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In 1951, a paper authored by the late August Krogh and his then
student, Torkel Weis-Fogh, appeared in the Journal of Experimental
Biology. It described a study on oxygen consumption and CO2 emission
rates in tethered locusts before, during and after flight. It showed that
flight metabolic rate was 15–50 fold the resting rate, and that locusts
utilize lipids as fuel for their prolonged flight (Krogh and Weis-Fogh,
1951). The attentive reader will find that Krogh and Weis-Fogh write
(p. 345): “Female locusts, under laboratory conditions, were disinclined to
fly when they were loaded with eggs, and so only males were used”. Why
were gravid females reluctant to fly?
In this review, we aim to propose that the increasing volume of the
developing eggs can compresses the tracheal system of gravid females
leading to reduced capacity for active ventilation and therefore a limi
tation on flight performance. We explore the available evidence in
support of this theory and point-out the male-bias in studies examining
respiratory gas exchange during flight in insects.
The tradeoff between (migratory) flight and reproduction in female
insects, also known as the ‘Oogenesis-Flight Syndrome’, results from the
high amount of energy and substrates needed to concurrently develop
and maintain flight muscles and developing eggs (Fig. 1). Under limited
nutrient availability, the flight muscle and reproductive tissues of fe
males compete for resources, and allocation to one comes at the expense
of the other (Johnson, 1969). This, in addition to the extra weight of the
developing eggs, makes flight more strenuous.
Various compromises are available to reconcile the tradeoff between
female reproduction and flight performance. Some solutions involve the
migration by flight of females that only develop eggs after ceasing

migration (Johnson, 1969). In some extreme cases, egg development
post-migration occurs concurrently with, or after, degeneration of the
flight muscles (Edwards, 1970; Lorenz, 2007; Marden, 2000; Tanaka,
1994). In other insects, females are flightless altogether, while the males
who are not as constrained by reproduction, maintain flight capabilities
(Roff, 1990). In other examples, insect populations include migrating
morphs that take the task of migration at the expense of reduced
reproductive potential whereas reproductive morphs do not migrate and
have reduced or degenerated flight capability in favor of high repro
ductive potential (Roff, 1986; Tanaka, 1994; Tanaka and Suzuki, 1998).
We propose that in those insects where females maintain flight
during egg production nutrients and added weight are not the only
limitations determining the reluctance of gravid females to fly. A
reduction in tracheal volume can occur concurrently, limiting oxygen
delivery during flight, just when gravid females need it the most.
1. Insect tracheal volume and growth
Insects do not rely on their open circulatory system for respiratory
gas transport between their tissues and the outside environment.
Instead, respiratory gas exchange with the environment occurs through
segmental lateral spiracles, which lead to gas-filled main tracheal tubes.
The latter branch to generations of tubes of decreasing diameter,
culminating in fine liquid-filled tracheoles (i.d. <1 μm) that reach the
vicinity of single cells (Wigglesworth, 1931).
During larval growth, the increase in body tissue mass is continuous,
but adjustment in the dimensions of the tracheae is limited to the
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tracheoles (Helm and Davidowitz, 2013; Manning and Krasnow, 1993;
Wigglesworth, 1954), whereas the remaining exoskeleton-lined trachea,
where convection takes place, can only grow during molt. Indeed,
tracheal volume increases hypermetrically with body mass between in
stars, but decreases with body mass increase within instar (Callier and
Nijhout, 2011; Lease et al., 2006). Gas-filled trachea are subject to
compression and expansion (Westneat et al., 2003). Therefore, the
added volume associated with body tissue growth within instar is likely
to come at the expense of the volume of the gas-filled tracheal system,
and the compliant air sacs in particular, within the more rigid exoskel
eton (Fig. 2a).
Following the final molt, a fixed-size adult tracheal system should be
able to support the high metabolic demands of aerobic flight. Lease et al.
(2006) showed that adult female locusts had similar or even higher
tracheal volumes compared to males, but that the tracheal volume of
gravid females is drastically decreased compared to both. As in the
growing nymph, an increase in tissue volume (developing eggs in the
case of adult females) may come at the expense of the tracheal volume if
the more compliant elements in the system (e.g. abdominal air sacs)
collapse (Fig. 2b). The added volume of eggs can develop within a rigid
exoskeleton, directly compressing the tracheal volume, or within a
flexible exoskeleton allowing the body volume of the gravid female to
expand. In both cases pressure on the gas-filled tracheal system and air
sacs should increase, diminishing their volume. Can such compression
limit flight? To answer this question, we need to consider whether: i)
flight is limited by oxygen supply capacities in insects ii) larger tracheal
volume, and air sacs in particular, improve oxygen delivery.

