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Summary  
 
What sets the maximal size of insects?  Results suggest that larger 
insects invest a greater fraction of their body as respiratory system 
(tracheal hypermetry).  Simple models indicate that tracheal hypermetry 
prevents increases in PO2 gradients down the tracheae of larger insects.  
Tracheal hypermetry may lead to spatial constraints within the 
exoskeleton that provide a maximal limit on insect size.  However, this 
theory must be tested by examination of the world’s largest insects, and 
examination of the effect of size on tracheal morphology and use of 
convection.  Most insects exhibit developmental plasticity in response to 
rearing in different oxygen levels, but these plastic effects are likely due to 
other mechanisms such as direct effects on feeding behavior or 
downstream effects of oxygen-induced proteins on cell size.    
 
Introduction 
 

Oxygen limitation of maximal insect size: a hypothesized 
mechanism.  More than 300 million years ago, giant insects up to 10-fold 
larger than those alive today roamed the earth [1, 2]. Evolution of these 
giants has been hypothesized to have occurred as a response to stable, 
optimal environmental conditions [3], increased temperature [4], or the 
availability of coal-swamp forests as a new habitat with little competition 
or predation [5]. Recent high-profile publications suggested that the 
atmospheric hyperoxia (31 kPa) in the Paleozoic was the ultimate factor 
allowing the evolution of giant insects [6-8].  A corollary of this hypothesis 
is that current atmospheric oxygen levels of 21 kPa limit the size of extant 
insects.  

Graham et al. [6] suggested that atmospheric hyperoxia would 
directly improve diffusive gas exchange.  For the case of animals 
presumed to have diffusion as a major component of gas exchange such 
as skin-breathing vertebrates or insects, this increased diffusion rate 
would allow sufficient oxygen to reach more deeply into these animals, 
and permit larger sizes.  The best physiological evidence for such a 
mechanism was the documentation that critical PO2 increased with size in 
some skin-breathing amphibians [9]. However, both within and across 



species, we have found no evidence that the critical PO2 values are higher 
in larger insects while at rest, during feeding, or during flight ([10-13]; 
Henry and Harrison, unpublished). However, there are intriguing data 
suggesting that oxygen supply might not match demand in larger insects 
during terrestrial locomotion.  Lactate production, fatigability, and oxygen-
sensitivity of performance during jumping all increase with age/size in 
Schistocerca americana grasshoppers [12]. 

One of the most surprising results of our research on this topic has 
been the finding of tracheal hypermetry; larger insects exhibit an increase 
in the fraction of tissues occupied by tracheae.  We first documented this 
in the grasshopper leg muscle (extensor tibia) using histology and 
electron microscopy [14].  Using a new inert gas technique, we showed 
that whole-body mass-specific tracheal volumes increased with size in 
this same species [15].  We next conducted a comparative study of 
tracheal investment in tenebrionid beetles, using synchrotron x-ray phase 
contrast imaging [16].  Larger beetles devoted a greater fraction of their 
body volume to tracheae (scaling coefficient = 1.29, significantly greater 
than isometry = 1).  The smallest beetles studied (1 mg Tribolium 
castaneum) had less than 0.5% of their body occupied by tracheae, while 
the largest (2 g Eleodes obscura) had 18% of its body volume occupied 
by tracheae.   

Such hypermetry of the respiratory system has not been found in 
other animal groups studied.  Lung volumes tend to scale isometrically in 
terrestrial vertebrates [17].  Hypometric scaling (a scaling relationship, 
where a dimensions occupies less space in larger animals) has been 
found for capillary volumes of mammals [18], and surface areas of gills of 
aquatic vertebrates [19-21], which correlates with the reduction in mass-
specific metabolic rates with size in these groups.  Mass-specific 
metabolic rates of insects also decrease with size [22], lending support to 
the hypothesis that the tracheal hypermetry in insects compensates for 
the characteristics of a blind-ending tubular respiratory system. 

