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Birds and mammals mostly produce clutches with small
numbers of large individual offspring compared to non-
bird reptiles, including dinosaurs on the bird-stem lineage.
Existing hypotheses for this variation propose links between
relative offspring size and large brains or high metabolic
rates, but remain incompletely tested. We characterize the
allometries of reproductive output traits (clutch mass, clutch
size and individual offspring mass) and evaluate their
correlates using phylogenetic regressions across 2857 living
and extinct amniote species. Across amniotes, species with
larger relative brain sizes have larger individual offspring,
fewer offspring or both. This signifies a higher maternal
investment per offspring in large-brained species, exemplified
by birds and mammals. In dinosaurs, large egg sizes evolved
shortly before the origin of the bird crown group, coinciding
with an evolutionary increase in relative brain mass and
suggesting that evolutionary increases in egg/neonate size
evolved due to a requirement for greater investment per
offspring with increasing brain size. These egg size increases
may explain changes to dinosaur nest structure and pelvic
anatomy along the bird-stem lineage. Our results provide
insights into the evolutionary pressures shaping reproductive
strategies and brain size across amniotes, underscoring the
significance of these traits in the broader context of amniote
diversification.
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1. Introduction
The transmission of genetic material from parents to offspring is central to the mechanisms of natural
selection and the concept of Darwinian fitness. Therefore, natural selection should result in life history
and reproductive traits that maximize lifetime reproductive success [1–7]. Here, we analyse patterns
of variation in clutch/litter mass, egg/neonate mass and clutch/litter size. We refer to these collectively
as ‘reproductive output traits’ and to the allometric relationships of these reproductive output traits
to body size as ‘reproductive output scaling’. Assuming that the energetic investment made in a
single clutch or litter is held constant, there is a trade-off between clutch/litter size and the energetic
investment in each individual egg or neonate. Hence, the reproductive output of land vertebrates
(amniotes) varies between clutches comprising larger numbers of smaller individual offspring, as seen
in many living reptiles, especially turtles [8,9] and clutches comprising a smaller number of larger
individual offspring, as seen in placental mammals and birds [6,10]. An end-member example of this
is the blue whale (Balaenoptera musculus), which produces a single offspring every 2–3 years with a
neonatal body mass of roughly 2500 kg (1.6% of the adult female mass [11]). In contrast, the hawksbill
sea turtle (Eretmochelys imbricata) produces an average clutch of 158 proportionally small eggs [12],
weighing about 29 g each (0.019% of the adult female mass [13]). These represent the extremes of a
continuum of reproductive investment that exhibits phylogenetic, ecological and allometric variation—
with reproductive output traits per clutch within a species therefore resulting from multiple factors.
Mammal [7,14,15] and bird [16,17] species generally have smaller counts of larger offspring as body
size increases (i.e. reverse allometry of clutch or litter size), whereas turtles [18,19], crocodylians [20,21]
and squamates [22,23] typically lay larger numbers of proportionally smaller eggs as adult body size
increases [6].

There is relatively little evidence for the reproductive output traits of extinct species. However,
exceptional examples are known for various groups, including stem-mammals [24], extinct birds [25–
28] and especially non-avian dinosaurs, which are members of the bird-stem lineage [29–34]. Different
groups of non-avian dinosaurs had different reproductive output traits, spanning from very large
numbers of proportionately small eggs in sauropods [35–38] to smaller numbers of proportionately
larger eggs in theropods [39]. They also ranged from an almost complete lack of parental presence
beyond the egg-laying stage in sauropods [40] to potentially extensive pre-hatching parental care, such
as communal nests [39], and post-hatching parental care, such as contact incubation [41,42], in groups
that are closely related to birds such as oviraptorid and troodontid theropods [39]. Fossil nests are
known only from a few groups of non-avian dinosaurs, mostly theropods and sauropodomorphs.
Most observed clutches contain large numbers of relatively small individual offspring, similar to living
reptiles but differing from birds and mammals [43,44].

The considerable variation of reproductive output traits described above results from approxi-
mately 310 million years of evolution since the divergence of all living land vertebrates (amniotes)
from their most recent common ancestor, at the mammal–reptile split. Various hypotheses have
been proposed to explain this variation and might explain why birds and mammals evolved their
specific reproductive strategies. Most can be classified as either energetic hypotheses or physiological
hypotheses. These include the effects of energetic investment in brain size [45–47] and the effects
of physiological parameters such as basal metabolic rate (BMR) [48–50]. These are described in
more detail below and are not necessarily mutually exclusive. A central goal of the current work
is to evaluate the applicability of these hypotheses on broad phylogenetic scales, as explanations
of variation in reproductive output traits across amniotes, including both living and extinct groups.
Dinosaurs also show a unique combination of the traits proposed to explain variation in reproductive
output traits among living amniotes—they have relatively small brain sizes, often similar to non-avian
reptiles [51–55] (figure 1), but relatively high metabolic rates closer to those of mammals than to living
reptiles [56–60] (figure 2; metabolic rates of extinct species cannot be measured directly, and here are
proxied by estimated maximum growth rate). This unique trait combination provides a potentially
useful test of brain-related and metabolism-related explanations of variation in reproductive output
traits among amniotes.
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1.1. Proposed explanations of variation in reproductive scaling among amniotes

1.1.1. Brain size

Relative brain size (i.e. brain size relative to body mass) has been posited to impact life-history
parameters and, ultimately, reproductive output. The energy trade-off hypothesis postulates a trade-off
between brain growth and energetically costly aspects of body maintenance, such as growth and
reproduction, due to the increased metabolic cost of a relatively larger brain [45,47,61]. Comparative
studies of both birds and mammals show that species with a large relative brain size generally
have smaller clutches/litters of relatively larger eggs/neonates. Relative egg/neonate mass is positively
correlated with relative brain size in birds and mammals [45], relative litter size is negatively correlated
with relative brain size in mammals [46,62,63] and in mammals that produce only one offspring,
species with relatively larger brains have long developmental durations [62]. Increased metabolic
investment in offspring is positively correlated with relative brain size in birds (incubation time [64,65])
and mammals (gestation/lactation periods [62,66]). Experimental studies in a precocial bird (Coturnix
japonica) have also shown a negative relationship between reproductive investment (through manipu-
lating prenatal provisioning) and maternal cerebellum size [67]. These studies provide support for the

Figure 1. Plot of extant amniote groups and extinct non-avian theropod and ornithischian brain mass against body mass. The data
in this plot are informative rather than interpretive and are intended to highlight the intermediate nature of hypothesized non-avian
dinosaur brain size relative to extant groups. This does not impact analyses, results, or macroevolutionary interpretations, and so we
present the data in its original publication form without regression lines. Silhouettes highlight Agama agama (Natalie Claunch; CC0
1.0), Equus africanus (Steven Traver; CC0 1.0), Maiasaura peeblesorum (Scott Hartman; CC BY-NC-SA 3.0), Oviraptor philoceratops (Matt
Martyniuk; CC BY-NC-SA 3.0) and Sylvia borin (Martin Bulla; CC BY 4.0).
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expensive brain hypothesis within birds and mammals, and that evolutionary increases in brain size
may require evolutionary increases in energetic investment per individual offspring.