tracheal oxygen supply to their tissues.
Harrison and Lighton (1998) measured the metabolic rates of flying
dragonflies (Erythemis simplicicollis) at different oxygen levels. The rate
of CO2 emission and O2 consumption dropped at ambient sub-normoxic
levels (PO2 < 21 kPa). Interestingly, values increased when the trials
were carried out in hyperoxia (30 and 50 kPa oxygen), suggesting that
flying dragonflies are limited by oxygen supply to the flight muscles
even under normoxic conditions. In contrast, Henry and Harrison (2014)
recorded a drop in flight metabolic rates in 11 species of dragonflies only
when ambient oxygen levels were as low as 5 kPa. However, flight
behavior changed at milder hypoxic conditions as the dragonflies made
fewer and shorter flight bouts. If flight behavior was modified to
compensate for decreased oxygen availability, then flight was at least
behaviorally sensitive to hypoxia, supporting the notion of limitation by
oxygen supply.
Quite a few insects can fly with an extra weight (load) exceeding
100% of their body mass (Coelho, 1997; Marden, 1987). This ability
seemingly negates the argument that their unloaded flight is limited by
oxygen availability. However, oxygen delivery is expected to limit
maximum flight performance and insects flying with loads are expected
to experience reduction in this maximum flight performance. In the case
of gravid females, if these extra loads (eggs) also compress air sacs, the
decrease in flight performance may be exacerbated leading to reluctance
to fly.
Rascon and Harrison (2005) measured the critical PO2 of tethered
flying adult male locusts and also found a decrease in flight activity with
reduced oxygen levels. The critical PO2 for flight was 10–21 kPa but the
insects developed mean vertical force that was only 44% of their body
mass. Thus, critical PO2 for free-flight, where the flight muscles need to
provide 100% of weight support, is expected to be higher (see Snelling
et al., 2012 and references within). A critical PO2 for flight of ~15 kPa
oxygen was also measured in flies and bees (Harrison et al., 2014). Since
most of the insects tested to date were tethered, and we have no indi
cation that they performed at their maximal flight performance, it seems
possible that oxygen supply may be a limitation for flying insects, at
least at the higher level of flight performance.
Noteworthy, the study by Rascon and Harrison (2005) included only
male locusts, and the study by Henry and Harrison (2014) was almost
exclusively carried out on males (2 females and 19 males). Thus the

2. Is insect flight limited by oxygen supply?
Insects encounter functional hypoxia when tissue oxygen demand
exceeds tracheal supply capacity (Harrison et al., 2018). A way to
empirically evaluate the ability of the respiratory system to provide the
needed demand for oxygen is to measure the metabolic rate of insects
under gradually decreasing levels of oxygen availability. This enables
determination of the critical partial O2 pressure –(critical PO2), below
which the insect is incapable of keeping its standard metabolic rate
(Fig. 3). The underlying assumption is that insects which maintain their
metabolic rates at lower ambient oxygen levels have a more efficient

Fig. 1. The Oogenesis-Flight Syndrome. In mature females, allocation of resources to the flight muscle (red) comes at the expense of developing ovaries (purple)
resulting in a tradeoff (white arrows) between flight and reproduction (1). As a result, some insect females either develop large ovaries at the expense of flight-muscle
mass favoring increased reproductive output (2), whereas others favor flight performance at the expense of developed ovaries resulting in reduced reproductive
potential (3). In some insects a temporal separation balances the tradeoff, with females migrating first, then reallocating resources from lysis of flight muscles to
developing ovaries (colored arrow), increasing their reproductive potential (4). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 2. Tracheal volume and changes in tissue volume. a) Effect of tissue growth on tracheal volumes. Within-instar, most of the tracheal system (excluding tra
cheoles) does not grow while body tissues continue to fill the space (a1; pink) within the rigid exoskeleton, leading to compression of compliant tracheal elements
(a2). Similarly, growth and expansion of the reproductive system in adult females (b1) comes at the expense of abdominal tracheal and air sac volumes (b2; adapted
from Harrison et al., 2013). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Measurement of insect critical PO2. In a typical measurement set-up (a) CO2 emission rates of an insect are measured under normoxic conditions, followed by
exposure to a sequence of gradually decreasing values of oxygen partial pressure (PO2). Control of PO2 is achieved by mixing CO2-free dry air with N2 using mass flow
controllers (1). Gas mixtures are then pushed through the metabolic chamber (2) to the gas analyzers (3). Baselining is carried out by bypassing the metabolic
chamber (dashed line). The analyzer output is recorded to a computer (4). Concentration of CO2 in the excurrent air, averaged for each PO2, is used with gas flow
rates for calculating CO2 emission rates, a proxy of metabolic rates. b) The critical PO2 is defined as the oxygen level below which normoxic (21 kPa) metabolic rate
(dashed line) cannot be maintained (red triangle), as maximal tracheal transport capacity cannot satisfy tissue demand. Critical PO2 can be measured at rest or with
the insect flying within the metabolic chamber. Critical PO2 values are higher for flight (Harrison et al., 2014), as expected from the higher metabolic activity of the
flight muscle. While critical PO2 tested in flight is more relevant here, one could argue that insects with higher safety margins for oxygen supply at rest are also
expected to exhibit a higher scope for meeting the aerobic demands of flight. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

