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A B S T R A C T   

How respiratory structures vary with, or are constrained by, an animal’s environment is of central importance to 
diverse evolutionary and comparative physiology hypotheses. To date, quantifying insect respiratory structures 
and their variation has remained challenging due to their microscopic size, hence only a handful of species have 
been examined. Several methods for imaging insect respiratory systems are available, in many cases however, the 
analytical process is lethal, destructive, time consuming and labour intensive. Here, we explore and test a 
different approach to measuring tracheal volume using X-ray micro-tomography (µCT) scanning (at 15 µm 
resolution) on living, sedated larvae of the cerambycid beetle Cacosceles newmannii across a range of body sizes at 
two points in development. We provide novel data on resistance of the larvae to the radiation dose absorbed 
during µCT scanning, repeatability of imaging analyses both within and between time-points and, structural 
tracheal trait differences provided by different image segmentation methods. By comparing how tracheal 
dimension (reflecting metabolic supply) and basal metabolic rate (reflecting metabolic demand) increase with 
mass, we show that tracheal oxygen supply capacity increases during development at a comparable, or even 
higher rate than metabolic demand. Given that abundant gas delivery capacity in the insect respiratory system 
may be costly (due to e.g. oxygen toxicity or space restrictions), there are probably balancing factors requiring 
such a capacity that are not linked to direct tissue oxygen demand and that have not been thoroughly elucidated 
to date, including CO2 efflux. Our study provides methodological insights and novel biological data on key issues 
in rapidly quantifying insect respiratory anatomy on live insects.   

1. Introduction 

What determines the metabolic scope of animals? One important 
aspect is the delivery capacity of the oxygen supply system. In insects, 
oxygen is supplied through air-filled tubes called tracheae (Chapman, 
2012; Harrison et al., 2012). These originate in ventilatory valves 
embedded in the cuticle, called spiracles, that lead to a branching 
network of tubes of decreasing diameter that ultimately end in close 
proximity to the tissues and cells to which they supply oxygen. The 
smallest tracheae, with a diameter smaller than ~2 µm, are called tra-
cheoles and the major site of oxygen exchange (Schmitz and Perry, 
1999; Wigglesworth, 1983). 

As insects grow, their body mass increases exponentially and as tis-
sue is being added, it is expected that the cost of maintaining these 
tissues, reflected in the resting metabolic rate (rmr), increases as well 

(Greenlee and Harrison, 2005; Kivelä et al., 2016). To increase oxygen 
supply, insects replace the larger components of the tracheal air supply 
system during moulting (Callier and Nijhout, 2011) and also show in-
creases in smaller tracheal structures during the inter-moult period of 
growth (Helm and Davidowitz, 2013; Wigglesworth, 1954). Still, how 
well the overall size of the oxygen supply system matches tissue growth 
in developing insects remains surprisingly unclear (Callier and Nijhout, 
2011; Snelling et al., 2011a). Strongly matched growth of structures 
linked to oxygen demand (metabolically active tissues) and supply 
(tracheal system) was proposed within the framework of symmorphosis 
(Weibel et al., 1991). The theory suggests that excess functional capacity 
of tissues in a supply-demand network should be selected against over 
evolutionary timescales, as tissues, especially neural, muscle and gut, 
are energetically costly (Niven and Laughlin, 2008). 

Studies of metabolic supply have used several methods to estimate 
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tracheal capacity. These have included light microscopy (Miller, 1966; 
Wigglesworth, 1930; Snelling et al., 2011b), volume displacement 
measures (Helm and Davidowitz, 2013), confocal microscopy (Harrison 
et al., 2018a) and electron microscopy (Snelling et al., 2011c). Lately X- 
ray micro-tomography (µCT) has become an additional tool with which 
to study tracheal networks (Aitkenhead et al., 2020; Alba-Tercedor 
et al., 2019; Greenlee et al., 2009; Harrison et al., 2018a; Javal et al., 
2019; Raś et al., 2018; Shaha et al., 2013; Wasserthal et al., 2018). Using 
µCT has the benefit of allowing reconstruction of the intact tracheal tree 
in its three-dimensional configuration. However, previous studies have 
typically made use of dead animals, sometimes frozen or histologically 
fixed, which can have significant impact on details (e.g. collapse, or 
systemic fluid filling) of tracheal structures (Iwan et al., 2015). 

