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Pterosaurs evolved a broad range of body sizes, from small-bodied early
forms with wingspans of mostly 1–2 m to the last-surviving giants with
sizes of small airplanes. Since all pterosaurs began life as small hatchlings,
giant forms must have attained large adult sizes through new growth strat-
egies, which remain largely unknown. Here we assess wing ontogeny and
performance in the giant Pteranodon and the smaller-bodied anurognathids
Rhamphorhynchus, Pterodactylus and Sinopterus. We show that most
smaller-bodied pterosaurs shared negative allometry or isometry in the
proximal elements of the fore- and hindlimbs, which were critical elements
for powering both flight and terrestrial locomotion, whereas these show
positive allometry in Pteranodon. Such divergent growth allometry typically
signals different strategies in the precocial–altricial spectrum, suggesting
more altricial development in Pteranodon. Using a biophysical model of
powered and gliding flight, we test and reject the hypothesis that an aero-
dynamically superior wing planform could have enabled Pteranodon to
attain its larger body size. We therefore propose that a shift from a plesio-
morphic precocial state towards a derived state of enhanced parental care
may have relaxed the constraints of small body sizes and allowed the
evolution of derived flight anatomies critical for the flying giants.
1. Introduction
The pterosaurs are a diverse clade of Mesozoic flying reptiles that achieved the
largest body sizes for volant animals in Earth’s history. Pterosaur body size
evolution has been viewed as a two-stage process: early pterosaurs in the Trias-
sic and Jurassic were relatively small animals, most with 1–2 m wingspans,
while the later pterodactyloids experienced a sustained, multi-lineage body
size increase through the Cretaceous, giving rise to flying giants with 7–10 m
wingspans by the end of the Cretaceous [1–3]. A few specimens of large pter-
osaurs are, however, known from the Jurassic (e.g. [4–6]), suggesting that
larger sizes appeared earlier than previously recognized [6].

Regardless of adult size, all pterosaurs began life as small hatchlings just a
few tens of centimetres in wingspan [1,7]. This is due to the physical constraints
on pterosaur egg size, which were imposed by the weakly or non-calcified soft
shell and the size of the pelvic opening [1,7]. Giant pterosaurs therefore must
have used different postnatal developmental strategies from small-bodied
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taxa to allow larger adult sizes, i.e. faster growth and/or a
longer growth period.

It has been hypothesized that modifications to the body
plan, particularly the derived anatomies seen in pterodacty-
loids, may have allowed improved flight performance, and
thereby enabled larger body sizes [8–10]. Specifically, giant
pterosaurs may have been more efficient during powered
flight and/or (unpowered) gliding, which is commonly
used by large birds today [11]. Venditti et al. [12] recently
demonstrated 150 Myr of progressive enhancement of both
powered and gliding flight performance in pterosaurs, evi-
denced by sustained increase in flight efficiency and
decrease in sinking rate (the speed of altitude loss during
gliding), respectively; pterosaur body size [2] did not, how-
ever, increase in tandem with flight efficiency, suggesting
additional factors driving body size evolution. Moreover,
while the adults of the late-diverging, giant forms had
better flight performance compared with earlier, smaller pter-
osaurs [12], such differences may have been dynamic during
growth. This is because wing planforms could have changed
considerably during allometric growth (where body pro-
portions change owing to growth rate differentials among
different body parts through ontogeny). Critically, it remains
unclear whether juveniles of the giant pterosaurs had a more
aerodynamic wing planform than similarly sized smaller
taxa; this would have enabled such juveniles to extend their
growth and attain a larger adult size.

Indeed, allometric growth in various limb elements has
been shown in diverse pterosaurs. Examples include (i) nega-
tive allometric growth of the proximal portion of the forelimb
and positive allometric growth of the metacarpal IV in Ptero-
daustro [13]; (ii) negative allometry in the tibia relative to the
femur and positive allometry in metacarpal IV relative to the
radius/ulna and to the first wing phalanx (WP1) in Pterano-
don [14]; (iii) positive allometry in metacarpal IV and
proximal wing phalanges relative to the antebrachium and
to distal wing phalanges in Pterodactylus [15]; (iv) negative
allometry in the humerus, radius and metacarpal IV and
positive allometry in WP2–3 relative to body length in Rham-
phorhynchus [16]; and (v) positive allometric growth in distal
wing phalanges of anurognathids [17]. Such allometric
growth would have caused various degrees of wing planform
changes during growth, which may have had a more pro-
found impact on giant pterosaurs given the magnitude of
their size change during ontogeny.

Allometric growth patterns could also potentially inform
on the precocial–altricial developmental spectrum. In extant
birds and mammals, parental care enables altricial species to
have higher growth rates than their precocial counterparts
[18–20]. Locomotor agents (i.e. legs and wings) of altricial
species are generally small and have low tissue and functional
maturity at hatching (or birth); the locomotor elements then
grow faster than body size increase, illustrating positive allo-
metric growth, and eventually function at proportions
similar to the adult [21–23]. By contrast, precocial species
have well-developed, functional locomotors at or soon after
hatching (or birth); their locomotors often either grow in
tandem with body size (i.e. isometric growth) to permit func-
tion at early developmental stages, or become relatively
smaller during growth (i.e. negative allometry), often associ-
ated with an ontogenetic change in locomotion [21–24].

Critically, precocial development can constrain adult size
by inducing early termination of growth and ontogenetic
canalization, a process that retains juvenile phenotypes
into adulthood [21,23]. Although (super-)precocial flight
has been suggested for many pterosaurs based on, in part,
(near-)isometric wing growth [1,7,8,16,25], it remains
unknown whether this developmental strategy applies to
any giant pterosaur.