3

T. Urca et al.

Comparative Biochemistry and Physiology, Part A 254 (2021) 110873

available data on critical PO2 in flying insects is male-biased and future
measurements of critical PO2 in gravid females would reveal whether
sensitivity to oxygen availability levels is sex-specific. Meanwhile, we
are left with circumstantial evidence: Marden (1989) reported that
teneral, sexually immature, dragonflies (Plathemis Lydia) almost doubled
their body mass in the first few weeks of their adult life. He found that
the added mass was in the thorax (flight muscle) in males and in the
abdomen (ovaries) in females. The doubling of abdomen mass corre
sponds to a large volume of eggs that may limit tracheal volume and
conductance, and therefore flight performance. Although gravid female
dragonflies make short flights to forage and oviposit, migratory flights
are largely limited to teneral adults (see p. 176 in Johnson, 1969 for a
detailed review; May and Matthews 2008).

1966). The locust tracheal system includes abdominal air-sacs (Fig. 2)
that particiapte in air ventilation to the entire body during rest (Harrison
et al., 2013). During flight, abdominal pumping rate increases and the
volume pumped increases more than 4.5-folds (Weis-Fogh, 1967).
Nevertheless, this increase is insufficient for the flight muscles and their
oxygen supply is augmentd by thoracic pumping. Weis-Fogh (1967)
estimated that during flight approxmitly 40% of the pumped abdominal
air is directed to the thorax contributing about 22% to the total air
volume delivered to the flight muscles, which may provide significant
contribution to the metabolic demands of flight. Moreover, abdominal
pumping is the dominant ventilation mechanism during flight In other
insects (e.g. Hymenoptera) (Weis-Fogh, 1967) which may be more
susceptible to compromised ventilation capacity due to increased eggload volume.
Greenlee and Harrison (2004a) showed that resting critical PO2 is
lower in adult (male) locusts compared with nymphal stages, which
reflects the hypermetric growth of the tracheal system during develop
ment (Lease et al., 2006). Moreover, adults have a higher fraction of
large tracheae and air sacs compared with nymphs, which serves to
enhance ventilation capacity as diffusion distances become longer
(Snelling et al., 2011). Thus, adults are better equipped to supply the
high aerobic demand of flight. Greenlee and Harrison (2004b) measured
an increase in critical PO2 with days within each instar. The proposed

3. Does larger tracheal volume improve oxygen delivery?
Tracheal system conductance includes both diffusive and convective
elements (Wigglesworth, 1931). The latter is facilitated by muscle action
compressing the tracheae and air sacs thus ventilating air in and out of
the insect and facilitating gas exchange (Miller, 1960; Socha et al., 2008;
Westneat et al., 2003) In resting locusts, ventilation is achieved prmarily
by abdominal muscle contraction, whereas during flight this is com
plemented with thoracic (flight muscles) and neck ventilation (Miller,