Here we investigate tracheal growth using X-ray micro-tomography 
(µCT), but perhaps somewhat unusually, we do so using living, sedated 
larvae of a large-bodied beetle, Cacosceles newmannii. We use the method 
to quantity volume and area of isolated tracheal trees (to a resolution of 
15 µm) and compare the relationship between these traits and body mass 
at two time-points. We also quantify resting metabolic rate across a body 
mass range, to gain further insight into how metabolic demand varies 
across ontogeny. Even though this comparison is not the primary pur-
pose of the current investigation, strong matching in traits reflecting 
both metabolic demand (metabolic rate and body mass) and oxygen 
supply (tracheal size) would lend support the notion of metabolic 
symmorphosis. Poor matching would suggest a metabolic demand- 
supply mismatch to be present during growth in the larvae. The 
method developed in the present study could prove useful in future 
studies that rigorously test the scaling relationship between metabolic 
demand and supply using a large size gradient, especially if insect larvae 
prove to possess similarly high radio resistance as shown in Lepidop-
teran pupae previously (Lowe et al., 2013), which would allow 
designing longitudinal experiments tracking the fitness or performance 
consequences of a particular structure as it changes over time within the 
same individual during ontogeny. 

2. Materials and methods 

2.1. Study animals and rearing conditions 

The longhorned beetle Cacosceles newmannii (Coleoptera: Ceram-
bycidae) Thomson 1877, is native to South Africa, Mozambique and 
eSwatini (Ferreira, 1980). For this study we used larvae collected by 
hand from KwaZulu-Natal sugarcane farms (South Africa, Entumeni 
district). These were kept individually at 25 ◦C in a 16L:8D regime, in 30 
ml jars containing sterilized peat and ad libitum food provision (bits of 
10 cm fresh sugarcane stalk). Two opportunistic rounds of µCT mea-
surements were performed, the first 20.4.2018, and the second the 
22.6.2018. Three groups of larvae were used, hereafter called A) 8 in-
dividuals that were used in both rounds of µCT, B) 6 individuals used 
only in the second round of µCT, and C) 6 individuals never exposed to 
µCT, but otherwise maintained similarly. Change in body mass (to 0.1 
mg, Mettler Toledo MS104S/01, Switzerland) between the first and 
second µCT exposure in the A group was compared against change in 
body mass in the B + C groups (range 9 – 64 days, median 49 days), in 
order to assess effects of the absorbed radiation dose on growth. No larva 
moulted during the rearing period, and thus all growth is assumed to 
represent within-instar growth. Initial body masses were overlapping in 
the A) individuals 1.4 – 7.5 g, mean 4.3 ± 0.6 g and the B + C) in-
dividuals 1.1 – 9.2 g, mean 4.6 ± 0.4 g, and both groups contained all 
three presumed instars (i.e. instars four to six). 

2.2. Respirometry 

Before the first µCT scanning larvae were weighed (to the nearest 0.1 
mg) and placed individually in a flow-through chamber to measure 
carbon dioxide production as described previously (Boardman and 

Terblanche, 2015; Smit et al., 2021). Air flow was regulated at 200 ml 
min− 1 (STPD, controlled by a mass flow control valve (Sidetrak, Sierra 
International, USA)) into a calibrated Li-7000 infra-red CO2/H2O ana-
lyser and standard LiCor software (LiCor, Lincoln, NE, USA). The CO2 
production was recorded differentially (VCO2) in ppm using a sampling 
rate of 1 Hz. Measurements were performed in the dark to suppress 
movement, which was monitored with an infra-red activity detector 
(AD-2, Sable Systems International, Las Vegas, NV, USA). Insects were 
given a 5 min equilibration period at 25 ◦C, after which metabolic rate 
was measured for 20 to 40 min, ensuring that we captured at least 15 
min where animals were immobile (as seen through the activity trace). 
While inactive the larvae generally showed discontinuous gas exchange 
(Matthews et al., 2012). Mean CO2 production was calculated across at 
least three consecutive discontinuous gas exchange cycles (see Smit 
et al., 2021). Temperature in the chamber was controlled with a pro-
grammable circulating refrigeration and heating water bath (CC410wl, 
Huber, Berching, Germany). Baseline recordings were taken before and 
after each run to correct for potential analyser drift, which was typically 
negligible. Respirometry files were converted from ppm to ml CO2 hour 
− 1 and extracted using Expedata (version 1.9.10, Sable Systems). In 
order to estimate the scaling of CO2 production across a larger size 
gradient, the dataset was merged with that of Smit (Smit et al., 2021), 
collected in parallel using a similar setup. Since that study measured CO2 
production at 20 and 30 ◦C we converted all VCO2 values to 25 ◦C 
assuming a temperature coefficient of 2.0 to allow comparisons between 
the studies. Together, the respirometry dataset contained 34 individuals 
with body masses ranging from 0.6 to 5.3 g. 