A developmental version of this hypothesis specifically predicts the coevolution of extended
parental provisioning (parental care) and increased brain size [68,69]. Increased parental care evolves
to compensate for the increased energetic investment needed for the offspring to develop a relatively
larger brain. This pattern is present within birds [68] and has been proposed to explain the brain size
gap between endothermic groups and ectothermic groups [69]. For example, a recent comparative
study across vertebrates showed that increases in brain size and relative offspring size were prevalent
in endotherms (birds, mammals and chondrichthyans), but weak or non-significant in ectotherms [70].
This suggests that the evolution of large brain sizes requires both greater parental investment and
stable body temperatures. Also consistent with parts of this hypothesis, Song et al. [71] showed that
lizards sourced with free energy (e.g. basking lizards) have relatively larger brain sizes than lizards
with unfavourable energy budgets (e.g. nocturnal lizards). Here, we examine these hypotheses further,
considering a wider range of reproductive output traits and with quantitative data for dinosaurs on the
bird-stem lineage.

Non-avian dinosaur brain sizes are often estimated from endocranial cavity volumes. The propor-
tion of endocast volume occupied by the brain varies among extant amniotes, with mammal and

Figure 2. Plot of extant vertebrates and non-avian dinosaur maximum growth rate from Grady et al. [56] against body mass, with
extant vertebrates and non-avian dinosaurs in dark blue, endotherms in red, ectotherms in light blue and mesotherms in grey. The
data in this plot are informative rather than interpretive and are intended to highlight the intermediate nature of hypothesized
non-avian dinosaur brain size relative to extant groups. This does not impact analyses, results or macroevolutionary interpretations,
and so we present the data in its original publication form without regression lines. Silhouettes highlight Euhelopus zdanskyi (T.
Michael Keesey; CC BY-SA 3.0) and Isurus (Fidji Berio; CC0 1.0).
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bird brains filling approximately the entire endocranial cavity [64], and most reptile brains filling
approximately 66–33% of the endocranial cavity [54,72]. The relative volume of the endocranial cavity
has been used to estimate relative brain size in non-avian dinosaurs [51,54,73]. Non-avian dinosaurs
(excluding sauropodomorphs) possessed relative brain sizes larger than that of extant reptiles and
smaller than that of extant birds and mammals [55], and brain sizes varied by group, with ornithopods
and maniraptoran theropods possessing relatively larger brains for their body size [73,74]. A deeper
understanding of these energetic trade-offs present among living reptiles may indicate an ancestral
condition of reproductive output scaling and brain size, and potentially the degree of parental
provisioning, present within non-avian dinosaurs (figure 1).

1.1.2. Metabolic rate

BMR [75] is thought to affect reproductive output through the partitioning of energy between
maintenance, growth and reproduction [48]. The increased-intake hypothesis suggests that a relatively
high BMR, linked with high rates of assimilation of energy from the environment, is correlated with
greater reproductive success [48,49]. Experimental studies of the Marsh Tit (Parus palustris) show that
as brood size was artificially increased, adult BMR also increased [49]. In contrast, the compensation
hypothesis (or allocation hypothesis) predicts that BMR should be negatively correlated with repro-
ductive output [48,49,76]. A higher BMR would require greater energetic investment into maintenance
costs and reduce energetic investment into reproduction. This hypothesis has found mixed support,
with a low BMR being correlated with higher reproductive output at the individual level in Leach’s
storm-petrels (Oceanodroma leucorhoa) [48], while small mammals show no relationship between BMR
and reproductive output traits [77]. Physiological hypotheses such as this predict how a taxon’s total
reproductive output (e.g. total clutch mass) may vary in response to metabolic rate. It does not specify
whether the relative change in reproductive output occurs through a shift in the size and/or number of
offspring. These broader predictions contrast with those of brain size-related hypotheses, which more
specifically predict greater investment in individual offspring, and potentially egg/neonate size with
increasing brain size. The present study aims to test whether metabolic rate broadly influences total
reproductive output across amniotes and, importantly, the mechanism by which this total output is
varied.

Hypotheses regarding the metabolic rates of non-avian dinosaurs vary, from true endothermy,
similar to that of extant mammals or birds, in theropod dinosaurs (often insulated with feathers)
[57,78], to intermediate BMRs, lower than those of extant mammals and birds, in some other dinosaurs
[57]. Non-avian dinosaur growth rates are intermediate between those of living endotherms and
ectotherms, higher than extant reptiles but lower than birds and mammals [56,79], and are used as
evidence of intermediate metabolic rates in non-avian dinosaurs (figure 2; but see [80] for issues with
growth rate as a metabolism proxy). Similar to the potential implications of testing the expensive
brain hypothesis in extant reptiles, understanding the relationship between metabolism and reproduc-
tive output within reptiles may clarify existing hypotheses regarding non-avian dinosaur metabolism
(figure 2).

Here, we investigate the scaling of three reproductive output traits: clutch (or litter) mass, egg
(or neonate) mass and clutch (or litter) size across living and extinct amniotes, including birds,
crocodylians, squamates, turtles, mammals and non-avian dinosaurs. We use phylogenetic generalized
linear regressions of reproductive output traits against brain size and metabolic rate, controlling for
variation in adult body mass, to evaluate drivers of trade-offs between clutch/litter size and individual
egg/neonate mass within these groups. We then characterize the scaling relationships of these traits
in non-avian dinosaurs to document patterns of change in reproductive output along the bird-stem
lineage. These analyses place constraints on the primitive condition for amniotes, the prevailing mode
of reproduction in dinosaur-dominated terrestrial ecosystems of the Mesozoic and potential explana-
tions of the evolution of large egg sizes in birds.
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2. Methods
2.1. Taxon selection

2.1.1. Extant amniotes

We collected data on reproductive output traits, metabolic rates and brain size across 2857 extant
amniote species, including 541 birds, 23 crocodylians, 1187 squamates, 56 turtles and 851 mammals
(table 1). All measurements were log10-transformed prior to analysis.