Here we use a multivariate approach to assess changes in
wing planform and flight performance during growth for five
pterosaurs from diverse lineages and representing disparate
adult sizes. We reconstruct wing shape and area during
growth from early juveniles (with 0.3 m wingspan) to giant
adults (7 m wingspan, which is hypothetical for the small-
bodied taxa) and apply a biophysical model of powered
and gliding flight to these wing traits to determine variation
in flight performance during growth. We use these data to
test two hypotheses: (i) juveniles of giant pterosaurs had an
aerodynamically superior wing planform, ultimately allow-
ing further growth than pterosaurs with smaller adult sizes;
(ii) giant pterosaurs were altricial, thereby exceeding the
body size constraints on their precocial counterparts.
2. Material and methods
(a) Allometric analysis
Measurements of 13 key skeletal dimensions were collected for
allometric analysis: 1, skull length; 2, neck length; 3, tail length;
4, humerus length; 5, ulna or radius length; 6, wing metacarpal
length; 7–10, lengths of WP1–4, respectively; 11, femur length;
12, tibia length; 13, wingspan (= combined length of humerus +
ulna/radius +metacarpal IV +WP1–4) × 2.1) [26]. Measurements
of Rhamphorhynchus muensteri (sensu Bennett [27]), Pterodactylus
antiquus (sensu Bennett [15] and Vidovic & Martill [28]), Sinop-
terus dongi (sensu Pêgas et al. [29]) and Pteranodon (sensu
Bennett [14]) were taken from Hone et al. [16] (88 specimens),
Wellnhofer [30] (22 specimens), Pêgas et al. [29] (and references
therein; 10 specimens) and Bennett [14,31] (59 specimens),
respectively (see electronic supplementary material, data S1 for
detailed measurements for each specimen). Measurements of
Pteranodon include two species, Pteranodon sternbergi and Pterano-
don longiceps, because they do not differ in their postcranial
skeletal anatomy [14] and only postcranial measurements are
included in this analysis.

Among the specimens with complete preservation of
forelimb elements, the wingspan ranges are 0.30–1.28 m for
Rhamphorhynchus, 0.19–0.74 m for Pterodactylus, 0.81–2.17 m for
Sinopterus and 3.91–6.37 m for Pteranodon. Incomplete preser-
vation of forelimb elements prevents calculation of wingspan.
Based on the length of individual elements, however, the wing-
span of some incomplete specimens is likely to lie beyond the
stated range for each taxon above. This likely difference in wing-
span between complete and incomplete specimens is particularly
pronounced for Pteranodon, for which most specimens are incom-
plete. At least five incomplete Pteranodon specimens probably fall
below the wingspan range (i.e. less than 3.91 m wingspan) and
the smallest (and incomplete) specimen had an estimated wing-
span of 1.76 m [31]. Although smaller specimens of Pteranodon
(i.e. less than 1.76 m in wingspan) are currently unknown, the
available specimens cover a broad range of sizes, allowing
investigation of growth allometry.

Measurements for each taxon were subjected to allometric
analysis using a multivariate approach of principal components
analysis following Yang et al. [17] (see electronic supplementary
material for details); skeletal dimensions with no available
data were not included in the analysis. Growth allometry of
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anurognathids was taken from Yang et al. [17] for comparison and
for subsequent ontogenetic reconstruction of wing planforms.
oyalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

290:20231102
(b) Ontogenetic reconstruction of wing planforms
Results on growth allometry enabled us to extrapolate skeletal
dimensions at various wingspans in growth and at hypothetical
larger sizes (i.e. beyond actual adult sizes), by using the follow-
ing equation:

Y2 ¼ Y1
Z2
Z1

� �by
bz :

Y1 and Y2 are dimensions of a skeletal element (e.g. humerus
length, ulna length, etc.) at wingspans Z1 and Z2, respectively; by
and bz are allometric coefficients of the skeletal dimension and
wingspan, respectively. Specimen-based measurements were
used for Y1 and Z1, based on which Y2 was extrapolated at wing-
spans from 0.3 to 7 m. The specimens used were SMNS 81928
[32], Wellnhofer 1975 #20, Wellnhofer 1970 #1, IVPP V 13363
and AMNH 6158 (electronic supplementary material, data S1)
for anurognathids, Rhamphorhynchus, Pterodactylus, Sinopterus
and Pteranodon, respectively. In order to define trunk sizes, we
extrapolated the distance between humeral head and body mid-
line (L1), the distance between femoral head and body midline
(L2) and the distance between forelimb and hindlimb attach-
ments along the midline (L3) (figure 1); these three dimensions
were calculated by assuming isometric growth. In addition,
WP3–4 were treated as a single dimension (i.e. using the com-
bined length and the average posture of the two bones) for
anurognathids following Yang et al. [17], because the presence
of WP4 in juvenile Anurognathus remains controversial [33].

Forelimb postures of anurognathids and Rhamphorhynchus
were modelled using the wing reconstructions in [34]. For Ptera-
nodon, we used the forelimb posture in [35] as the anterior sweep
position is more aerodynamic whereby the centre of mass and
centre of pressure coincide. To date, reconstructions of the
wing of Sinopterus do not consider aerodynamics; we modelled
its posture based on the tapejarid Tupuxuara [34]. Because Tupux-
uara and Pterodactylus have similar positions of centre of mass
and wing centroid to those in Pteranodon [34], we applied the
Pteranodon forelimb posture to both Sinopterus and Pterodactylus.

Two extreme positions are proposed for hindlimbs in pre-
vious pterosaur reconstructions: (i) hindlimbs extended directly
posteriorly (‘straight-legged’ model) and (ii) femur extended lat-
erally and tibia posteriorly (‘bat-like’ model) [36]. Padian et al.
[36] argued that neither model is realistic owing to the range of
motion at hindlimb joints and thus intermediate hindlimb pos-
itions (as used in most recent studies) are more likely. Here we
oriented the femur at 45° to the acetabulum and the tibia, parallel
to the body midline (figure 1).