Increasing investment in a structure with size imposes constraints on 
larger animals.  For example, larger vertebrates must have proportionally 
larger and thicker skeletons; this leads to more upright postures and 
reduced agility [23].  Similarly, tracheal hypermetry may impose costs to 
insects, especially if increasing tracheal investment leads to compression 
of other tissues.  Potentially, insects could expand their exoskeleton to 
match the increased need for tracheal structure with size; in this case, 
larger insects would be less dense (and experience more drag due to 
larger volumes) but would not experience relative reductions in the size of 
other tissues.  If the exoskeleton does not expand, hypermetry in tracheal 
structures could be directly associated with reduced proportional content 
of other tissues.  As yet, there are little data on the scaling relationship of 



tissues in insects, and we suspect that the consequences of tracheal 
hypermetry may vary among species. 

In our comparative study with beetles, the most dramatic example 
of hypermetry occurred at the connection between legs and body; in 
contrast, the relative areas of tracheae leading to the head were a  
constant proportion of the space available [24]. Across four species of 
beetles, the cross-sectional area of the tracheae penetrating the leg 
orifice scaled with mass1.02 (significantly greater than the isometrically 
predicted scaling coefficient of 0.67) while the cross-sectional area of the 
leg orifice scaled with mass0.77.  Extrapolating the trends of tracheal 
hypermetry at the whole body level for Tenebrionid beetles suggests that 
the largest extant beetles (about 150 mm in length) would have about 
20% of their body devoted to tracheae, less than the maximally observed 
value for insects of about 40% [24]. However, extrapolation of the 
tracheal hypermetry trend for the legs indicates that the largest extant 
beetles (150 mm) would have leg coxae nearly filled with tracheae, 
suggesting a spatial limitation at this location [24]. 

These data have led to the Tracheal System Limitation (TSL) 
hypothesis for how historical changes in atmospheric oxygen may affect 
maximal insect size: 

 

Tracheal System Limitation (TSL) Hypothesis: Matching oxygen 
supply to demand requires larger insects to exhibit tracheal 
hypermetry.  Tracheal hypermetry eventually leads to regional 
spatial constraints (e.g. within the leg orifice) that set a limit on 
insect body size.  Elevated atmospheric oxygen levels reduce 
tracheal dimensions, thus ameliorating spatial constraints and 
increasing the maximal possible body size of insects. 

 
Critiques and problems with the TSL Hypothesis for oxygen 

limitation of maximal insect size.  Many tests are required before the TSL 
hypothesis should be accepted.  First, it is important to note that the 
evidence in support of a positive correlation between maximal insect size 
and historical atmospheric oxygen level is weak.  Essentially, a few 
notable fossils qualitatively classified as gigantic occur at two time points 
when atmospheric oxygen was believed to be relatively high [25].  Much 
more powerful evidence would be quantitative data on fossil dimensions 
(e.g. wing lengths) for multiple taxa across time periods with well-
documented changes in atmospheric PO2. 

Second, to date, the largest insect for which tracheal dimensions 
has been measured is about 2 g, and some extant insects exceed 50 g.  
Linear trends in tracheal hypermetry may not continue in the largest 



insects.  Comparative physiology is full of examples of novel evolved 
mechanisms that allow organisms to overcome potential biophysical 
constraints.  A comparable example is the hoof-pumps of some ungulates 
that allow adequate circulation in their long legs.  Conceivably a “tarsal 
pump” or other ventilatory mechanism could allow large beetles to match 
oxygen supply to demand without tracheal hypermetry.  

Third, we don’t understand enough about the mechanisms of gas 
transport and dimensional changes in the tracheal system with size to 
understand why tracheal hypermetry should be necessary.  Most prior 
studies of tracheal dimensions have used histological approaches which do 
not provide the data on tracheal and tracheolar lengths that is necessary to 
model how the morphological diffusing capacity of the tracheal system 
changes with size.  The responses of the tracheoles to insect size are 
particularly critical and poorly understood.  Insect tracheoles are formed 
from single cells, does this mean that they are of equal size regardless of 
insect size?  Convection is clearly important in the gas exchange of most 
insects, and increases in at least some larger insects [10].  Where within 
the tracheal system does convection end and diffusion begin?  Here we 
begin to address the question of why tracheal hypermetry may be 
necessary with a simple diffusion model. 