2.1.2. Non-avian dinosaurs

We included data for non-avian dinosaur eggs and egg clutches for which the egg-laying species
(referring to the body fossil species, not the ootaxon) of the group was known, allowing an estimate of
adult body mass. This allowed egg mass data for 35 non-avian dinosaurs, including five ornithischians,
12 theropods and 17 sauropods [31,43,44,81], and clutch mass or clutch size data for three ornithi-
schians, seven theropods and three sauropods [31,43,44,81]. These three reproductive output traits,
together with adult body mass estimates, were available for Protoceratops andrewsi [44], Troodon formosus
[34], Massospondylus carinatus [44], Maiasaura peeblesorum [30], Citipati osmolskae [29], an unspecified
lambeosaurine and two sauropods [44]. We also estimated group-level body mass range (e.g. for adult
body size in indeterminate sauropod eggs for which the egg-laying species is not known).

Phylogenies for use in phylogenetic generalized least squares (PGLS) regressions were derived from
pruned versions of the bird tree distribution from McTavish et al. [82] (9239 species), squamate tree
distribution from Tonini et al. [83] (9574 species), mammal tree distribution from Upham et al. [84]
(5911 species), crocodilian phylogeny from Kumar et al. [85] (62 species) and turtle phylogeny from
Thomson et al. [86] (279 species). We performed each of our analyses on the consensus tree. Polytomies
present in the squamate tree were randomly resolved. Phylogenies were read in and generated using
the R package ‘ape’ [87] in R v. 4.1.2.

2.2. Data
We gathered data from the literature on the reproductive output traits of clutch mass, egg mass and
clutch size in birds and reptiles, with all masses in kilograms (see electronic supplementary material).
Some squamate egg sizes [88] were given in volume (mm3) and were converted to mass assuming
a density of 1.03 cc g−1 [89]. For squamate taxa for which no egg masses were available, hatchling
or neonate mass was used instead [90]. Within placental mammals, we collected reproductive output
traits of litter mass, neonate mass, weaning mass and litter size. In marsupial mammals, we used
the mass at pouch vacation as our proxy neonate mass [91], as this may reflect a degree of parental
investment similar to that involved in the in utero growth of placental mammal offspring. Within
non-avian dinosaurs, egg masses were derived from both egg volumes or linear measurements using
equations depending on the shape (ellipsoidal or spherical) of the egg [92]. Reproductive output traits
of living species were primarily sourced from Werner & Griebeler [43,44] (precocial birds, mammals
and crocodylians), Ernest [93] (mammals) and Meiri et al. [23] (squamates), in addition to various other
sources (see electronic supplementary material).

Our analyses primarily used species body mass values (in kg) as a dependent variable for the
scaling of reproductive output traits. For this, we compiled data on female body masses where possible
and alternatively used non-sex-specific body masses to maximize sample size (see electronic supple-
mentary material for data). Intraspecific female body masses can significantly differ from male body
masses (sexual dimorphism [94,95]) and therefore may influence intraspecific analyses of body size
scaling. However, the large range of body sizes within our regression models (approx. 70 000 000-fold
variation in mammals, approx. 17 000-fold variation in birds and approx. 500 000-fold variation in
squamates) decreases the potential bias caused by dimorphism of adult body masses within species.
When possible, adult body masses from the same datasets as the neonatal body masses were used,
and in all other instances, body masses were taken from other references. For non-avian dinosaurs,
body masses were estimated using scaling equations that estimate tetrapod body mass using the
shaft circumferences of the humerus and femur, in quadrupeds, or only the femur, in bipeds [96].
Comparisons with extant reptiles and mammals, utilizing femoral and humeral circumferences, have
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been shown to be independent of phylogenetic history, gait and limb posture [97,98]. These estimations
are highly congruent with volumetric models [96].

We also gathered data on the BMRs of birds and mammals and standard metabolic rates (SMRs) of
squamates (see electronic supplementary material). Metabolic rates were sourced from Clarke et al. [99]
(mammals), McNab [100] (birds) and White & Seymour [101] (reptiles). Metabolic rates were converted
to Watts using the conversion factor of 0.278 W = 1 kJ h−1 [102]. SMR in reptiles is often measured in ml
of O₂ respired per hour at a specific temperature representing the possible ambient range (1–45°C). In
this study, we used the temperature-normalized (38°C) Q10 SMR (see [103,104] for method) value for
our reptiles and the conversion factor of 1 ml h−1 = 0.0056 W.

We gathered data on the general developmental state of offspring (altricial | precocial) to test for its
potential effects on reproductive scaling across birds and mammals [44,105,106]. We also tested for the
presence of a relationship between quantitative, continuous proxies of developmental state of offspring
in birds [107] and reproductive output traits (results reported in electronic supplementary material,
table S5).

We gathered data on brain size (in kg) within birds, squamates and mammals (see electronic
supplementary material). Brain mass was sourced from Stark & Pincheira-Donoso [108] (squamates),
Ksepka et al. [55] (birds) and Smaers et al. [109] (mammals).

Table 1. Number of species (n) per group included in each regression model set.

group regression model set n

birds reproductive output 458

metabolic rate 100

brain size 65

brain size and metabolic rate 22

crocodylians reproductive output 18

metabolic rate NA

brain size 2

brain size and metabolic rate NA

squamates reproductive output 1338

metabolic rate 82

brain size 114

brain size and metabolic rate 21

turtles reproductive output 21

metabolic rate NA

brain size NA

brain size and metabolic rate NA

mammals reproductive output 818

metabolic rate 350

brain size 583

brain size and metabolic rate 251

non-avian dinosaurs reproductive output 13

metabolic rate NA

brain size NA

brain size and metabolic rate NA
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2.3. Developing allometric relationships for reproduction, metabolism and encephalization in
birds, reptiles, mammals and dinosaurs

All statistical analyses were run in R v. 4.5.2 (R Foundation for Statistical Computing). PGLS analy-
sis was run using the ‘comparative.data’ and ‘pgls’ functions of caper v. 1.0.1 [110]. We compared
regression models using Akaike’s information criterion for finite sample sizes (AICc) [111], and
calculated AICc weights [112] using the ‘akaike.weights’ function of qpcR v. 1.4.1 [113]. Levene’s test
for variance homogeneity was run using the ‘leveneTest’ function of car v. 3.1.3 [114].