2.3. X-ray micro-tomography 

X-ray micro-tomography (µCT) was performed with scan parameters 
optimized as demonstrated previously (du Plessis et al., 2017). In order 
to obtain high-quality µCT scans we anesthetized larvae with sevo-
flurane (Sojourn, Piramal, Bethlehem, USA) in accordance with rec-
ommendations for insects (MacMillan et al., 2017). We opted for 
sevoflurane over sedation using CO2 and cooling, the two most 
commonly used alternatives, for several reasons. Most importantly, both 
cooling and CO2 sedation have been shown to influence growth and 
long-term fitness of animals, unlike sevoflurane, which in 
D. melanogaster led to no measurable negative effects on treated animals 
(MacMillan et al., 2017). Further, cooling the scanning chamber suffi-
ciently is challenging due to space limitations and potential interference 
between heat-exchangers and electronic equipment in the scanner. 
Thus, sevoflurane-induced anaesthesia is an exciting alternative that we 
tested here in a new setting. Larvae were placed in 15 ml Falcon tubes 
surrounded by cotton, upon which 100 – 200 µl of sevoflurane was 
pipetted. Scans were performed when larvae stopped all movement, in 
general within 5 – 10 min after the application of the anaesthetic. Before 
scanning, a wedge of firm closed-cell foam mounting material was 
inserted along the back of the larva to firmly keep it in place. Both the 
foam and cotton are of very low density and easy to separate during 
subsequent segmentation analyses, and an important consideration 
when designing µCT experiments on live samples. After the scan larvae 
were immediately returned to holding jars and in each case recovered 
fully, i.e. started moving, within 60 s upon removal from the 
sevoflurane-containing Falcon tube. 

All samples were scanned (in Falcon tubes) in a General Electric 
VTomex L240 (General Electric Sensing and Inspection Technologies/ 
Phoenix X-ray, Wunstorff, Germany) µCT-scanner at the CT Scanner 
Facility at Stellenbosch University, South Africa. Settings were 120 kV 
and 100 µA for X-ray generation, magnification was set to achieve a 
voxel size of 15 µm. The size of the larvae limited the lowest possible 
resolution. At 15 µm voxel size, the head of the largest specimen in the 
batch could be covered with sufficient field of view to cover two seg-
ments of the larva. This voxel size was achieved with a source-detector 
distance of 600 mm and a source-object distance of 45 mm. Each image 
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was acquired in 250 ms, with averaging of two images at each rotational 
step position to enhance image quality. A total of 1500 step positions 
were used in one full rotation of the sample. Importantly, these settings 
allowed us to perform scans of approximately 18 min (which is relatively 
short for µCT), to minimize the time animals spent under sevoflurane 
anaesthesia. 

2.4. Image segmentation and analysis 

Image segmentation was performed in Volume Graphics VGSTUDIO 
MAX 3.2. The process aimed at obtaining a region of interest of the air 
space inside single tracheal trees for each specimen. We scanned the 
anterior part of the specimen, including the first 3 spiracular openings. 
For tracheal nomenclature and abbreviations we follow (Raś et al., 
2018) and for analyses, we only considered the tracheal tree branching 
in from the first metathoracic spiracle (ts2). Trees on each side of the 
larva were considered as replicates for the same specimen. Thus we 
analyzed two trees per individual larva, and took averages from these 
two trees for the statistical analyses and figures. A surface determination 
function was applied to identify the material-air interface – this is 
equivalent to a global thresholding segmentation but uses a local 
refinement for sub-voxel edge determination. Following this, the next 
step was to manually close the tracheal entrances (i.e. all spiracles) using 
the 3D drawing tool provided by the software. The inner air space of the 
whole tracheal system was then selected using a region growing tool 
within this closed area (Fig. 1A). The next step was to separate the 
tracheal tree of interest from the rest of the tracheal system, by manually 
cutting tracheae connecting other spiracles using the drawing tool. In 
order to standardize the way a tree was isolated from the rest of the 