 
How does rearing oxygen level affect insect size? We have now 

reared six insect species for a single generation in a range of oxygen 
levels, and here present a summary of these findings.  For a majority of the 
species tested, hypoxia reduces insect size, while mild hyperoxia increases 
size.   This developmentally plastic response of insects to atmospheric 
oxygen is unlikely to be a result of relief of spatial constraints due to 
smaller tracheae in these species.  For example fruitflies show body size 
responses to oxygen, but visual inspection of whole mounts of larvae and 
x-ray synchotron images of adults suggest that tracheal volumes are less 
than 10% of body volume, and unlikely to limit size.   
 The suppression of body size in fruitflies by hypoxia is at least 
partially mediated by reduced cell size [26]. Here we present additional 
evidence for this conclusion. In addition, Peck and Maddrell presented 
evidence that hypoxia sensitivity is limited to the pupal phase of flies.  
However, we have found that hypoxia during any of the three 
developmental stages of flies (egg, larvae and pupae) leads to reduced 
adult size.  This finding strongly suggests that there are multiple 
mechanisms by which oxygen affects the size of flies.   Hypoxia (10 kPa) 
suppresses feeding rate by about 30% in third instar fly larvae (at 25°C), 



similar to the effect of 10 kPa PO2 on adult body mass, suggesting that this 
is one major mechanism that hypoxia reduces insect size [27]. 
 The mechanisms by which oxygen influences the size of adult flies 
during the pupal and egg-stage remain unknown.  Conceivably, cell 
division by the imaginal discs is modulated by oxygen levels, leading to 
direct effects of oxygen on cell and body size.  Effects at the egg stage 
seem more likely to be downstream consequences of activation of the 
many hypoxia-sensitive genes in insects [28-30].  Oxygen effects on body 
size could also be mediated by hormones known to affect size such as 
insulin-like peptides and ecdysone. 
  
Materials and Methods 
 
Effects of variation in tracheal dimensions on tracheal investment and 
longitudinal PO2 gradients down the tracheae in insects of different sizes. 
 
We assessed the effect of insect size on PO2 gradients within the insect 
with a simple model. First, we assumed that tracheae supply a cylinder of 
tissue around them.  This is only strictly true for tracheoles, as the tracheae 
serve primarily as conduits for oxygen between the spiracles and 
tracheoles, but the tracheae can also be considered to secondarily supply a 
defined tissue volume.  The exact dimensions do not matter for assessing 
trends, but for this analysis we set the tissue cylinder to have a 0.1 mm 
radius, similar to inter-tracheolar distances for insect leg muscle [14].  For 
this model, the radius of this cylinder was assumed to be invariant (larger 
insects would therefore have more total trachea than small insects).  This 
approach was taken as the primary focus was on the effect of the insect 
being thicker, and therefore requiring longer tracheae.   
 We considered four cases, all comparing insects with a 10x longer 
tracheae than the smaller insect.  In the A cases, metabolic rate of the 
tissue scales with mass1, while in B cases, tissue metabolic rate scales with 
mass0.75.   In case 1, the larger insect is 10x thicker (10x longer tracheae), 
and retains the same tracheal diameter, while in case 2, the larger insect is 
10x thicker but has a 10x greater tracheal diameter.  For all situations, we 
evaluated the % of tissue occupied by tracheae, the PO2 gradient down the 
tracheae, and the surface area of tracheae per unit volume of tissue. 
   
Effect of rearing oxygen level (single generation) on insect body mass.  In 
all cases, insects were reared from egg or very early instars to adulthood at 
25°C in defined atmospheric PO2.  Atmospheric PO2 was regulated by a 
Sable Systems ROXY-8, and recorded to computer to ensure stability of 



conditions.  Adults were weighed within a few days of eclosion.  To 
compare species, all values were set as proportions of the average mass for 
that species when reared in 21 kPa. 
 
Results 
 
Effects of variation in tracheal dimensions on tracheal investment and PO2 
gradients down the tracheae in insects of different sizes. 
 