We estimated phylogenetic signal in the relationships between traits during the fitting of PGLS
regression models using Pagel’s λ [115], for which a λ of zero indicates an absence of phylogenetic
signal in the regression residuals, while a λ of 1.0 indicates that residuals conform to expectations
under Brownian motion [116]. We allowed λ to vary freely, and we fit the value of λ using maxi-
mum likelihood while fitting our PGLS models. Pagel’s lambda was chosen over Blomberg’s K due
to its robust nature when dealing with incomplete phylogenies, the presence of soft polytomies
and incomplete branch length information [117]. Pagel’s lambda was computed using the ‘lambda’
argument in the ‘pgls’ function of caper v. 1.0.1 [110].

To estimate reproductive scaling relationships across birds, non-avian reptiles, mammals and
dinosaurs, we ran the following regression equations for each group: (i) clutch/litter mass ∼ body
mass, (ii) egg/neonate mass ∼ body mass and (iii) clutch/litter size ∼ body mass. To compare the
reproductive scaling of non-avian dinosaurs to living groups of amniotes, we evaluated the fit of
dinosaur reproductive output data to models derived for each major extant group (mammals, birds,
squamates, crocodylians and turtles) both visually and through model parameter comparisons (e.g.
slope and intercept).

To analyse the partial effects of the developmental state of offspring (altricial versus precocial) on
the scaling relationships between reproductive output traits and adult body mass, we ran the following
regressions in birds and mammals: (iv) clutch/litter mass ∼ body mass ∗ developmental mode, (v) egg/
neonate mass ∼ body mass ∗ developmental mode, (vi) clutch/litter size ∼ body mass ∗ developmental
mode. The significance of differences in slope between altricial and precocial species was evaluated
using the significance of the interaction term, and we used AICc weights to compare these to simpler
models, e.g. (for [iv]) clutch/litter mass ∼ body mass + developmental mode, clutch/litter mass ∼ body
mass and an intercept-only null model clutch/litter mass ∼ 1.

We then developed regressions to analyse the effects of body mass, brain size and metabolic rate on
reproductive output traits within birds, squamates and mammals. We ran regressions of the following
general form to determine the partial effects of brain mass and metabolic rate on reproductive output
traits after accounting for variation in body mass (e.g. clutch/litter mass ~ brain mass + body mass),
also comparing to simpler models using AICc weights, as above. For visualization of the relationships
between traits corrected for variation in adult body mass, we plotted PGLS residuals (on body mass) of
reproductive output traits, brain size and metabolic rates on body mass.

These regressions were carried out separately for birds, squamates and mammals. Interaction terms
were also used to test for variation in reproductive scaling within groups (e.g. placental | marsu-
pials; varanid lizard | snake | non-varanid lizards). Varanid lizards were grouped separately from
non-varanid lizards, given that varanid lizards have previously been used in comparative analysis to
assess metabolism and thermoregulation in non-avian dinosaurs [60,100,118–120]. Previous works on
dinosaur biology utilizing modern comparisons have also differentiated between varanid lizards and
other lizards and reptiles [120]. Placentals and marsupials were separated on the basis of their differing
reproductive strategies.

2.4. Dinosaur phylogeny and ancestral character estimation
To visualize the potential shifts in reproductive output scaling across dinosaur evolution, we generated
a tree for Dinosauria, including living birds, using the pruned versions of the bird tree distribution
from Jetz et al. [121] (9993 species; based on the Hackett et al. backbone [122]) and the time-calibrated
non-avian dinosaur tree from Benson et al. (624 taxa) [123]. Ancestral character estimation for our
continuous reproductive output trait (clutch mass/egg mass/clutch size) was done using the ‘contMap’
function of phytools v. 1.2 [124]. This package estimates internal node character states using maximum
likelihood with the ‘fastAnc’ function, which reroots the tree at all internal nodes and calculates the
contrast state at the root each time [125,126]. This results in values that equal the maximum likelihood
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estimates under a Brownian evolutionary process [116]. We chose to use a Brownian model as it
makes the fewest assumptions and accounts for uncertainty across major evolutionary transitions (e.g.
dinosaur–bird). There are alternative models for estimating ancestral states of reproductive output
traits, such as Ornstein–Uhlenbeck(OU) and early burst (EB). Future studies could investigate these
models to determine if they fit reproductive scaling traits and are consistent with our findings.

3. Results
3.1. Allometry of reproductive output traits

3.1.1. Clutch/litter mass

A significant, positive relationship between clutch/litter mass and body mass is present in all living
groups, with slopes <1.0, indicating negative allometry. Isometry (slope = 1.0) is outside two standard
errors (s.e.) of the slope estimate in all groups (slope ± 2 s.e.: birds = 0.575–0.675, squamates = 0.818–
0.878 (non-snake squamates), mammals = 0.705–0.761, crocodylians = 0.475–0.959), except in turtles
(slope ± 2 s.e. = 0.834–1.06) and snakes (0.951–1.01; based on significant interaction term; figure 3;
table 2; electronic supplementary material, table S1). Non-avian dinosaurs also exhibit non-significant,
negative allometry between clutch mass and body mass that is closer in slope (0.141–0.733) to those of
birds and crocodylians than to those of squamates or mammals (figure 3; table 2; electronic supple-
mentary material, table S1). Non-avian dinosaurs also show greater variation around the relationship
between clutch mass and body mass than other groups (R2 = 0.29 in dinosaurs; R2 = 0.6 in birds; R2 =
0.76 in squamates; R2 = 0.79 in mammals; differences p > 0.001; Levene’s test; electronic supplementary
material, table S7) with theropods generally showing higher relative clutch mass than other dinosaurs
(figure 3; see also [39]).