We used an ankle attachment for the trailing edge of the main
wing membrane (i.e. the brachiopatagium; as in [37]). Since the
curvature of the trailing edge remains unclear, the trailing edge
was defined using the same method for all five pterosaur taxa to
prevent artificially imposed variations. It was taken as a Bézier
curve, which was mathematically defined by four control points
(P0–P3 in figure 1). P1 and P2 define the curvature; P0 and P3
define the ends of the curve located at the distal termini of tibia
and wing finger, respectively. P1 was placed at the intersection
of two lines oriented at 30° to tibia and the distalmost phalanx of
the wing finger, respectively; P2 was placed at the same position
as P3 (figure 1). Uropatagium reconstructions for basal and
pterodactyloid pterosaurs follow those of Witton [38].

Wing planform changes during growth from 0.3 to 7 m wing-
span were then modelled based on the extrapolated dimensions,
limb postures and wing membrane definitions. The area of the
resultant wing planformwas measured using the image processing
freeware ImageJ (available at http://rsbweb.nih.gov/ij/); wing
area was calculated as twice the measured area for a single wing.
Wing aspect ratio was then calculated as wingspan2/wing area.

We also modelled the wing planforms using a neutral posture
to test the effects of taxonomic variation in posture on our aerody-
namic models. The neutral posture is the average limb posture of
the five pterosaurs; each pterosaur has the same pose with the
leading edge fundamentally perpendicular to the long axis of
the body (electronic supplementary material, figure S2).

(c) Flight performance calculations
Following the methods outlined in Venditti et al. [12], perform-
ance of powered and gliding flight at wingspans from 0.3 to
7 m was estimated for each pterosaur via an actuator-disc-
based biophysical model. Unlike Venditti et al. [12], who used
a modified version of Pennycuick’s [39] flight model, we used
the ‘afpt’ package [40] in R v. 4.1.2, because ‘afpt’ is readily acces-
sible and it was also developed from, and provides more accurate
estimations [40] than, Pennycuick’s [39] flight model.

Flight performance was estimated using body mass, wingspan
and wing area. There is a significant positive correlation between
pterosaur body mass and wingspan, but previous studies using
different approaches have yielded different scaling equations for
body mass estimation. For comparison, here we used the
equations recovered by two different approaches (by Witton [38]
and Henderson [34], respectively) and generated two sets of
body mass estimations for subsequent aerodynamic modelling.
The equations are Mnon-pterodactyloid pterosaurs= 0.681 ×wing-
span2.807 and Mpterodactyloids= 0.519 ×wingspan2.550 [38] and
Mnon-pterodactyloid pterosaurs= 0.3 ×wingspan2.74 and Mpterodactyloids=
0.315 ×wingspan2.56 [34], whereM is bodymass (kg).Wing loading
was calculated as M/wing area (kg m−2).

The model produced a U-shaped power-to-airspeed relation-
ship from which a minimum power speed (Vmp) can be
calculated, that is, the least energetically expensive flight speed.
The model also estimated the total aerodynamic drag (D), result-
ing from the addition of the induced, parasite and profile drags.
Following Venditti et al. [12], two indices of flight performance
were calculated. The first index is the efficiency of flight
(kg m J−1), which is the inverse of the cost of transport
(COT−1); the COT is the metabolic energy required to move a
unit mass a unit distance at the least energetically expensive
travel speed. The efficiency of flight index was calculated as
(Vmp×M )/PBMR, where PBMR was estimated as 3.277M0.624

(J s−1). The second index is the sinking rate Vz (m s–1), which is
the speed of altitude loss during gliding; it was calculated as
D ×Vmp/M × g, where g is the gravitational acceleration, equal
to 9.81 m s−2. An additional index, glide ratio, was calculated
as the ratio of forward speed to sinking rate; it is a measure of
the gain in forward advance given the loss in altitude [39] and
therefore was used here as an indicator for gliding performance.

To test whether the ontogenies of the five pterosaur taxa are
significantly different in terms of powered and gliding flight per-
formance, a pair-wise permutation test was performed for COT−1

and glide ratio, respectively. We used the symmetry_test function
in the R package ‘coin’ [41], which treats the index values, at each
wingspan, and for both of the paired pterosaur taxa, as paired
data. Flight performance between taxa was considered as differ-
ent at the 0.05 significance level; otherwise, a comparable level of
performance was assumed.
3. Results
(a) Growth allometry of limb elements
Allometric analysis reveals a unique growth pattern for each
pterosaur (figure 2 and table 1; electronic supplementary

http://rsbweb.nih.gov/ij/
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material, table S1). Despite this, there are common growth
trajectories shared by the smaller-bodied pterosaurs (i.e.
anurognathids, Rhamphorhynchus, Pterodactylus and Sinop-
terus) that contrast with Pteranodon. Among the smaller-
bodied pterosaurs, the proximal portion of the forelimb
shows overall negative allometric growth, which is the com-
bined effect of negative allometry in the humerus and
ulna/radius and negative allometry or isometry in metacar-
pal IV; on the other hand, Pteranodon shows positive
allometry in all of these elements. A similar contrast is also
seen in the hindlimb, where the femur shows either negative
allometry or isometry in most smaller-bodied pterosaurs but
positive allometry in Pteranodon; the only exception of the
smaller-bodied pterosaurs is Sinopterus, which also shows
positive allometry in the femur.