system, several landmarks were chosen. First, the dorsal (dlt) and 
ventral (vlt) longitudinal tracheal trunks on the anterior end of the ts2 
spiracle were cut halfway towards the mesothoracic spiracle (ts1) at a 
characteristic enlargement visible in each specimen (see Fig. 1B). Then, 
dlt and vlt on the posterior end of the ts2 spiracle were cut just after the 
atrium. Finally, the dorsal (dc) and ventral (vc) transversal commissures 
were cut as close as possible to the atrium of the ts2 spiracle (Fig. 1B). 
Once a tracheal tree was isolated (i.e. the metathoracic spiracular 
opening and all trachea attached to that spiracle), its area and volume 
were extracted in mm2 and mm3, respectively (Fig. 1C). Default 3x3x3 
median filtering was employed to de-noise images. 

The segmented data was saved as an image stack, which was im-
ported in Avizo Fire 9.5.0. The data was further smoothed using a me-
dian filter, followed by interactive thresholding to obtain a binarized 
data set. An auto-skeletonize function was applied (with smoothing 10 
and iterations 10). The spatial graph statistics allowed the export of data 
about the pore skeleton network including all curved segment lengths 
which could be added together to obtain the total segment length, and 
statistical information about the mean diameters of all segments were 
obtained (Fig. 1D). The surface area of a single tracheal tree, associated 
with a single spiracular opening, was then calculated using the formula: 

Area of a single tracheal tree =
∑n

i=1
(2πrihi) (1)  

where i reflects a particular segment in the tree, π is the pi constant, ri is 
the mean radius of that segment, and hi is its length. Thus we performed 
and compare two methods of estimating tracheal tree area, one which 
allows uneven surface determination, and one which assumes trachea 
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Fig. 1. Example X-ray micro-tomography (µCT) images of larvae of the beetle Cacosceles newmannii. Panel (A) shows a 2D slice with single tracheal system high-
lighted with colors reflecting volumetric rendering, and panel (B) shows a 3D reconstruction of the metathoracic tracheal tree in colors reflecting volumetric 
rendering, with the rest of the larval tracheal system in the segment semi-transparent. Panel (C) shows a volumetric rendering of a single metathoracic tracheal tree, 
with the spiracular opening in the bottom. Arrows point to some of the manually closed tracheae. Note that the posterior longitudinal trunks are obscured in the 
shown orientation. Panel (D) shows a network segmentation analysis of the same tree. These segmentation analyses were used to calculate the total length of tubing 
in trees, as well as the area of the respiratory surface. Arrows show the same as in (C). Air-filled structures are colored according to their local volumetric diameter 
and scaled as shown in panel (C). Anatomical orientation is shown in tripods, Z (blue) points in the lateral plane towards the left side, Y (green) towards the anterior 
end and X (red) towards the dorsal end. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

P. Lehmann et al.                                                                                                                                                                                                                               



Journal of Insect Physiology 130 (2021) 104199

4

take the shape of perfect cylinders of decreasing diameter. This latter 
area represents the surface area of the tracheal lumen, rather than the 
actual surface area of the trachea. This is likely greater due to the 
morphology of the trachea themselves, as the spiral architecture of the 
taenidia form a “micro-corrugated” epicuticular surface rather than a 
smooth one (Webster et al., 2015). 