3.1.2. Egg/neonate mass

A significant, positive relationship between egg/neonate mass and body mass is present in all living
groups, with slopes that indicate negative allometry (figure 4; table 2; electronic supplementary
material, table S1; slope ± 2 s.e. birds = 0.669–0.741 (altricial) or 0.672–0.744 (precocial, based on
significant interaction term), squamates = 0.607–0.655, mammals = 0.677–0.757 (altricial) or 0.592–0.664
(precocial, based on significant interaction term), crocodylians = 0.206–0.414, and turtles (slope = 0.164–
0.404). Dinosaurs show a significant, negative allometry between egg mass and body mass (slope ± 2
s.e. = 0.185–0.633) that is more similar in slope to crocodylians than to other groups (figure 4; table 2;
electronic supplementary material, table S1). Variation around the relationship between egg mass and
body mass in dinosaurs is similar to that of extant groups (R2 = 0.59 in dinosaurs; R2 = 0.83 in birds; R2

= 0.67 in squamates; R2 = 0.79 in mammals), although a statistically significant difference in variance is
present (p < 0.001; Levene’s test; electronic supplementary material, table S7).

3.1.3. Clutch size

A significant, positive relationship between clutch size and body mass is present in living non-avian
reptiles, with a slope that indicates negative allometry in squamates (slope ± 2 s.e. = 0.189–0.237
(non-snake squamates) or 0.278–0.326 (snakes, based on significant interaction term)), crocodylians
(slope ± 2 s.e. = 0.226–0.606) and turtles (slope ± 2 s.e. = 0.461–0.673; figure 5; table 2; electronic
supplementary material, table S1). In contrast, a significant inverse scaling relationship (i.e. reverse
allometry) of clutch/litter size with body mass is present in altricial birds (slope ± 2 s.e. = −0.138 to
−0.010) and marsupials (slope ± 2 s.e. = −0.181 to −0.061), whereas the slope is not significantly different
from zero in precocial birds (slope ± 2 s.e. = −0.037 to 0.092) and placental mammals (slope ± 2 s.e.
= −0.087 to 0.033; figure 5; table 2; electronic supplementary material, table S1). Dinosaurs exhibit
a non-significant relationship between clutch size and body mass (slope ± 2 s.e. = −0.111 to 0.169).
All groups exhibit statistically significant differences in variance (p < 0.001; Levene’s test; electronic
supplementary material, table S7).

9
royalsocietypublishing.org/rsos 

R. Soc. Open Sci. 13: 251708



3.2. The effect of developmental state on reproductive output
After controlling for body mass in extant amniotes, we found that developmental state (precocial-
ity versus altriciality) has significant effects on some reproductive output traits (table 2; electronic
supplementary material, table S1), primarily that precocial birds and mammals have larger clutches/
litter masses than altricial species. In birds, precociality has a positive relationship with clutch mass
(coefficient = 0.193, p = < 0.05) and clutch size (coefficient = 0.188, p = < 0.05) but none with egg mass
(coefficient = 0.003; p = 0.9549). Interaction terms with developmental state are included in the best
models (based on AICc weight; electronic supplementary material, table S1) of the relationships of egg
mass and clutch size with body mass, indicating precocial species have a shallower slope of egg mass
on body mass than altricial species (interaction term = −0.078; p = 0.011), and a steeper slope of clutch
size and body mass (interaction term = 0.101; p = 0.05), described above (see table 2).

In mammals, precociality has a significant positive relationship with litter mass (coefficient = 1.737;
p ≤ 0.05) and neonate mass (coefficient = 0.298; p = 0.002) and a significant negative relationship with
litter size (n = 818; coefficient = −0.182; p = 0.0081; although a model instead including marsupial |
placental is better supported by AICc; electronic supplementary material, table S1). An interaction
term with developmental state is included in the best models of the relationships of neonate mass,
indicating a steeper slope of the relationship between neonate mass and body mass in precocial
mammals (interaction term: 0.069; p = 0.015). The best model for the relationship of litter size to body
mass includes a significant interaction term with placental | marsupial, indicating a less negative
relationship between litter size and body mass in placentals than in marsupials (interaction term =

Figure 3. (a) Plot of clutch mass in archosaurs (altricial birds/precocial birds/crocodylians). (b) Plot of clutch mass in squamates
(non-varanid lizards/varanid lizards/snakes) and turtles. (c) Plot of litter mass in altricial and precocial mammals. (d) Plot of litter
mass in placental and marsupial mammals. Non-avian dinosaurs are plotted in light and dark blue in each plot. Silhouettes highlight
Crocodylinae anthropophagus (Nobu Tamura, vectorized by Zimices; CC BY-SA 3.0), Crotalus viridis (Blair Perry; CC0 1.0), Gopherus
agassizii (Andrew A. Farke; CC BY 3.0), Rhea americana (Ferran Sayol; CC0 1.0), Varanus komodoensis (Steven Traver; CC0 1.0) and
Vombatus ursinus (SarahWerning; CC BY 3.0).
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0.0943, p = < 0.05), described above (see table 2). Results for quantitative proxies of developmental state
of offspring in birds can be found in the electronic supplementary material (electronic supplementary
material, table S5).

3.3. The effect of metabolism (basal metabolic rate and standard metabolic rate) on
reproductive output

We found mixed support for relationships between metabolic rates and reproductive output traits
among groups (table 3; electronic supplementary material, table S2; all results for partial effects of
metabolic rates after accounting for adult body mass variation). There were no significant relationships
in birds. Within squamates, SMR shows a significant negative relationship with egg mass (slope =
−0.302, p ≤ 0.05) and no significant relationship with clutch mass or clutch size (table 3). Within
mammals, BMR shows a significant positive relationship with litter mass (slope = 0.95 p ≤ 0.05) and
neonate mass (slope = 0.102, p ≤ 0.05; table 3). The interaction with developmental state of offspring
(altricial | precocial) is not included in any form among the best models of these relationships (based
on AICc weights) and has no effect on the relationship between BMR and reproductive output traits
(electronic supplementary material, table S2).

3.4. The effect of brain size on reproductive output
We found significant relationships between relative brain mass and several reproductive output traits
(table 4; electronic supplementary material, table S3; all results for partial effects of brain mass after
accounting for adult body mass variation). Within birds, brain size shows a significant positive

Figure 4. (a) Plot of egg mass in archosaurs (altricial birds/precocial birds/crocodylians). (b) Plot of egg mass in squamates
(non-varanid lizards/varanid lizards/snakes) and turtles. (c) Plot of neonate mass in altricial and precocial mammals. (d) Plot of
neonate mass in placental and marsupial mammals. Non-avian dinosaurs are plotted in light and dark blue in each plot.
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relationship with egg mass (slope = 0.449, p ≤ 0.05), but no statistically significant relationship with
clutch mass or clutch size (table 4). Within squamates, brain size shows no significant relationship with
any reproductive output traits. Within mammals, brain size has a significant positive relationship with
litter mass (slope = 0.182; p ≤ 0.05) and neonate mass (slope = 0.307; p ≤ 0.05) and a significant negative
relationship with litter size (slope = −0.12, p ≤ 0.05; table 4). The interaction with developmental state
of offspring (altricial | precocial) had no effect on the relationship between brain size and reproductive
output traits (electronic supplementary material, table S3). In mammals, marsupial | placental had no
significant effect on the scaling relationship between brain size and reproductive output traits.