The allometric growth patterns (figure 2 and table 1; elec-
tronic supplementary material, table S1) recovered by our
multivariate approach are consistent with previous reports
of allometry that used bivariate methods. These reports con-
clude that: (i) the ontogeny of Rhamphorhynchus shows near-
isometry in wingspan, negative allometry in humerus, radius
and metacarpal IV and positive allometry in WP2–3 relative
to body length [16]; (ii) large specimens of Pterodactylus
have significantly longer necks and skulls, and the metacar-
pal IV and proximal wing phalanges show positive
allometry relative to the antebrachium and to distal wing
phalanges [15]; (iii) sinopterine pterosaurs share isometry in
the ulna, metacarpal IV and WP1–2, and positive allometry
in the femur [29]; and (iv) Pteranodon shows negative
allometry in tibia relative to femur and positive allometry
in metacarpal IV relative to radius/ulna and to WP1 [14].
(b) Ontogeny of wing planforms
Based on the recovered allometric growth patterns, wing plan-
forms were reconstructed for each pterosaur during growth
from an early juvenile of 0.3 m wingspan to a (hypothetical
for non-pterodactyloid pterosaurs, Pterodactylus and Sinop-
terus) giant adult of 7 m wingspan. Using taxon-specific
postures (see electronic supplementary material, figure S1 for
individual wing planforms reconstructed), Pteranodon shows
the greatest change in wing shape, with aspect ratio increasing
from 10.40 to 16.67 (figure 3a; electronic supplementary
material, table S2). Sinopterus also shows striking change in
wing shape, but with an overall decrease (from 14.75 to
10.23) in wing aspect ratio. The other smaller-bodied ptero-
saurs, in contrast, show smaller changes in wing aspect ratio
during growth, including relatively consistent values in anur-
ognathids and Rhamphorhynchus (with ranges of 8.70–9.51 and
11.36–11.82, respectively) and a decrease (from 9.30 to 6.74) in
Pterodactylus. Wing areas for all five taxa are similar at small
wingspans, but diverge during growth, with Pteranodon show-
ing the smallest increase in wing area (figure 3b). Wing
planform reconstructions using the neutral posture (electronic
supplementary material, figure S2) yielded different results,
but show similar trends of ontogenetic changes in both wing
aspect ratio and area (electronic supplementary material,
figure S3a,b and table S3).
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Figure 2. Growth allometry of limb elements in the studied pterosaurs. Allometric growth of limbs from early juveniles of 0.3 m wingspan (right) to adults of 7 m
wingspan (left); note that the adult sizes are hypothetical for all pterosaurs except Pteranodon. Skeletal reconstructions are modified from those in Wellnhofer [30],
Bennett [14,32], Hone et al. [16] and Beccari et al. [42]. Allometric coefficients are indicated for the corresponding limb elements; positive and negative allometry
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Table 1. Growth allometry of limb elements. Values for anurognathids were taken from Yang et al. [17]. Abbreviations: A, allometry; AC, allometric coefficient;
CI, one-tailed 95% confidence interval; Fe, femur; Hu, humerus; McIV, metacarpal IV; Ra, radius; Ti, tibia; Ul, ulna; WP1–4, wing phalanges 1–4; WS,
wingspan. See electronic supplementary material, table S1 for growth allometry of other dimensions (skull, neck and tail length).

Hu Ul/Ra McIV WP1 WP2 WP3 WP4 WS Fe Ti

Rhamphorhynchus AC 0.86 0.89 0.74 1.07 1.13 1.13 1.01 1.02 0.87 1.05

CI <0.88 <0.90 <0.78 >1.06 >1.12 >1.11 >0.97 >1.01 <0.91 >1.03

A − − − + + + = + − +

Pterodactylus AC 0.84 0.94 1 1 0.99 0.93 0.84 0.94 0.99 1.06

CI <0.87 <0.97 <1.03 <1.04 <1.03 <0.97 <0.89 <0.97 <1.02 >1.04

A − − = = = − − − = +

Sinopterus AC 0.92 1.04 0.97 1.10 1.03 0.88 0.61 0.95 1.26 1.04

CI <0.98 >0.98 <1.17 >0.98 >0.97 <0.94 <0.97 <0.97 >1.10 >0.94

A − = = = = − − − + =

Pteranodon AC 1.18 1.08 1.23 1.03 0.86 0.79 0.6 0.99 1.15 0.91

CI >1.16 >1.06 >1.14 >0.97 <0.93 <0.84 <0.74 <0.99 >1.14 <0.93

A + + + = − − − − + −
anurognathids AC 0.95 0.92 1 0.94 1 1.33 1 0.85 0.85

A − − = − = + = − −
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(c) Ontogeny of flight performance
Based on the scaling equations of wingspan and body mass
by Witton [38] and those by Henderson [34], two sets of
body mass estimation were generated (figure 3c,d; electronic
supplementary material, tables S4 and S7). Both methods pre-
dict that non-pterodactyloid pterosaurs were heavier than
pterodactyloids for a given body size and that this difference
becomes progressively more pronounced during growth
(figure 3c,d ). Equations by Witton [38], however, predict
greater values for, and greater differences between, body
masses for the two pterosaur groups. As a result, there is
little overlap between the two pterosaur groups in wing
loading at wingspans >2 m, with non-pterodactyloid ptero-
saurs being generally more heavy-loaded, irrespective of
limb postures (figure 3e; electronic supplementary material,
figure S3c). Estimations based on Henderson [34], however,
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place the non-pterodactyloid pterosaurs in the wing loading
range of the pterodactyloids at wingspans >2 m (using
taxon-specific postures; figure 3f ) or nearly so (using the neu-
tral posture; electronic supplementary material, figure S3d ).
Nevertheless, all models indicate increasing wing loading
during growth for all five pterosaurs, caused by (near-)isome-
try or negative allometry in many wing elements (figure 2)
and therefore a slower increase of wing area than the cubic
increase of body mass.

Aerodynamic modelling based on taxon-specific postures
reveals increasing flight efficiency (COT−1) and better gliding
performance (based on the increasing glide ratio) during
growth for all five pterosaurs (figure 3g–l; electronic sup-
plementary material, table S4). The somewhat counterintuitive
increase in glide ratio despite an increase in sinking rate reflects
a faster rate of increase for forward gliding speed than sinking
rate, although they both increase with wing loading [39]. As a
result, although a gliding adult loses height more rapidly
than a juvenile, it glides at a faster speed and therefore can
travel a greater distance (i.e. better gliding performance) than
the latter. The estimated glide ratios are higher than those for
extant tetrapod gliders (glide ratio ca 2–4.7) [25]: young
pterosaur juveniles are similar to birds of prey (glide ratio ca
10–15) [43], but during growth pterosaurs become more
comparable to oceanic birds (glide ratio ca 13.8–25.1) [44].