If 10x larger insects maintain the same tracheal diameter (and 
densities), then the per cent of tissue occupied by tracheae is size-
invariant, but the PO2 gradient down the tracheae increases 55-100x in the 
larger insect, depending on how metabolic rate scales (Table 1).  In 
contrast, if 10x larger insects have 10x greater tracheal diameters, the PO2 
gradient down the tracheae is size-invariant (or can be actually lower in 
the larger insect if metabolic rate scales with mass0.75), but the larger 
insect has 100x the relative investment in tracheae.   In this case, the larger 
insect also has a 10x greater surface area per tissue volume, suggesting 
that the PO2 gradient across the tissue walls would be lower in larger 
animals.  Thus, tracheal hypermetry would not need to be as extreme as 
calculated here to maintain the PO2 gradient from spiracle to cell (for a 
pure diffusive system).   
 
Effect of rearing oxygen level (single generation) on insect body mass.   
 

For five of six species, rearing in hypoxia (10 kPa) reduced adult 
body size (Fig. 1).  These species included one Dipteran, one 
Lepidopteran, and three Coleopterans, while the one hemimetabolous 
insect tested (S. americana, Orthoptera) had the same body size in 5, 10 
and 21 kPa O2.   Approximately halving atmospheric oxygen decreased 
body sizes by 8-40% (Fig. 1).   

The effect of hyperoxia on body size varied more among species 
and depended on the degree of hyperoxia.  Drosophila melanogaster and 
C. texana had increased body sizes in 40 kPa O2, while T. molitor and S. 
americana had the same body size at 40 as 21 kPa O2.  Manduca sexta and 
Z. morio were tested at multiple hyperoxic levels.  Manduca sexta adult 
size was unaffected a 25 kPa, but declined relative to normoxia at higher 
levels of hyperoxia (33 and 40 kPa).  Z. morio showed increased adult 
mass when reared at mild hyperoxia (25-30 kPa), but their body mass was 
statistically equivalent to those reared in normoxia at 40 and 60 kPa O2. 

   



Conclusions 
 
Tracheal hypermetry can theoretically allow larger insects to achieve 
similar PO2 gradients longitudinally along their tracheal system as smaller 
insects.  Although our model assumed identical tracheal densities in large 
and small insects, a similar result (maintenance of PO2 gradients) could be 
achieved if larger insects had higher densities of tracheae with size-
invariant diameters. In the insects studied to date, larger insects seem to 
have both more and larger tracheae, though this question has not yet been 
addressed statistically [14, 24].  This model is consistent with empirical 
data that larger insects have similar critical PO2 values for metabolism and 
performance as smaller insects, but higher mass-specific tracheal 
investments.  Apparently, the costs of increased investment in the air-filled 
tracheal system are relatively low compared with the alternative situation 
of reduced hypoxia-tolerance (and probably reduced metabolic scope and 
kinetics) for larger insects.  Extrapolations suggest that eventually this 
strategy may lead to constraints imposed by space within the exoskeleton, 
and curtail the maximal size of insects.   

This model depends on diffusion distances being longer in larger 
insects.  An alternative possibility is that insects could use convection to 
move oxygen to size-invariant tracheoles.  It will be challenging to 
exclude this possibility.  Combining morphological measures of the 
tracheae with measurements of tissue PO2 could provide an answer.  
Combining x-ray synchotron images that quantify trachea down to 10 μm 
in diameter with confocal images of tracheoles could provide the length, 
diameter, branching and density data necessary to create morphological 
models of body size effects on tracheal diffusing capacity.  Synchotron x-
ray imaging seem to provide the best available approach to quantify 
convection within various parts of the tracheal system, though 
measurements need to be made quickly for some insects to avoid 
pathological effects [16, 31].   

The majority of insects tested show changed adult body size in 
response to rearing oxygen level.  This suggests that changes in the PO2 of 
the Earth’s atmosphere should have changed the sizes of many insect 
species, not simply the maximum size.  Hypoxia effects are more general 
and stronger than hyperoxia effects, suggesting that times of significant 
hypoxia (e.g. early Triassic) would be fruitful periods for paleontological 
studies of insect size.  These data also suggest that hypobaric hypoxia at 
higher altitudes could contribute to the smaller sizes of most high altitude 
insects [27].  



Hyperoxia only increased the body size of half the insects tested, 
and the size one insect (M. sexta) was actually reduced by high oxygen 
levels, suggesting  that oxidative stress can negatively impact body size 
and trade-off against any advantages of higher oxygen availability.  In 
fruitflies [32]and mealworms [33], hyperoxia increases development time, 
potentially allowing more time for growth and explaining the larger sizes.  