4. Discussion
We examined the scaling of reproductive output traits with adult body mass across major groups of
extant amniotes (birds, reptiles and mammals) and in dinosaurs. All groups show increasing clutch/
litter mass and egg/neonate mass with increasing adult body size, albeit with negative allometry
(figures 3 and 6). The scaling relationships of clutch/litter mass show relatively little variation among
groups (figure 6), whereas the scaling relationships of egg/neonate mass vary more (figure 6), and the
scaling relationships of clutch/litter size show considerably greater variation, including both positive
relationships (in crocodylians, squamates and turtles), inverse relationships (in birds and mammals)
and relationships that cannot be distinguished from zero (non-significant) (in dinosaurs) (figure 6).
These results show that variation in the scaling relationship of the number of individual offspring
produced (i.e. clutch/litter size) is the largest source of variation in reproductive output among major
amniote groups. Turtles possess the smallest egg/neonate mass for their body size, whereas placental

Figure 5. Plot of clutch/litter size against body mass. (a) Plot of clutch size in archosaurs (altricial birds/precocial birds/crocodylians).
(b) Plot of clutch size in squamates (non-varanid lizards/varanid lizards/snakes) and turtles. (c) Plot of litter size in altricial and
precocial mammals. (d) Plot of litter size in placental and marsupial mammals. Non-avian dinosaurs are plotted in light and dark blue
in each plot.
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mammals possess the largest egg/neonate mass for their body size (figures 4 and 6). Clutch/litter size
shows the opposite pattern, where turtles produce the largest numbers of eggs for their body size,
while birds produce the fewest number of eggs for their body size (figures 5 and 6).

4.1. Reproductive output scaling explanations: developmental state
We find that variation in developmental state at birth is related to variation in reproductive output
traits, both within and among groups (see also [121,127–130]). Both birds and mammals have high
parental investment in each individual offspring compared to non-avian reptiles. This can be parti-
tioned between prenatal investment (indexed by egg/neonate mass here) and postnatal investment,
with altricial species by definition showing a higher degree of postnatal investment to care for
developmentally immature offspring. Within mammals, precocial species have slightly larger litter
masses, neonate masses and smaller litter sizes than altricial species (figures 3–5). In mammals, this
suggests the presence of an inverse relationship between prenatal investment (i.e. investing energy in
producing larger litters of heavier individual offspring) and postnatal investment (i.e. investing energy
in the care and growth of offspring after birth). This relationship is also present but less pronounced
in birds; precocial birds have slightly larger clutch masses and clutch sizes than altricial birds on
average, as in mammals (see also [127]), but similar egg masses, unlike in mammals. There are also
finer categorizations of developmental state within birds and mammals, e.g. super precociality and
altriciality and intermediate stages [106], and using a more subdivided measure of developmental
state may also influence patterns of reproductive scaling within groups (see electronic supplementary
material for example bird regression models). However, we found little change in the interpretations
using this more subdivided scale.

A comparison of the reproductive output traits of non-avian reptiles to those of birds and mammals
is consistent with a model in which variation in postnatal investment is related to the trade-off between
producing larger counts of smaller offspring or smaller counts of larger offspring. Most non-avian
reptiles produce high counts of small offspring (figures 3–6) and also show very limited parental care;
some crocodylians engage in nest-guarding behaviour, and some snakes were found to exhibit egg/
neonate attending behaviours [131], but this is limited compared to the extensive parental care seen in
birds and mammals. Reptiles therefore exhibit a strategy in which parental investment per individual
offspring is low overall, including both prenatal investment (small egg sizes) and postnatal investment
(lack of extensive parental care). Therefore, in addition to structural (e.g. nest structure) and biological
evidence, high counts of small offspring may be taken as support for low postnatal parental care when
seen in extinct groups (e.g. non- theropod dinosaurs [37–39] and non-mammalian synapsids [24]).

4.2. Reproductive output scaling explanations: basal (standard) metabolic rate and brain size
We found that variation in metabolic rates does not provide a useful explanation of variation in scaling
relationships of reproductive output traits in amniotes (table 3). In contrast, brain size was found to
explain the scaling relationships of reproductive output traits across birds and mammals (table 4)
and may partially explain the transition from relatively smaller offspring in non-avian dinosaurs to
relatively larger offspring in birds, along the bird-stem lineage.

4.2.1. Reproductive output scaling explanations: metabolic rate

Metabolic rate has no significant effect on reproductive output traits across amniotes, after controlling
for variation in body mass. A general pattern across amniotes is not present, as most relationships
are non-significant, although we do find a statistically significant relationship between BMR and litter
mass and neonate mass in mammals (table 3). Outside of mammals, therefore, we find no support
for either the compensation hypothesis [48,49] or the increased-intake hypothesis [48] as possible
explanations for the scaling relationships of reproductive output traits in most amniotes.

The absence of a widespread relationship between metabolic rate and reproductive output traits
across amniotes is also suggested by the similarity of the total clutch/litter masses of non-avian reptiles
to those of birds and mammals, despite the fact that non-avian reptiles have much lower metabolic
rates than birds or mammals. Therefore, although variation in the BMRs of individuals within a species
may have an indirect effect on reproductive output (bats [132]; marsh tits [49]; sparrows [133]; Leach’s
storm-petrels [48]; rodents [134]), there are no broad-scale interspecific relationships between relative
metabolic rate and reproductive output traits.
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Our results are similar to those of other broad-scale studies that showed no correlation between
BMR and aspects of reproductive output (in mammals [77,135]). White & Seymour [103] found litter
size to be positively correlated with residual BMR in mammals but found most placental group-level
relationships to be non-significant (except for carnivorous marsupials, Dasyuromorphia). Similarly, age
at first birth is uncorrelated with BMR [136]. The correlation of other life-history traits with BMR
has also been tested only in placentals with mixed results [63,136]. Gestation time was found to be
negatively correlated with BMR [63], suggesting the presence of an energetic trade-off.

