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Giant insects, with wingspans as large as 70 cm, ruled the Car-
boniferous and Permian skies. Gigantism has been linked to
hyperoxic conditions because oxygen concentration is a key
physiological control on body size, particularly in groups like
flying insects that have high metabolic oxygen demands. Here
we show, using a dataset of more than 10,500 fossil insect wing
lengths, that size tracked atmospheric oxygen concentrations only
for the first 150 Myr of insect evolution. The data are best ex-
plained by a model relating maximum size to atmospheric en-
vironmental oxygen concentration (pO2) until the end of the
Jurassic, and then at constant sizes, independent of oxygen fluc-
tuations, during the Cretaceous and, at a smaller size, the Ceno-
zoic. Maximum insect size decreased even as atmospheric pO2 rose
in the Early Cretaceous following the evolution and radiation of
early birds, particularly as birds acquired adaptations that allowed
more agile flight. A further decrease in maximum size during the
Cenozoic may relate to the evolution of bats, the Cretaceous mass
extinction, or further specialization of flying birds. The decoupling
of insect size and atmospheric pO2 coincident with the radiation of
birds suggests that biotic interactions, such as predation and com-
petition, superseded oxygen as the most important constraint on
maximum body size of the largest insects.
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Because metabolic oxygen demand increases with increasing
body size, environmental oxygen concentration (pO2) is

frequently invoked as an important constraint on the size of
animals (1–6). Giant late Paleozoic insects, with wingspans as
large as 70 cm, are the iconic example of the oxygen-body size
link; hyperoxic conditions during the Carboniferous and Permian
are thought to have permitted the spectacular sizes of the largest
insects ever (2, 4). The physiological basis linking insect body
size and pO2 has been elucidated in numerous experimental
tests (5, 7, 8). Body size and metabolic rate respond to pO2 when
insects are reared in hypoxic or hyperoxic atmospheres (7, 8),
although the effects are not uniform in all taxa (9). Flying insects
should be particularly susceptible to variations in atmospheric
pO2 because their flight musculature has high energy demands
(10), particularly during periods of active flight (11, 12). The
volume occupied by tracheae, tubes that transport oxygen
throughout the body, scales hypermetrically with body volume,
imposing further surface area-to-volume constraints on maxi-
mum size (13, 14).
Although these responses underscore the physiological im-

portance of oxygen, developmental plasticity exhibited by dif-
ferent insect groups may not be indicative of evolutionary
changes (15), especially in natural settings where other abiotic
influences, biotic interactions, and selective pressure from allo-
metric scaling of life-history traits are also important (16–20).
For example, temperature can also be an important influence on
insect body size via physiological effects on metabolic oxygen
demand and ecological effects on food supply, growing season,
and foraging time (20). Furthermore, the relationship between
atmospheric pO2 and maximum insect size is more complicated
than implied by coincidence of late Paleozoic hyperoxia and
insect gigantism, raising the possibility that other factors, such as

competitive or predatory interactions with flying vertebrates
(birds, bats, and pterosaurs), may have contributed to or even
been the dominant control on evolutionary size trends (18, 19).
The rich fossil history of insects (21) contains the only record of
evolutionary body-size trends in response to changing atmospheric
pO2 (22), temperature, and evolution of flying predators and
competitors (23). Our quantitative analysis of evolutionary size
trends from more than 10,500 measured fossil insect specimens
confirms the importance of atmospheric pO2 in enabling the evo-
lution of large body size, but suggests that the pO2-size relationship
was superseded by biological factors following the evolution and
aerial specialization of flying vertebrates, particularly birds.

Results
Trends in maximum body size broadly parallel the atmospheric
pO2 pattern, including an increase to a Carboniferous-Early
Permian maximum, decrease in the Late Permian and Early
Triassic, secondary peak in the Middle Triassic, and further
decrease in the Late Triassic-Early Jurassic (Fig. 1). Although
the largest insects are rare, observed trends cannot be explained
by sampling bias (SI Text) and the overall size decrease from the
Permian to Recent occurs despite a significant increase in the
richness and abundance of fossil insects in the Cenozoic (21).
The overall correlation between pO2 and maximum wing length
in each 10-Myr bin is highly significant (r = 0.54, P = 0.002),
although the strength of the size-oxygen relationship is greatly
diminished (P = 0.42) after controlling for collection paleo-
latitude (a proxy for temperature) via multiple linear regression
or for autocorrelation in body-size data using generalized least-
squared regression (P = 0.62, P = 0.80 including paleolatitude).
These results, as well as instances of decoupling, such as an Early
Cretaceous decrease in insect size during a substantial increase
in atmospheric oxygen, imply that atmospheric oxygen did not
control maximum body size over the entire evolutionary history
of insects, or that it was not the only control.
To test the apparent decoupling of pO2 and size records, we