These models did not indicate superior flight performance
in Pteranodon compared with the smaller-bodied pterosaurs
in either flight efficiency or gliding performance, irrespec-
tive of body mass estimation method. Rather, the models
predict a flight efficiency for Pteranodon lower than or
comparable to those of non-pterodactyloid pterosaurs
(figure 3g,h; electronic supplementary material, table S5). In
particular, for small wingspans (where wing planform is not
hypothetical for each of the smaller-bodied pterosaurs), flight
efficiencies are similar for all five taxa. In terms of gliding per-
formance, the model based on Witton [38] estimates Pteranodon
having a glide ratio higher than Rhamphorhynchus but lower
than Pterodactylus at all wingspans, lower than Sinopterus at
wingspans >2 m (figure 3k) and comparable to anurognathids
(electronic supplementary material, table S6). By contrast,
the model based on Henderson [34] estimates a comparable
glide ratio for Pteranodon and smaller-bodied pterosaurs
(figure 3l; electronic supplementary material, table S6).

Aerodynamic modelling using the neutral posture
produced consistent results. All aerodynamic indices are
associated with similar ontogenetic trends to those based on
taxon-specific postures (electronic supplementary material,
figure S3). Critically, for both flight efficiency and glide ratio,
Pteranodon either falls in the range for the smaller taxa or is
not significantly different from any of the latter (electronic
supplementary material, figure S3 and tables S7–S9).
4. Discussion
(a) No support for linking the giant size of Pteranodon

with its wing aerodynamics
Based on the allometric growth patterns (figure 2), we recon-
structed wing planforms and tested the hypothesis that
juvenile Pteranodon had an aerodynamically superior wing
planform and thus higher flight efficiency and/or better
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gliding performance that allowed further growth than taxa
with smaller adult sizes. Our results do not support this
hypothesis. For both flight efficiency and glide ratio, Pterano-
don either falls in the range for the smaller taxa or is not
significantly different from members of the latter at the same
wingspans, regardless of body mass estimation method and
(taxon-specific versus neutral) limb posture. Further, our aero-
dynamic models reveal similar ontogenetic changes in all five
taxa, i.e. increasing flight efficiency and gliding performance
with growth. Increasing flight efficiency with growth is
expected, because COT−1 correlates with mass for various
types of locomotion (including running, flight and swim-
ming), and it is energetically cheaper for a large animal to
move a given mass over a particular distance than for a
small animal to travel the same distance [45,46]. In terms of
gliding performance, all five pterosaurs show increasing
glide ratio despite an increasing sinking rate. This indicates
that adults lose height more rapidly than juveniles during glid-
ing, but the adults glide at a much faster forward speed and
thereby travel further than juveniles.

Body mass estimation for pterosaurs has been notoriously
problematic (see [34] for a detailed review) and we show that
different body mass estimates can alter various aerodynamic
indices (figure 3e–l; electronic supplementary material, figure
S3c–f ). Critically, while both Witton [38] and Henderson [34]
predict that non-pterodactyloid pterosaurs were heavier than
pterodactyloids of the same sizes, which is sensible given the
more extensive pneumatization and tail reduction in the latter
group [47,48], the two methods differ considerably in predict-
ing mass differences. This appears to have a broad impact on
the estimation of flight performance—a smaller body mass
difference (predicted by Henderson [34]) results in less onto-
genetic divergence among the five taxa in flight efficiency,
sinking rate and glide ratio (figure 3; electronic supplemen-
tary material, figure S3). This uncertainty in body mass
estimation, however, probably has limited impact on our
conclusion that Pteranodon had a comparable level of aerody-
namic performance to the smaller taxa. This is because (i) our
models using either body mass estimation method yielded
consistent results, (ii) it is unlikely for the body mass
difference between non-pterodactyloid pterosaurs and ptero-
dactyloids to be larger than that predicted by Witton [38]
(who predicts that non-pterodactyloid pterosaurs were
more than twice as heavy as pterodactyloids at 7 m wing-
span), and (iii) if the actual body mass difference between
the two pterosaur groups was smaller than predicted by Hen-
derson [34], the ontogenetic divergence in flight performance
should be even less between Pteranodon and other pterosaurs.

Different limb postures can also alter aerodynamics by
changing wing morphology [35,36], as demonstrated by the
differences in wing planforms (electronic supplementary
material, figures S1 and S2) and aerodynamic estimations
(figure 3; electronic supplementarymaterial, figure S3) between
the models using taxon-specific and neutral postures. Given
that the taxon-specific postures are more accurate/natural as
they are aerodynamically more balanced (see Material and
methods) than the neutral posture, the consistency between
the models suggests that deviation from the natural postures
may have a limited impact on our conclusion.

It should be noted that our aerodynamic models were
simplified by design to accommodate available fossil data,
as in previous studies on pterosaur flight (e.g. [12,25]). We
advise caution in interpreting these results because many
aspects of pterosaur anatomy remain unclear. These include
(but are not limited to) plumage [49,50], muscular wing–
body junctions [51], trailing edges of the wing membranes,
and the morphology and function of the pro- and uropata-
gium [37], material properties that relate to shape changes
under load [35], and metrics that relate to three-dimensional
wing morphology, such as camber of the wing membrane
and of the wing bone [52], location of the wing bone relative
to the lifting surface [52] and skeletal–muscular configuration
of the shoulder girdle [53]. These aspects, however, either are
rarely preserved or cannot be determined for fossils and may
vary between taxa (e.g. anurognathids had distinct wing fin-
gers capable of flexion at all joints [33]) and even within an
individual over its ontogeny (e.g. use of different gaits at
different body sizes). These unknowns also prevent further
quantification of many other aerodynamic indices than
studied here; for instance, quantification of agility and man-
oeuvrability would require a detailed characterization of
inertial properties [54]. In addition, wing planform and
flight performance could be highly dynamic, as modern
birds use in-flight wing morphing for transition between
stable and unstable states and thereby dynamically trade
between flight efficiency and manoeuvrability [54]. This
would certainly have been possible in pterosaurs given the
muscle fascia layer in the wing membranes and the ability
to move both the fore- and hindlimbs at various joints [1,55].