4.2.2. Reproductive output scaling explanations: brain mass

We found that brain size has a significant relationship with some reproductive output traits in birds
and mammals after controlling for variation in adult body mass. Positive scaling relationships are
present between brain size and egg/neonate mass in birds and mammals (and see [70]). A negative
scaling relationship between brain size and clutch/litter size is present in mammals . These results are
consistent with previous works on birds [62], mammals [46] and subsets of mammals (e.g. altricial |
precocial [62]; carnivores [137]).

Our results suggest that growing a relatively larger brain requires greater prenatal investment per
individual offspring and that this effect is important in endotherms (birds and mammals; see also
[70]). Among endotherms, species with larger relative brain sizes produce fewer, but larger, individual
offspring (table 4). The hypothesis that brain size, and not metabolic rate, influences reproductive
output traits is also supported by observations of non-avian dinosaurs. Non-avian dinosaurs had
elevated metabolic rates, more similar to those of birds and mammals than to those of non-avian
reptiles [56,58,60] but relatively smaller brains, mostly similar to reptiles (especially in non-theropod

Figure 6. Plot of reproductive output regression lines. (a) Plot of extant clutch/litter mass regression models. (b) Plot of extant
egg/neonate mass regression models. (c) Plot of extant clutch/litter size regression models. Non-avian dinosaurs are plotted in light
and dark blue in each plot.
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dinosaurs [38,55,73,138,139]; figures 1 and 2). The co-occurrence of both reproductive output traits and
relative brain sizes similar to those of other non-avian reptiles, in most dinosaurs (figures 1 and 4), is
consistent with the hypothesis that small relative brain size explains the occurrence of more numerous,
but smaller offspring in more (i.e. non-theropod) dinosaurs. We find only limited evidence for a
hypothesized trade-off between total reproductive output per clutch and brain size [47,61]. Despite
this, squamates show a trade-off between brain size and longevity [108], suggesting that there is a
high energetic cost of increasing brain size in squamates. This trade-off is absent in endotherms, which
show increasing longevity with larger brain size (mammals [62,66,140]; birds [141–143]). It should be
noted that these scaling relationships concern output from a single reproductive attempt and do not
include information on the number of clutches per year, which may also be important.

4.3. The evolution of modern bird reproductive output
The reproductive output traits of non-avian dinosaurs are more similar to those of living non-avian
reptiles than to birds (figures 3–6), especially among non-theropod dinosaurs (figure 6) [43,44,144].
Dinosaurs had proportionally small eggs, with relative egg masses below (in non-theropod dinosaurs)
or at the lower end (in those theropods that have been studied, e.g. [42]) of the distribution of living
bird egg sizes (figures 6–8). Moreover, the relatively large clutch sizes of non-avian dinosaurs lie at the
upper limit of bird clutch sizes but are similar to those of crocodylians and some squamates (figures
6–8). The distribution of clutch mass among non-theropod dinosaurs is similar to that of birds (figure
7) but is also similar to all other amniote groups (figure 3). Varricchio et al. [39] showed that at least
some theropods (oviraptorosaurs and troodontids) had larger clutch masses, similar to those of living
birds with paternal care.

The larger residual egg sizes of birds are distinct from those of non-avian theropods and other
dinosaurs (figure 7). Ancestral character estimation shows that some increases in relative egg size
occurred among dinosaurs along the bird-stem lineage. Non-theropod dinosaurs have large clutches
of very small eggs compared to their adult body mass, and while theropods such as oviraptorosaurs
and troodontids have proportionally larger eggs than non-theropods, they still have proportionally
smaller eggs than those of living birds of equivalent body mass (figure 7) [42,145,146]. Relative egg size
therefore shows a gradational pattern of increase along the bird-stem lineage, from small egg sizes in
non-theropod dinosaurs to larger sizes in at least some theropods, to the largest relative sizes by the
origin of the bird crown group (figure 7).

4.3.1. Implications for parental care in non-avian dinosaurs

Parental investment among living amniotes falls along a spectrum from non-avian reptiles, which
have high counts of small offspring with zero parental provisioning, to birds and mammals, which
have smaller counts of larger offspring with generally substantial parental provisioning, especially in
altricial taxa. Most birds invest parental energy in offspring after oviposition, in the form of brood-
ing, uniparental care, cooperative breeding or post-hatching care of fledglings [147–149]. In contrast,
crocodylians, the living sister taxon of birds and other dinosaurs, show a much lower degree of
energetic investment in parental care, consisting of nest and neonate guarding [150,151].

Some degree of parental care has been hypothesized to occur in both hadrosaurs and non-avian
theropods [30,39]. This is primarily supported by indirect evidence, e.g. proportional size of offspring,
nest structure and aggregation [30,39]. Nevertheless, the occurrence of large counts of small offspring
and lower relative clutch mass in non-avian dinosaurs, especially in non-theropod dinosaurs, suggests
that they had limited postnatal parental care, more similar to living reptiles such as crocodylians than
to birds. There are most likely differences between non-avian dinosaur groups, given that relative egg
size in theropods is much larger than in other dinosaurs, suggesting a higher degree of parental care in
theropods than in other dinosaurs.

The relatively large clutch masses of non-avian theropod dinosaurs may suggest both the pres-
ence of precocial offspring [152] and the presence of at least some parental care [39] (see also
[152]). Juvenile aggregation and the co-occurrence of similarly aged offspring have also been used
to suggest evidence of nest-attending in theropod and ornithischian dinosaurs and other extinct groups
[153–157]. However, nest-attending and brooding also occur in living non-avian reptiles, including
crocodylians [150,151] and squamates [158–161], as well as amphibians [162–164], and so these inferred
behaviours of non-avian dinosaurs may differ from the substantive parental care seen in birds
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and mammals. Additionally, osteohistological and morphological evidence suggesting precociality in
sauropodomorphs supports a lack of intense parental care [165,166]. The relatively small egg sizes of
sauropodomorph and ornithischian dinosaurs provide additional support that these dinosaurs most
likely did not show levels of postnatal parental investment comparable to those of extant birds and
mammals.