2.5. Statistical analyses 

The 10-base logarithm of head capsule width was used in a linear 
regression analysis with body mass as covariate. The effect of µCT X-ray 
radiation on larval growth was investigated with a chi-square test where 
growth was scored as a gain in mass having occurred or not. For this 
analysis groups B and C were pooled. Repeatability of the segmentation 
methods were tested by performing the volumetric and length estima-
tions on both the right and left individual tracheal tree within the same 
larva and then testing the correlation with a Pearsońs correlation test. 
Repeatability of the two methods of calculating tracheal tree area were 
also performed with a Pearsońs correlation test. Repeatability of 
tracheal trait measured between the two time-points was investigated 
with a paired-sample t-test. Separate linear regression analyses were 
performed for (i) resting metabolic rate, (ii) tracheal volume, (iii) 
tracheal tree length and, (iv) tracheal tree area. The 10-base logarithm 
of the traits were added as dependent variable, and the 10-base loga-
rithm of body mass as continuous explanatory variable. In the current 
study there was not enough power to compare scaling coefficients in 
formal analyses, thus we simply investigated whether the traits scale 
with body mass or not and then visually compared slopes. The results for 
the scaling analyses are thus to be regarded as exploratory. The data 
were visually inspected for normality, while Whites ́ test was used to 
ensure homoscedasticity of error variances. All statistical tests were 
performed using IBM SPSS statistics 25.0 (IBM SPSS Inc., Chicago, IL, 
USA). 

3. Results 

3.1. Growth and mortality during the rearing period 

There was a strong and positive correlation between the width of the 
head capsule and the mass of the larva (F1,12 = 92.578, P < 0.001; 
Table 1). For this analysis, larval mass ranged from 1.4 g to 7.8 g, giving 
a fold change variation of 5.6 between the smallest and largest measured 
individual. Visual inspection of the size distribution shows three non- 
overlapping clusters of head capsule sizes, suggesting distinct groups, 
which we assume reflect the three last instars of development (Fig. 2A). 
Mass gain in larvae varied among the individuals, with some individuals 
increasing in mass, some remaining relatively unchanged, and some 
decreasing in mass (Fig. 2B). While this unexpectedly large variation in 
growth rates made investigating effects of radiation exposure chal-
lenging, the variation was equally large in the A and B + C groups (χ2 

1, 

N=20 = 1.650, P = 0.199). Out of the 8 individuals scanned twice, none 
died subsequent from the first scan before the second scanning event 
approximately 2 months later. The current study thus suggests that 
neither anesthesia using sevoflurane, nor the radiation dose absorbed 
during µCT scanning has a noticeable negative effect on survival or 
growth in C. newmannii larvae. 

3.2. Comparison between two methods of calculating tracheal tree area 

While the correlation between the two methods of calculating 
tracheal tree area was very high (r N = 10 = 0.945, p < 0.001), using 
VGSTUDIO MAX 3.2 provided an on average 2-fold higher area estimate 
than using Avizo Fire 9.5.0 (Fig. 3A). Since the former tracks uneven 
surfaces (down to the voxel size) the analysis shows that tracheal walls 
are more complex than the simplified open cylinders assumed by the 
latter method. While the methods differed in the area they provided, 
they produced comparable scaling relationships with body mass (data 
not shown), suggesting that the uneven surfaces exist across the full 
gradient of tracheal sizes. For the comparison of tracheal area against 
body mass (see below) we used the area determined through Avizo Fire 
9.5.0. 

3.3. Lateral comparison of tracheal trees 

Correlation coefficients between the tracheal trees were high for 
both volume (r N = 14 = 0.981, p < 0.001) and total length (r N = 14 =

0.958, p < 0.001; Fig. 3B & 3C), indicating that the method used to 
estimate tracheal tree characteristics is highly repeatable. It also shows 
that the estimated traits of the tracheal trees are highly consistent 
anatomical features of an individual larva at a particular developmental 
stage. 

3.4. Intra-individual growth in tracheal tree structures 

Overall ranking of the tracheal tree traits was similar among the 
individuals at the two measurement time points and a paired sample t- 
test did not detect any overall significant change in tracheal tree volume 
(t df = 7 = 0.017, P = 0.987), length (t df = 7 = 0.374, P = 0.719) nor, area 
(t df = 7 = 0.722, P = 0.494). Roughly half of the individuals showed 
increases in the tracheal tree size, while the other half showed decreases 
(Fig. 4). One individual had a collapsed and fluid filled left tracheal tree, 
and showed a large decrease in all tracheal traits also in the right tree 
(marked red in Fig. 4). 

3.5. Resting metabolic rate and tracheal tree structures vs body mass 

Larvae in general showed discontinuous respiration during rest. 
Resting metabolic rate increased as a function of mass (F1,33 = 23.677, P 
< 0.001; Fig. 5A), with a coefficient of 1.086, thus suggesting scaling to 
be near isometric (Table 1). The volume (F1,13 = 27.926, P < 0.001), 

Table 1 
Coefficients for the regression analyses of the relationships between mass and the different traits investigated in the present study (head capsule width, resting 
metabolic rate and tracheal tree morphology) in larvae of the beetle Cacosceles newmannii.  