Nevertheless, we argue that the available evidence
suggests that Pteranodon had comparable level of aerodynamic
performance to the small taxa at similar wingspans. The dra-
matic increase in wing loading with growth, observed here
in pterosaurs representing diverse lineages and wing plan-
forms, was likely a universal theme for pterosaur ontogeny.
Indeed, similar wing shapes between juveniles and adults
have been reported in many pterosaurs (e.g. [7,8,16,17,25]),
suggesting (near-)isometric wing growth that is much slower
than the cubic growth of body mass. Consequently, juveniles
would have had low wing loadings that promoted slow, man-
oeuvrable flapping flight, whereas the heavier adults would
have had improved gliding performance (via higher glide
speed and stability in high wind conditions) and higher flight
efficiency [11,39,45,46]. This confirms previous inferences
of different flight behaviours in juveniles and adults of
Rhamphorhynchus [16]; similar flight performance changes
during growth have also been inferred for the pterodactyloids
Sinopterus and Pterodaustro [25].

(b) Precocial–altricial growth strategy and its link
to pterosaur body size

Pteranodon shows a unique growth pattern that hints at a
different developmental strategy from that of the smaller-
bodied pterosaurs. Among the smaller-bodied pterosaurs,
all four taxa show negative allometry or isometry in the prox-
imal elements of forelimbs and three taxa show this feature in
hindlimbs, whereas positive allometry was detected in the
proximal elements of both fore- and hindlimbs of Pteranodon
(figure 2). This indicates differential growth rates in these
limb elements and possibly the associated major muscle
groups, as observed in developing birds [23,24]. In modern
endotherms (birds and mammals), there is a physiological
trade-off between growth rate and functional maturity of
tissues owing to their overall high growth rate [21,56,57].
This leads to the precocial–altricial developmental spectrum,
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that is, the high–low degree of functional maturity at hatch-
ing (or birth) coupled with low–high postnatal growth
rates and negative/isometric–positive growth allometry in
locomotors [21–23].

Similar trade-offs between growth rate and functional
maturity may have also regulated pterosaur ontogeny, since
several independent lines of evidence indicate that pterosaurs
had high growth rates that were comparable to those of
known endotherms [58–60]. The observed divergent growth
trajectories in the proximal elements of both forelimbs and
hindlimbs, which are critical elements for powering both
flight and terrestrial locomotion, may thus reflect precocial
development in the smaller-bodied pterosaurs and more
altricial development in Pteranodon. Indeed, in line with the
interpreted precociality, early juveniles of anurognathids
and hatchlings of Sinopterus had considerably high bone
strength for the humerus [25,61]; ontogenetic changes in
the food-gathering apparatus of Rhamphorhynchus and
Pterodactylus, including changing tooth morphology in the
former and positive allometric growth in the skull and neck
length in both taxa (electronic supplementary material,
table S2), suggest that precocial juveniles may have fed on
prey different from that of adults [1,15].

The interpreted altricial development of Pteranodon is
consistent with our finding that its wing planform is not aero-
dynamically superior in growth to the smaller-bodied
pterosaurs. If the reverse is true, that is, early juveniles of
Pteranodon had an aerodynamically superior wing planform,
it would be reasonable to expect their wings to be as func-
tional, with a similar (if not higher) degree of precociality,
as in the smaller-bodied pterosaurs; instead, Pteranodon is
more altricial. The detected altricial signal for Pteranodon,
however, does not necessarily preclude its flight capability
relatively early in growth. Indeed, the elongated wing mor-
phology is evidently present in the smallest specimen, with
an estimated wingspan of 1.76 m [31], and according to our
results (figure 2; electronic supplementary material, figure
S1), may have also been present in smaller individuals, poss-
ibly a remnant heritage from its precocial ancestors. This
contrasts with altricial birds and bats, which attain their
large, functional wings only at, or close to, adult sizes
[23,62,63]. Further, given the low wing loading of early juven-
iles, their bone density would need to be considerably lower
to reduce wing bone strength to levels impossible for flight
[25,64]. Early juveniles of Pteranodon therefore may have
been facultative flyers that employed only occasional flights
to maintain a low tissue maturity and a high growth rate,
as seen in some juvenile birds today [65].

It should be noted that the interpreted altricial develop-
ment of Pteranodon is based on the assumption that the
recovered positive allometric growth in Pteranodon can be
extrapolated to smaller juveniles (less than 1.76 m wingspan)
for which no fossils are currently available. The alternative to
this assumption is that small juveniles of Pteranodon grew dif-
ferently from their older counterparts; they might have been
precocial like the smaller taxa, having well-developed (and
functional) limbs at hatching with isometric/negative allo-
metric growth in early ontogenetic stages and then shifted
to the observed positive allometric growth at later stages.
This, however, would have required a physiological switch
from high to low tissue maturity in the proximal elements
of both forelimbs and hindlimbs, which is currently unknown
in modern animals [57], and it is unclear whether it is
physiologically possible. We therefore consider it more
likely that the detected altricial signal can be extrapolated
to early ontogenetic stages of Pteranodon, although growth
rates (and coefficients of growth allometry) may have been
heterochronic, possibly with the fastest growth occurring in
early ontogenetic stages.