4.3.2. The evolution of larger brains is correlated with the evolution of increased offspring size and increased

parental care

We find that a characteristically bird-like reproductive output, comprising lower counts of larger
offspring, evolved late in the bird-stem lineage (figure 7). The results of our comparative analyses
suggest these changes are not due to differences in metabolic rates. Instead, we propose that birds
evolved to lay fewer, larger eggs and increased parental care to support a larger relative brain size.
This shift in reproductive output scaling is also similar to that observed on the mammal-stem lineage
[24]. Both dinosaurs and synapsids therefore show an evolutionary shift from laying typically large
clutches of relatively small offspring to having small clutches/litters of relatively large offspring, and
these shifts co-occurred with a shift from being relatively smaller brained to relatively larger brained.

Figure 7. Phylogeny of non-avian dinosaurs and birds with their residual reproductive output traits. (a) Phylogeny with residual clutch
mass. (b) Phylogeny with residual egg mass. (c) Phylogeny with residual clutch size. Residual values for all groups, including non-avian
dinosaurs, are derived from dinosaur reproductive output trait scaling relationships. Silhouettes highlight Aptenodytes patagonicus
(Steven Traver; CC0 1.0), Chenonetta jubata (Michael Scroggie; CC0 1.0), Gyps fulvus (Kaija Gahm; CC BY 4.0) and Podargus strigoides
(Matt Wilkins; CC0 1.0).
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The relative brain sizes of non-avian dinosaurs varied, with sauropodomorphs exhibiting brain sizes
most similar to that of extant reptiles [73], while theropod dinosaurs exhibited more variation, from
tyrannosaurids, carcharodontosaurids and oviraptorosaurs having reptile-like brain sizes well below
the ranges of modern birds to some small maniraptoriformes exhibiting relative brain sizes at the lower
end of the distribution of relative brain size in living birds [52,167]. The origin of the bird crown group
is also marked by an increase in relative brain and cerebellum size [55,109]. This pattern is similar
to that on the mammalian stem lineage, with origins of Mammaliaformes and Mammalia exhibiting
increased brain size and complexity [168].

4.3.3. Potential consequences of increasing egg size on the bird-stem lineage

Increasing relative egg size on the bird-stem lineage may explain changes in nest structure and
reproductive anatomy in non-avian dinosaurs. The ancestral archosaur reproductive system, as found
in extant crocodylians, is characterized by two functional ovaries, a prolonged maturation of ovarian
follicles, and a single oviposition event. In contrast, a derived condition is present in birds, which have
one functional ovary and oviduct, rapid maturation of ovarian follicles and daily monoautochronic
oviposition [169]. This transition occurred along the bird-stem lineage, with oviraptorosaurs and
troodontids showing an intermediate state with two functioning ovaries but having daily monoau-
tochronic oviposition [170,171]. Therefore, the initial origin of monoautochronic ovideposition, in
non-avian theropods, may be related to evolutionary increases in relative egg size, as the laying of a
single egg at a time in regular intervals signifies periods of energetic investment in singular offspring
as opposed to multiple offspring at a time. Birds then later underwent further increases in relative egg
size and the loss of the right ovary [172,173], among other urogenital adaptations such as the absence
of a urethra and urinary tract [174], and reduced, functional gonads only during the breeding period
[175,176]. It has been suggested that the loss of the right ovary is an adaptation to reduce weight
for flight [177,178]. However, it may also be related to increasing egg mass, necessitating obligate
monoautochronic oviposition due to passage space constraints. Increasing egg size on the bird-stem
lineage may have been further facilitated by increases in the opening of the pubic symphysis [179]
and other skeletal constraints [180], allowing for increases in both relative egg sizes and variety of egg
shapes [181].

Changes in the nesting structure of dinosaurs also occurred along the bird-stem lineage, with
sauropodomorphs exhibiting more extant crocodilian-like nesting patterns, i.e. buried nests using
the substrate for incubation [182] (contra [183]), and theropods exhibiting an intermediate nesting
behaviour, with the partial burial of nests and contact incubation [33]. Fully open-air nests were
most likely first built by crown birds and their closest extinct relatives [184]. This transition may be
attributed to the gas exchange consequences of increasing egg size in theropod dinosaurs and birds,

Figure 8. Boxplot of reproductive output traits in non-avian dinosaurs and birds. (a) Boxplot of residual clutch mass in non-theropods
(orange), theropods (blue), and birds (pink). (b) Boxplot of residual egg mass in non-theropods (orange), theropods (blue), and birds
(pink). (c) Boxplot of residual clutch size in non-theropods (orange), theropods (blue), and birds (pink). Residual values for all groups,
including non-avian dinosaurs, are derived from the Dinosauria reproductive output trait scaling relationships.
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which is thought to be a limiting factor of clutch mass of eggs buried under substrate [185]. Due to
the scaling of surface area to volume, larger eggs are less efficient at gas exchange than smaller eggs,
despite pore density increasing with absolute egg mass. The relatively larger size of theropod eggs
as compared to sauropod eggs suggests differences in nest type between the two groups. Eggshell
pore density supports this, with sauropod eggs possessing a higher eggshell porosity suggestive
of incubation in a low oxygen environment (i.e. burial or incubation mounds) and oviraptorosaur
eggs having a lower eggshell porosity suggesting they were partially exposed to open air [182,186].
Evolutionary increases in relative egg mass may have decreased the partial pressure of oxygen in
buried nests and, hence, the survivability of offspring. This may have caused the transition from buried
nests in sauropods to partially buried nests in theropods to fully open-air nests in crown birds [187–
193].

5. Conclusions

(1) We estimated reproductive scaling relationships across amniotes and analysed the partial effects
of the developmental state of offspring, relative brain size and relative metabolic rate on
reproductive output. Across amniotes, clutch mass is highly conserved, whereas egg mass and
especially clutch size show greater variability.

(2) Non-avian dinosaurs have reproductive output scaling more similar to that of living non-avian
reptiles than to birds, especially among non-theropod dinosaurs—with residual egg masses
below or at the lower end of the distribution of living bird egg sizes and residual clutch sizes
lying on the upper limit of avian relative clutch sizes. This likely reflects an ancestral pattern for
amniotes.

(3) We find that growing a relatively larger brain requires greater prenatal investment per individ-
ual offspring. Bird and mammal species with larger relative brain sizes produce fewer, larger
individual offspring.

(4) The evolution of larger brains on the line leading to birds is correlated with the evolution of
increased offspring size and increased parental care—and is a potential driver of changes in
nesting structure and reproductive anatomy during the dinosaur–bird transition.
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