Response Factor B Std. Error t Sig. LCI 95% UCI 95% 

log_head capsule (mm) intercept  0.688  0.017  39.711 < 0.001  0.650  0.726 
log_mass  0.263  0.027  9.622 < 0.001  0.203  0.324 

log_rmr (ml CO2 h− 1) intercept  − 1.257  0.100  − 12.624 < 0.001  − 1.459  − 1.054 
log_mass  1.086  0.233  4.866 < 0.001  0.631  1.540 

log_volume (mm3) intercept  − 0.640  0.181  − 3.544 0.004  − 1.033  − 0.246 
log_mass  1.511  0.286  5.285 < 0.001  0.888  2.134 

log_length (µm) intercept  1.474  0.140  10.516 < 0.001  1.169  1.779 
log_mass  1.018  0.222  4.588 0.001  0.535  1.502 

log_area (mm2) intercept  0.720  0.176  4.091 0.001  0.337  1.104 
log_mass  1.208  0.279  4.332 0.001  0.601  1.816 

LCI = lower confidence interval, and UCI = upper confidence interval. 
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length (F1,13 = 21.048, P = 0.001) and, area (F1,13 = 18.767, P = 0.001) 
of tracheal trees also increased as functions of mass (Fig. 5B-D). The 
coefficients suggest hyperallometric scaling for tracheal volume (1.511) 
and area (1.208), and isometric scaling for tracheal length (1.018) 
(Table 1). Note however, that the sample size used in the present study is 
not sufficient to distinguish among major scaling coefficients (see large 
confidence intervals in Table 1) and should be viewed as exploratory, 
rather than definitive, results. 

4. Discussion 

A central challenge in studying insect respiratory structures and their 
variation is their microscopic size. While several methods for imaging 
insect respiratory systems are available, methods are generally lethal or 
destructive, time consuming or labour intensive (Harrison et al., 2018a; 
Iwan et al., 2015; Javal et al., 2019; Wasserthal et al., 2018). In the 
present study we therefore explore the possibility to use µCT based 
scanning to investigate tracheal growth in live insects. We were suc-
cessfully able to sedate larvae (MacMillan et al., 2017), scan and 
reconstruct tracheal structures, and can show that exposure to the 
anesthetic and µCT radiation dose does not lead to increased mortality or 
a systematic difference in growth. Thus, we suggest the method pre-
sented here might be suitable for longitudinal studies on live, devel-
oping, insects (Lowe et al., 2013), to for instance track growth in 
tracheal traits as function of metabolic demand. This opens up new 
avenues to test morphology, performance and the potential fitness 
consequences, and thus obtain respiratory anatomical estimates as ani-
mals develop, grow and change shape in ways that have not been well 
explored in insects to date. 

Here we aimed to develop the methodological proof of concept of 
live animal imaging, and further understanding of the potential meth-
odological artifacts or limitations of our approach. The focus of this 
work was not primarily on developing robust scaling estimates for the 
slow-growing, large-bodied C. newmannii as this would require more 
systematic measurement across a far larger sample size to be more 
representative of the natural population, especially at the size extremes. 
Nevertheless, we report key scaling relationships as these may be useful 
in guiding future studies on these themes and some insights can be 
drawn based on the data at hand. The scaling relationship between body 
mass and metabolic demand (i.e. rmr) in larvae of C. newmannii was 
found to be near-isometric, with a scaling coefficient of 1.09 ± 0.23. 
While a meta-analysis of 391 insect species report a hypoallometric 
interspecific scaling coefficient of 0.82 (95% CI = 0.78 – 0.85), 

intraspecific relationships are broader and included near-isometric 
scaling coefficients (range 0.67 – 1.0) (Chown et al., 2007). Also other 
studies have reported isometric or near-isometric scaling in insects (e.g. 
Blossman-Myer and Burggren, 2010), and variation in scaling co-
efficients are often large, especially when including different life-stages 
(Glazier, 2005). Estimating the scaling relationship between resting 
metabolic rate and body mass in developing insects is non-trivial. Even 
though activity- and digestion-related metabolic rate can be controlled 
for (e.g. by starving individuals, and using activity detectors), devel-
opment itself cannot, and will be a part of the compound trait that is 
resting metabolic rate (Glazier, 2005). In the current study this was part 
of the intended experimental design, since we were interested in 
determining how the scaling relationship of metabolic demand 
compared to the scaling relationship of metabolic supply as a function of 
development. 