used maximum-likelihood estimation to compare models with
a shift in evolutionary dynamics of maximum body size, from
oxygen control to stasis. We generated two-phase models and
three-phase models (oxygen control, followed by body-size stasis,
followed by an independent interval of stasis) and adjusted the
timing of the evolutionary shift to find the best-supported
breakpoint. In the models, the intercept (reflecting the maximum
size) was allowed to vary between independent intervals of stasis,
but the variance (of the residuals around the regression line) was
assumed to be the same and was held constant. The best-sup-
ported two-phase model had a breakpoint between 140 and 130
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Ma (a breakpoint between 130 and 120 Ma performed nearly as
well) (Fig. 2A). The best-supported three-phase model indicated
breakpoints at 140 Ma (as in the two-phase model) and between
90 and 60 Ma (Fig. 2B).
We compared the best two-phase and three-phase size models

with a model explaining maximum size solely as a function of pO2
and with a four-phase size model (oxygen, stasis, independent
stasis, and independent stasis) also including a breakpoint at 230–
200 Ma. Although a 230 Ma breakpoint was not the best sup-
ported, there was some suggestion of a transition at that time in
the two-phase model selection procedure (Fig. 2B), and we in-
cluded it to test for potential effects of the Late Triassic evolution
of pterosaurs. Of these four models, the three-phase size model,
with shifts in size dynamics at 140–130 Ma and 90–60 Ma, re-
ceived the most support (Akaike weight 0.74) (Table 1). The full
four-phase model, incorporating an additional shift between 230
and 200 Ma, is weakly supported (Akaike weight 0.24), and the
two-phase model (Akaike weight 0.02) and the oxygen-only
model receive negligible model support (Akaike weight <0.001).
Models using estimated body width or body volume, and models
correlating size to alternative oxygen proxies, also do not support
oxygen as the primary control on body size throughout the entire
history of insect evolution (SI Text). Adding the effects of pale-
olatitude significantly improves the model fit; the three-phase
model incorporating paleolatitude is much more strongly sup-
ported than the model without paleolatitude (Akaike weight 0.92
vs. 0.08) (Table 2). Maximum body size is not well explained by
paleolatitude alone, but multiple regression indicates that maxi-
mum body size was greater at low paleolatitudes, independent of
changes in oxygen.

Alternative Controls on Maximum Body Size. The maximum-likeli-
hood model selection procedure identifies the earliest Creta-
ceous as an important transition in insect body-size evolution.
Maximum wing length closely tracked atmospheric pO2 before
140 Ma, but became decoupled from pO2 trends and is better
explained by a model of stasis after 130 Ma. The timing of the
oxygen-size decoupling coincides with the Early Cretaceous di-
versification of birds, between their first appearance in the latest
Jurassic (Archaeopteryx, ca. 150 Ma) and the presence of diverse

assemblages 25 Myr later (23). Maneuverability plays a key role
in aerial predation and predator evasion, and scales inversely
with body size in flying insects (11), suggesting that size-selective
predation pressure by flying birds is a plausible explanation for
the weakening and ultimate decoupling of the size-oxygen re-
lationship. This trend is primarily the result of body-size changes
in large flying insects, such as dragonflies (but also in grass-
hoppers), and ground-dwelling groups, such as many beetles or
cockroaches, may not follow the same pattern because the his-
tory of terrestrial predation differs from that of aerial predation.
The gradual reduction in maximum insect size and extinction of
large-bodied groups adapted for gliding flight (24) also coincided
with the gradual acquisition of key flight characteristics, such as
an alula and fused pygostyle, important for low-speed flight
performance and maneuverability, in early birds (23).
Although shifting paleolatitude of insect collections cannot

alone explain the observed temporal trends in body size, the
larger size of fossil insects from tropical paleolatitudes, after ac-
counting for oxygen concentration, is consistent with observed
interspecific body-size clines among modern insect clades (20,
25). Our data suggest that a trend of increasing body size with
temperature has been a persistent feature throughout insect
evolution, but we cannot directly test models explaining these size
clines by metabolic or dietary limitations on body-size (20, 25).
The model-selection procedure also supports a shift in dy-

namics of maximum insect size between the mid-Cretaceous and
Paleocene (between 90 and 60 Ma) (Fig. 2B), although its timing
and significance are obscured by the extremely sparse Late Cre-
taceous insect compression fossil record. The shift could reflect
gradual reduction in maximum size during the Cretaceous, pos-
sibly a result of continuing flight specialization in stem-group
birds (23), or a more abrupt reduction following the early Ce-
nozoic radiation of crown-group birds (23) and bats (26). Al-
though not expressed at the family level, there is other evidence
for an end-Cretaceous extinction of insects (27) that may have
affected body size, either directly through the extinction of large-
bodied taxa or indirectly through food web collapse and re-
duction in prey availability for the largest insects, which are
usually carnivorous. These hypotheses are not necessarily

Fig. 1. Phanerozoic trends in insect wing lengths and atmospheric pO2 (GEOCARBSULF model). Maximum size in each 10-Myr bin containing more than 50
measurements is indicated by black lines.
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mutually exclusive, but cannot be tested without more data from
Late Cretaceous fossil sites.