The diversity of responses of different insects to atmospheric 
oxygen suggests interspecific diversity in the safety margins for oxygen 
delivery, regulation of growth, and oxidative stress resistance.  To date 
there is no evidence that small (fruitfly) and large insects have different 
plastic responses to atmospheric oxygen.  As the size of the only 
hemimetabolous insect tested to date did not change with atmospheric 
oxygen levels, it will be important to test the responses of additional 
hemimetabolous insects, as these were the type of insects present during 
the major atmospheric oxygen excursions of the Carboniferous and 
Triassic.   

Investigation of the mechanisms by which oxygen affects size 
promises to be exciting and potentially of quite general biological 
importance.  Many vertebrates (including humans) are born smaller in 
response to developmental hypoxia.  Genetic manipulations of oxygen 
transduction systems that are possible in fruitflies may permit dissection of 
the developmental pathways that lead from hypoxia to size.           
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Figure 1. Adult body mass of six insect species (two populations of 
Manduca sexta, the tobacco hornworm) plotted vs. rearing atmospheric 
oxygen level.  Values are expressed relative to the mean value for that 
species when reared in 21 kPa oxygen.  Hypoxia (10 kPa) significantly 
reduced adult size in five of the six species (Drosophila melanogaster 
(fruitfly), Zophobas morio (giant mealworm beetle), Tenebrio molitor 
(mealworm, data from [34]), Cotinus texana (scarab beetle), and Manduca 
sexta (tobacco hornworm) but not Schistocerca americana (grasshopper-
data from: [13]).  Mild hyperoxia increased adult size in D. melanogaster, 
Z. morio and C. texana. Severe hyperoxia reduced body size of Z. morio 
and M. sexta. 
 
 



Table 1. Illustration of the need for tracheal hypermetry to maintain the 
PO2 gradient down a tracheae as an insect enlarges.  The model assumes 
that each tracheae supplies a tissue cylinder 0.1 mm in diameter.  Four 
cases are considered.  In A cases, metabolic rate of the tissue scales with 
mass1, while in B cases, tissue metabolic rate scales with mass0.75.   In case 
1, the larger insect is 10x thicker, and retains the same tracheal density, 
relative investment and diameter as the smaller insect, leading to a 55-
100x greater PO2 gradient down the leg.  In case 2, the larger insect is 10x 
thicker but has a 10x greater tracheal diameter, leading to a similar or 
lower PO2 gradient down the leg, but a 100x increase in relative tracheal 
investment.  TDC indicates Tracheal Diffusing Capacity in the 
longitudinal direction (down the shaft of the tracheae).  TDC was 
calculated assuming a Krogh’s constant of 8.518 nmol / (sec kPa mm)[14].  
Oxygen consumption was set at 10 nmol / (g sec), the value measured for 
locust leg muscle during sustained jumping at 35°C[12]. 
 

Parameter 
Small 
insect

Case 1: 10x 
thicker insect

Same Tracheal 
Diameter

Case 2: 10x 
thicker 
insect 

10x 
Tracheal 
Diameter 

Tracheal length, mm 0.01 0.1 0.1 
Tracheal radius, mm 0.001 0.001 0.01 
Longitudinal TDC, nmol / (sec 
kPa) 0.002675 0.000267465 0.02674652 
Surface area, mm2 6.28E-05 0.000628 0.00628 
Tracheal volume, mm3 3.14E-08 0.000000314 0.0000314 
Tissue radius mm 0.1 0.1 0.1 
Tissue volume supplied by 
tracheae, mm3 0.000314 0.00314 0.00314 
% tracheae 0.0001 0.0001 0.01 
surface area per tissue vol 1/mm 0.2 0.2 2 
Case A: Tissue MO2 if scales 
with mass1, nmol / sec 3.14E-06 0.0000314 0.0000314 
PO2 gradient down tracheae, kPa 0.001174 0.11739845 0.001173985 
Case B: Tissue MO2 scales with 
mass0.75 0.000133 0.000745929 0.000745929 
PO2 gradient down tracheae, kPa 0.049594 2.788880799 0.027888808 

 