(Super-)precocial flight has been suggested for many pter-
osaurs of diverse clades [1,7,8,25] and may represent the
plesiomorphic condition in pterosaurs. This condition in
turn may have posed constraining effects on adult sizes of
early pterosaurs. Precocial locomotion has often evolved in
response to high predation rates on relatively vulnerable
juveniles [66–68]; for pterosaurs, the juveniles may have
also suffered from high rates of flight accidents [69]. The
high risk of mortality in juveniles might have favoured selec-
tion for a shortened period of this vulnerable stage and early
termination of growth and thereby constrained adult sizes
[21,70]. Also, given the physiological trade-off between
growth rate and maturity, precocial development could
have induced ontogenetic canalization, that is, retention of
juvenile phenotypes into adulthood [23,71], including a
relatively small body size.

By contrast, post-hatching parental care in altricial species
would reduce the risk of mortality in juveniles [72]; it would
also relieve the mechanical demand in juveniles by providing
protection and/or food, and thereby facilitate bypassing the
potential effects of ontogenetic canalization [23]. Although
evidence for specific modes of parental care in pterosaurs is
lacking, the detection of an altricial signal in the development
of the limb elements that were critical for powering both
flight and terrestrial locomotion implies an enhanced level
of parental care in Pteranodon compared with the smaller-
bodied pterosaurs. This may have been the key innovation
by Pteranodon, and by extension, perhaps other giant ptero-
saurs, to break the body size constraints on their precocial
counterparts. By allowing further morphological departure
from the juvenile condition [23], altriciality might have
enabled development of the derived flight anatomies seen
in giant pterosaurs, such as enlarged developed notaria,
enlarged deltopectoral crest, robust joints and more extensive
pneumatization and lightening of the skeleton [10,47,48,73].

Our proposed altricial developmental strategy for giant
pterosaurs is an intrinsic factor that can explain growth to
larger sizes. The extrinsic factor, i.e. the availability of ecologi-
cal niches suitable for large-bodied pterosaurs, is also critical.
All giant pterosaurs probably preferred soaring conditions
where atmospheric movements can be exploited [10]. For
instance, it is widely accepted that Pteranodon was a dynamic
soarer living in open marine settings, gliding long distances
through exploitation of updrafts and wind currents [10,38],
whereas Quetzalcoatlus was likely a static soarer adapted
for thermal soaring in terrestrial environments [10]. Giant
pterosaurs would have also preferred open environments
(e.g. coastal, pelagic environments or inland but without
dense forests), given their large sizes (even on the ground
with wings folded), thin-walled wing bones vulnerable to
impacts [1,5,74] and overall high flight speed and low
manoeuvrability due to their high wing loading [11,39].
Critically, there seems to be a general lack of competition
with and/or predation on the giant pterosaurs in these
environments [1–3,75]; this vacancy would have set the
stage for the emergence of giant pterosaurs, expediting
their invasion to large-bodied niches.
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5. Conclusion
Our research shows that during growth, Pteranodon was aero-
dynamically comparable to smaller-bodied pterosaurs with
the same wingspans, thus rejecting the hypothesis that an
aerodynamically superior wing planform enabled Pteranodon
growth to its giant size. Pteranodon did, however, show a
unique allometric growth pattern that hints at a different
developmental strategy. Unlike the smaller-bodied ptero-
saurs, Pteranodon had positive allometric growth in the
proximal elements of both the fore- and hindlimbs and poss-
ibly the associated major muscle groups, all of which were
critical for powering flight and terrestrial locomotion. This
indicates that Pteranodon was more altricial than the smal-
ler-bodied pterosaurs, which likely had (super-)precocial
flight, as has been interpreted for many other non-giant pter-
osaurs of diverse clades [1,7,8,25]. Therefore, a shift from a
plesiomorphic precocial state towards a derived state of
enhanced parental care may have relaxed the constraints of
small body sizes [21,23]. This, coupled with vacant niches
for large-bodied animals [1–3,75], may have shaped the
evolution of giant pterosaurs.
Data accessibility. The data are provided in the electronic supplementary
material [76].

Authors’ contributions. Z.Y.: conceptualization, data curation, formal
analysis, funding acquisition, investigation, methodology, writing—
original draft, writing—review and editing; B.J.: conceptualization,
data curation, funding acquisition, writing—review and editing;
M.J.B.: conceptualization, investigation, writing—review and editing;
X.X.: investigation, writing—review and editing; M.E.M.: investi-
gation, writing—review and editing; D.W.E.H.: data curation,
investigation, methodology, writing—original draft, writing—
review and editing.

All authors gave final approval for publication and agreed to be
held accountable for the work performed herein.
Conflict of interest declaration. We declare we have no competing interests.

Funding. This work was supported by a Government of Ireland Post-
doctoral Fellowship (grant no. GOIPD/2021/900) to Z.Y., and the
National Natural Science Foundation of China (grant no. 41688103
and 41672010) and Strategic Priority Research Program (B) of the
Chinese Academy of Sciences (grant no. XDB26000000) to B.J.

Acknowledgements. We are grateful to the late zoologist Colin Penny-
cuick whose pioneering work on the flight of birds and bats has
inspired and enabled this study. We thank Sandy Pennycuick,
Chris Venditti, Liz Martin-Silverstone, Stuart Humphries and Emily
Shepard for their assistance in the analytical software.
02
References
1. Witton MP. 2013 Pterosaurs: natural history,
evolution, anatomy. Princeton, NJ: Princeton
University Press.

2. Benson RB, Frigot RA, Goswami A, Andres B, Butler
RJ. 2014 Competition and constraint drove Cope’s
rule in the evolution of giant flying reptiles. Nat.
Commun. 5, 3567. (doi:10.1038/ncomms4567)

3. Yu YL, Zhang C, Xu X. 2014 Complex macroevolution
of pterosaurs. Curr. Biol. 33, 770–779. (doi:10.1016/
j.cub.2023.01.007)

4. Meyer CA, Hunt AP. 1999 The first pterosaur from
the Late Jurassic of Switzerland: evidence for the
largest Jurassic flying animal. Oryctos 2, 111–116.

