6 18 18 20 24 

30 16 18 20 24 28 

33 32 32 36 38 38 

36 42 44 44 48 64 

Journal of Experimental Biology: doi:10.1242/jeb.208306: Supplementary information

Jo
ur

na
l o

f E
xp

er
im

en
ta

l B
io

lo
gy

 •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n



Table S2. Percentage mortality of N.cinerea developed under different temperature and oxygen 

treatments. Mortality was recorded for the first five weeks and at the end of experimentation 

(Week 12).  

Temperature (°C) Oxygen (%) Week 1 Week 2 Week 3 Week 4 Week 5 Week 12 

28.3 10 3.75 6.25 12.5 13.75 15 34.7 

28.3 21 1.25 6.25 11.25 11.25 12.5 27.7 

28.3 40 0 5 8.75 12.5 13.75 35.4 

32.3 10 2.5 7.5 10 12.5 15 40.8 

32.3 21 1.25 12.5 17.5 21.25 23.75 53.2 

32.3 40 2.5 7.5 10 16.25 18.75 46.8 

34.5 10 10 13.75 15 23.75 25 62.2 

34.5 21 1.25 3.75 8.75 16.25 20 50 

34.5 40 0 5 13.75 21.25 30 96.3 

Journal of Experimental Biology: doi:10.1242/jeb.208306: Supplementary information
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Movie 1. Running performance of N. cinerea, measured as the total time spent continuously 

running on a treadmill (LE8708TS, Harvard Apparatus, Holliston, Massachusetts, USA) under 

normoxia. Plastic cups lined with fluon were placed over individuals to prevent escape during 

measurements.  

Journal of Experimental Biology: doi:10.1242/jeb.208306: Supplementary information
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http://movie.biologists.com/video/10.1242/jeb.208306/video-1