Conclusions. Our results suggest that physiological limitations
related to atmospheric pO2 were dominant only in the early
history of insects, whereas maximum size became noticeably
decoupled from atmospheric pO2 in the Early Cretaceous. The
timing of the shifts in evolutionary size dynamics coincided with

the radiation of stem-group birds; combined with the expected
size-selective consequences of predation by flying vertebrates,
this implies that predation pressure is a plausible explanation for
the decoupling. Decreasing insect size in the Early Cretaceous,
even as atmospheric pO2 increased, further supports the pre-
dation hypothesis because it coincides with the acquisition of
anatomical characters in early birds that enabled greater ma-
neuverability, and likely enhanced their prey capture abilities.
The importance of multiple controls on insect body size is con-
sistent with theory that predicts a complex suite of abiotic and
biotic factors influencing evolutionary trends in natural settings.
Thus, atmospheric oxygen acted effectively as a physiological
constraint that limited the size of the largest insects from the
Carboniferous to Triassic, but its impacts were superseded by
increasingly selective size limitation, likely by flying vertebrate
predators following the evolution of birds in the latest Jurassic.

Methods
We examined trends in maximum insect size, based on a unique dataset of
more than 10,500 fossil insect wing lengths (Table S1) measured from
compression fossils reported in the primary literature. We used R (28) to
perform multiple regression analyses, including generalized least-squared
regression of wing length against oxygen, which used first-order autocor-
relation. We also used maximum-likelihood estimation (bbmle package) (29)
to generate and test models explaining the size of the largest insect wing
length in 10-Myr bins by atmospheric pO2, temperature, and stasis during
different time intervals. Bins with fewer than 50 measured specimens (220-,
210-, 80-, and 70-Ma bins) were excluded from analyses. We based atmo-
spheric pO2 on the GEOCARBSULF reconstructions (22), although our time-
scale incorporated updated dates for Permian and Triassic stages. Because
we lack direct paleotemperature estimates for specific insect localities, we
used the paleolatitude of each collection, which on average shifted from
paleoequatorial latitudes in the Paleozoic to midlatitudes in the Meso-Ce-
nozoic, as a rough proxy. Although latitudinal temperature gradients have
varied over geological time and temperature is influenced by continentality
(among other factors), as well as latitude, the tropics have always been
warmer than temperate regions. Paleolatitude also encompasses other cli-
matic variables such as seasonality, which is less pronounced in the tropics.
We modeled the effects of predation as stasis, assuming a constant pre-
dation-limited size. This assumption is simplistic; although there are no
estimates of the intensity of predation by flying vertebrates over geological
time, it is likely that predation pressure or selectivity fluctuated over time,
particularly during the early evolution and aerial specialization of these
groups. Although body thickness, the length-scale for oxygen transport, is
the most important dimension (10), the strong correlation between wing
length and body dimensions (11) allows wing length to be used as a proxy
for overall body size. We also estimated body volume for three large-bodied
groups (Odonata, Orthoptera, and Neuroptera) that could be approximated
as cylinders, based on allometric equations calculated from complete fossil
specimens (Figs. S1–S3). All analyses were performed with log-transformed
size data. See Figs. S4–S6 for information regarding wing length data, Tables
S2 and S3 for estimated body width data, and Table S4 for the maximum-
likelihood model.
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Table 1. Model support for models comparing wing length to
oxygen ordered from best supported to least supported by bias-
corrected Akaike information criterion (ΔAICc) and Akaike weight

Model logL ΔAICc df Weight

3: pO2/140 Ma/90 Ma breaks 34.03 0.0 6 0.743
4: pO2/200 Ma/140 Ma/90 Ma breaks 34.69 2.3 7 0.236
2: pO2/140 Ma break 28.81 7.2 5 0.021
1: pO2 −280.46 620.0 3 <0.001

Goodness-of-fit (log-likelihood, logL) and number of fitted parameters
(df) are shown for each model.

Table 2. Model support for the best-fit model incorporating
paleolatitude and without paleolatitude, ordered from best
supported to least supported by bias-corrected AIC (ΔAICc) and
Akaike weight

Model (wing length) logL ΔAICc df Weight

3: Three-phase including paleolatitude 38.3 0.0 7 0.922
3a: Three-phase excluding paleolatitude 34.03 4.9 6 0.078
Paleolatitude only 13.36 37.3 3 <0.001

Goodness-of-fit (log-likelihood, logL) and number of fitted parameters
(df) are shown for each model.

Fig. 2. Maximum-likelihood model fit relative to timing of shift from at-
mospheric pO2 control to size stasis. (A) Log-likelihood plotted against all
possible breakpoints in a two-phase size evolution model. Greater log-like-
lihoods indicate greater support for a breakpoint, implying that the best
breakpoint is at 140–130 Ma. (B) Log-likelihood contours on all possible two-
breakpoint combinations in a three-phase size evolution model (breakpoints
must be separated by three intervals to fit the models). The best-supported
pair of breakpoints is at 140–130 Ma and 90–60 Ma. The support for a 270–
260 Ma breakpoint is an artifact of the shift from extremely insect-rich bins
to insect-poor Late Permian bins.
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