Fig. 4. Estimated egg-load volume. a)
Relationship between egg-load volume and
abdomen volume of insect imago. Each cir
cle denotes a single species and colour de
notes the insect order. As a conservative
estimate of egg-load volume we used the
volume of an egg × number of eggs counted
in the abdomen or laid in a clutch. The
volume of the abdomen was estimated as a
semi-ellipsoid from body length (L) and
proportions of the body’s maximal width
and height relative to body length (b, see
Supplemental Information S1 for sources,
data and method of estimation). In species
denoted by an additional ‘x’ the proportion
of the body dimensions were directly
measured from museum specimens. For all
the insects pooled together the allometric
equation gives the egg-load volume: Veggs =
2
0.11 V1.055
abdomen (R = 0.91, 95%, confidence
interval of the exponent CI =0.99–1.11).
Order-specific equations were: Hymenoptera
2
0.1 V0.95
abdomen (R = 0.78, p < 0.001, 95% CI
2
= 0.76–1.15), Diptera 0.06 V1.14
abdomen, (R =
0.79, p < 0.001, CI = 0.96–1.32), Hemiptera
2
0.08 V1.07
abdomen, R = 0.82, p < 0.001, CI =
2
0.8–1.34) and Coleoptera 0.2 V0.78
abdomen, (R
= 0.88, p < 0.001, CI = 0.57–1). The
exponent of the Orthoptera was significantly
2
smaller than 1.0, 1.54 V0.67
abdomen (R = 0.77, p
< 0.001, 95% CI = 0.53–0.81). b) Body di
mensions as proportion of body length and
mean proportion of egg-load volume out of
abdomen volume and egg-load mass out of
total body mass. All values are means ± SD.
To estimate egg-load mass (Meggs) we multi
plied Veggs by a density of 1000kgm− 3. Total
body mass (Mbody) was estimated from body
volume using density of 300 kgm− 3, 800
kgm− 3 and 600 kgm− 3 for Diptera, Orthop
tera and all other insects, respectively (den
sity estimates are based on table 6 in BennetClark and Alder, 1979).
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explanations were an increase in metabolic demand of the growing body
while the tracheal system dimensions are fixed between molts, and a
decrease (compression) in tracheal volume, as confirmed later by Lease
et al. (2006). The two explanations are not mutually exclusive. Rather,
their combined effect is likely to further reduce safety margins for ox
ygen transport. The increase in critical PO2 within an instar was associ
ated with an increase in abdominal pumping frequency suggesting that
the insects attempt to compensate for the decrease in tidal volume.
Moreover, the study found a 49% lower tidal volume (and higher
pumping rate) in late vs. early adult stages, despite the metabolic rate
increasing by 52% in the late adults (Greenlee and Harrison, 2004b).
Thus, a decrease in tidal volume with tissue growth was a limiting factor
during hypoxia and a similar line of reasoning may apply to gravid fe
males whose tidal volume has been decreased by the volume of the
developing eggs.
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4. Volume of egg-load in gravid females
To evaluate how limiting the egg volume might be, we collected data
from the literature and museum specimens to estimate abdominal and
egg-load volume in gravid female insects from 5 orders (Fig. 4, Sup
plemental information S1). Our estimates of egg-load volume and
abdomen volume gave an almost isometric growth of egg-load with
abdomen volume for all the insects pooled together (exponent = 1.05,
95% confidence interval 0.99–1.11, Fig. 4). The scaling factor implies
that on average the egg-load occupies ~11% of the abdomen volume of
the non-gravid females. In Orthoptera egg-load scaled hypometrically
with abdomen volume (exponent = 0.67, 95% confidence interval
0.52–0.81). In two locust species (Locusta migratoria and Schistocerca
gregaria) the egg-load volume was 8% and 7% of the abdomen volume
(450 and 307 mm3, respectively). Although 7–11% of volume added to
the abdomen does not seem much, these additional egg-load volumes
can be as high as ~50% the total tracheal volume of Schistocerca gregaria
and Schistocerca americana (500–950 and 650 mm3, Weis-Fogh, 1964
and Lease et al., 2006, respectively), implying that if one comes at the
expense of the other the compression of the abdominal air sacs would
result in decreased tidal volumes with each abdominal compression
when the abdomen is full of eggs. In fact, the decrease in tracheal vol
ume in gravid (Schistocerca americana) compared to adult females with
no eggs was 3–12 folds (Lease et al., 2006). We can also use the esti
mated egg-load volume to evaluate the % weight added to gravid fe
males assuming egg density of 1000 kg m− 3 and body density from
Bennet-Clark and Alder (1979). A fairly conserved value of 18–25%
across insect orders (lower panel of Fig. 4) is obtained. Given the above
mentioned ability of insects to fly with much higher loads (Marden,
1987) the added weight per se is probably not a major limitation for
flight. However, the challenge for gravid females may increase when
combined with reduced tracheal volumes.
5. Conclusion
Our review provides circumstantial evidence in support of the idea
that the developing eggs of female insects may compress tracheal ele
ments and thus compromise gas transport required for the high oxygen
demands of flight. Unfortunately, data in the critical PO2literature is
extremely male-biased, highlighting the need for examining flight
physiology of female insects as a function of their reproductive state.
Such bias can result from female reluctance to fly (Krogh and Weis-Fogh,
1951) or researchers’ reluctance to measure females where reproductive
effects add high variability. If an increase in critical PO2 occurs in gravid
females with large egg-loads then functional hypoxia may be an over
looked aspect of the Oogenesis-Flight-Syndrome.
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