Unfortunately, development was more variable than anticipated, 
with some individuals increasing in mass, others decreasing in mass and 
most remaining relatively unchanged over the almost 60 day observa-
tion period. This high variability could be due to the wood-boring sap-
roxylic nature of the larvae (i.e. living inside plant tissue), and reflects 
slow development reported for other beetle species with similar ecology 
(Gallardo and Cárdenas, 2016). The species was chosen for the current 
study due to its large size gradient (with some individuals reaching in 
excess of 12 g), but the large variation among individuals in growth rates 
suggests it is not perhaps an optimal model for the study of develop-
mental physiology. While we therefore cannot make meaningful inter-
pretation of within-instar developmental constraints (Helm and 
Davidowitz, 2013), we can investigate the relationship between meta-
bolic demand and supply across the entire size range of our data – 
spanning at least three instars of development (Callier and Nijhout, 
2011; Greenlee and Harrison, 2005). 

The three tracheal traits determined here showed scaling relation-
ships similar to that of rmr. Even though we did not directly compare 
scaling coefficients due to statistical power limitations, the data strongly 
suggest that the tracheal system does not scale hypoallometrically, and 
thus should not be rate-limiting in terms of providing oxygen to growing 
tissues in these beetle larvae. Instead, the data suggests hyperallometric 
(>1.00) scaling for tracheal tree volume and area and thus a potential 
excess capacity to deliver oxygen at larger sizes in this species. Similar 
scaling coefficients (1.16) between tracheal volume and body volume 
were observed in larvae of the beetle Tenebrio molitor (Raś et al., 2018). 
The hyperallometric relationship could be driven by an increasing aer-
obic scope with size since, at least in the locust Locusta migratoria, strong 
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evidence for symmorphosis has been reported when investigating 
maximum metabolic rate (Snelling et al., 2011c). While we did not 
measure maximum metabolic rate or aerobic scope by exercise to 
exhaustion in the current study, aerobic scope was estimated in another 
study both for larvae and adults of C. newmannii, revealing a very narrow 
absolute aerobic scope of 1.68 ± 1.53 ml CO2 h− 1 in larvae compared to 
5.97 ± 2.56 ml CO2 h− 1 in adults (Javal et al., 2019). A similarly narrow 
aerobic scope was determined in the same species using an independent 
data collection (Smit et al., 2021). The narrow aerobic scope could relate 
to the saproxylic nature of these larvae, and the absence of energy- 
demanding sustained activity levels in the larval life-stage. Therefore, 

while performing the measurements using maximum metabolic rate 
might have decreased the slope marginally, previous results suggest that 
a large aerobic scope should not be the cause for the apparent over-
capacity of the oxygen supply system in these larvae (Javal et al., 2019). 

One argument against an overcapacity of the tracheal system in 
delivering oxygen to the tissue is the so-called oxygen toxicity hypoth-
esis (Hetz, 2007; Hetz and Bradley, 2005). As oxygen is toxic at high 
concentrations in animal cells, maintaining oxygen levels well above 
current demand should lead to the production of free oxygen radicals 
(Jamieson, 1989). These can be stressful on their own, but can also incur 
indirect costs in terms of mounting an antioxidant defense response 
(D’Autréaux and Toledano, 2007; Joanisse and Storey, 1996; Sanz et al., 
2010). This should be especially true for species or life-stages with a 
limited aerobic scope, where the relative benefit of an oxygen-delivery 
overcapacity should be very small (but see Boardman et al., 2012). It 
is possible however that larvae of C. newmannii and other saproxylic 
species, are relatively protected by excess oxygen through chronic 
hypoxia in plant tissues (Spicer and Holbrook, 2005; Wittmann and 
Pfanz, 2014; Harrison et al., 2018b). Indeed, an overcapacity to take up 
and distribute oxygen might even be beneficial under such 
circumstances. 

One important limitation in the current study was the achieved 
minimum resolution of 15 µm. Since the tracheal system consists of 
tubing with diameters decreasing down to less than 1 µm (Wigglesworth, 
1983), a potentially large proportion of the tracheal system was not 
quantified. A study of adult Hypothenemus hampei beetles shows that the 
majority of tracheal volume resides in trachea with diameters of less 
than 10 µm and trachea with a diameter over 15 µm only represent less 
than 10% of total volume (Alba-Tercedor et al., 2019). This could pri-
marily be due to the very small size of these beetles (adult body mass ~2 
mg). Indeed, a study on the much larger bodied grasshopper Schistocerca 
americana (adult body mass >1 g) found a very strong correlation be-
tween different traditional methods of quantifying tracheal air volume 
and a µCT method using voxel sizes of 48 µm (Shaha et al., 2013), 
indicating that the 15 µm achieved in the present study might be suffi-
cient for the large-bodied larvae used here. 

Tracheal volume quantification using µCT are however further 
complicated by observations in T. molitor that varying voxel size (i.e. 
scan resolution) gives different results depending on the body 
compartment studied (Iwan et al., 2015; Raś et al., 2018). While using 
smaller voxel sizes increases total volume estimates on the whole body 
scale, a less steep relationship is seen if restricting the analysis to only 
the head and prothorax, probably due to differences in content of tissue 
with varying metabolic demand (Baccino-Calace et al., 2020; Weibel, 
2002). Thus, when using hard cut-offs in tracheal diameter, it is difficult 
to know how much of total tracheal volume that actually is quantified, 
and how much is found in trachea and tracheoles with smaller di-
ameters. Future studies could explore possibilities to improve minimum 
resolution, for instance using machine learning algorithms that improve 
capacity to distinguish tracheal structures in fuzzy images (Yang et al., 
2020). More generally, it would be important to study insect species 
across a wide range of body sizes to determine the distribution of 
tracheal size relationships (Aitkenhead et al., 2020; Kaiser et al., 2007) 
at different scanning resolutions (Iwan et al., 2015). 

The comparison between two methods of estimating tracheal surface 
generated strikingly different area estimates. The method based on 
Avizo Fire 9.5.0 assumed trachea take the shape of perfect cylinders of 
decreasing diameter, which likely is an oversimplification (Webster 
et al., 2015). This was indeed suggested by the more sensitive method 
using VGSTUDIO MAX 3.2, which generated an almost two-fold higher 
area estimate. This finding is significant, given that some metabolic 
studies indeed assume tracheal inner volume takes the form of a perfect 
cylinder of decreasing diameter (e.g. Grieshaber and Terblanche, 2015). 
Thus, we suggest further research and use of µCT in respiratory meta-
bolism studies is warranted. 

To conclude, we investigated the tracheal system in larvae of 
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C. newmannii, a large-bodied beetle with pronounced ontogenetic vari-
ation in mass. We were able to successfully sedate larvae and perform 
repeated measurements of tracheal traits down to a resolution of 15 µm 
on live individuals, opening up new methodological avenues for further 
study. It seems likely that using living organisms carries the cost of 
poorer resolution, which needs to be traded off against the benefit of 
having organs and internal structures in an anatomically appropriate 
configuration. While we were not able to investigate individual patterns 
of growth in metabolic demand (i.e. resting metabolic rate) and supply 

(i.e. tracheal dimensions), our preliminary analyses show evidence for 
matched growth of metabolic demand and oxygen supply over half an 
order of magnitude of mass gain in the larvae. In fact, the traits suggest 
overcapacity, rather than capacity deficit, at larger masses. While the 
results therefore suggest oxygen limitation is unlikely to be the cause for 
moulting in this species, they also raise the question as to why such an 
excess capacity is present. According to the theory of symmorphosis 
(Weibel et al., 1991), there should not be excess physiological capacity 
of a costly organ. Most likely therefore, the developmental program 
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regulating the growth and final size of the tracheal system is under 
multiple competing selection pressures (Kaiser et al., 2007; Callier and 
Nijhout, 2012) that over evolutionary time have shaped it into a well- 
functioning compromise between gas influx and efflux. In a recent 
study on tracheal scaling of ants, CO2 efflux was determined to be the 
most important determinant of scaling patterns (Aitkenhead et al., 
2020) and it would be of great interest to establish if this is a broader 
pattern occurring across the extremely large body size gradient present 
in the Insecta. 
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