5. Unwin DM, Martill DM. 2018 Systematic
reassessment of the first Jurassic pterosaur from
Thailand. Geol. Soc. Lond. Spec. Publ. 455, 181–186.
(doi:10.1144/sp455.13)

6. Jagielska N et al. 2022 A skeleton from the Middle
Jurassic of Scotland illuminates an earlier origin of
large pterosaurs. Curr. Biol. 32, 1446–1453. (doi:10.
1016/j.cub.2022.01.073)

7. Unwin DM, Deeming DC. 2019 Prenatal
development in pterosaurs and its implications for
their postnatal locomotory ability. Proc. R. Soc. B
286, 20190409. (doi:10.1098/rspb.2019.0409)

8. Unwin DM. 2005 The pterosaurs from deep time.
New York, NY: Pi Press.

9. Lü JC, Unwin DM, Jin X, Liu Y, Ji Q. 2010 Evidence
for modular evolution in a long-tailed pterosaur
with a pterodactyloid skull. Proc. R. Soc. B 277,
383–389. (doi:10.1098/rspb.2009.1603)

10. Witton MP, Habib MB. 2010 On the size and flight
diversity of giant pterosaurs, the use of birds as
pterosaur analogues and comments on pterosaur
flightlessness. PLoS ONE 5, e13982. (doi:10.1371/
journal.pone.0013982)
11. Rayner JMV. 1988 Form and function in avian flight.
Curr. Ornithol. 5, 1–66. (doi:10.1007/978-1-4615-6787-
5_1)

12. Venditti C, Baker J, Benton MJ, Meade A,
Humphries S. 2020 150 million years of sustained
increase in pterosaur flight efficiency. Nature 587,
83–86. (doi:10.1038/s41586-020-2858-8)

13. Codorniú L, Chiappe LM. 2004 Early juvenile
pterosaurs (Pterodactyloidea: Pterodaustro guinazui)
from the Lower Cretaceous of central Argentina.
Can. J. Earth Sci. 41, 9–18. (doi:10.1139/e03-080)

14. Bennett SC. 2001 The osteology and functional
morphology of the Late Cretaceous pterosaur
Pteranodon. Palaeontographica A 260, 1–153.
(doi:10.1127/pala/260/2001/1)

15. Bennett SC. 2013 New information on body size and
cranial display structures of Pterodactylus antiquus,
with a revision of the genus. Palaeontol. Z. 87,
269–289. (doi:10.1007/s12542-012-0159-8)

16. Hone DW, Ratcliffe JM, Riskin DK, Hermanson JW, Reisz
RR. 2021 Unique near isometric ontogeny in the
pterosaur Rhamphorhynchus suggests hatchlings could
fly. Lethaia 54, 106–112. (doi:10.1111/let.12391)

17. Yang ZX, Benton MJ, Hone DW, Xu X, McNamara
ME, Jiang BY. 2022 Allometric analysis sheds light
on the systematics and ontogeny of anurognathid
pterosaurs. J. Vertebr. Paleontol. 41, e2028796.
(doi:10.1080/02724634.2021.2028796)

18. Case TJ. 1978 On the evolution and adaptive
significance of postnatal growth rates in the
terrestrial vertebrates. Q. Rev. Biol. 53, 243–282.
(doi:10.1086/410622)

19. Ricklefs RE. 1979 Adaptation, constraint, and
compromise in avian postnatal development. Biol.
Rev. 54, 269–290. (doi:10.1111/j.1469-185x.1979.
tb01013.x)
20. Prondvai E, Godefroit P, Adriaens D, Hu DY. 2018
Intraskeletal histovariability, allometric growth
patterns, and their functional implications in bird-
like dinosaurs. Scient. Rep. 8, 258. (doi:10.1038/
s41598-017-18218-9)

21. Carrier DR. 1996 Ontogenetic limits on locomotor
performance. Physiol. Zool. 69, 467–488. (doi:10.
1086/physzool.69.3.30164211)

22. Starck JM, Ricklefs RE. 1998 Patterns of
development: the altricial–precocial spectrum. In
Avian growth and development: evolution within the
altricial–precocial spectrum (eds JM Starck, RE
Ricklefs), pp. 3–30. Oxford, UK: Oxford University
Press.

23. Dial TR, Carrier DR. 2012 Precocial hindlimbs and
altricial forelimbs: partitioning ontogenetic
strategies in mallards (Anas platyrhynchos). J. Exp.
Biol. 215, 3703–3710. (doi:10.1242/jeb.057380)

24. Heers AM, Dial KP. 2015 Wings versus legs in the
avian bauplan: development and evolution of
alternative locomotor strategies. Evolution 69,
305–320. (doi:10.1111/evo.12576)

25. Naish D, Witton MP, Martin-Silverstone E. 2021
Powered flight in hatchling pterosaurs: evidence
from wing form and bone strength. Scient. Rep. 11,
13130. (doi:10.1038/s41598-021-92499-z)

26. Lü JC, Unwin DM, Deeming DC, Jin X, Liu Y, Ji Q.
2011 An egg-adult association, gender, and
reproduction in pterosaurs. Science 331, 321–324.
(doi:10.1126/science.1197323)

27. Bennett SC. 1995 A statistical study of
Rhamphorhynchus from the southern limestone of
Germany. J. Vertebr. Paleontol. 69, 569–580.
(doi:10.1017/S0022336000034946)

28. Vidovic SU, Martill DM. 2018 The taxonomy and
phylogeny of Diopecephalus kochi (Wagner, 1837)

http://dx.doi.org/10.1038/ncomms4567
http://dx.doi.org/10.1016/j.cub.2023.01.007
http://dx.doi.org/10.1016/j.cub.2023.01.007
http://dx.doi.org/10.1144/sp455.13
http://dx.doi.org/10.1016/j.cub.2022.01.073
http://dx.doi.org/10.1016/j.cub.2022.01.073
http://dx.doi.org/10.1098/rspb.2019.0409
http://dx.doi.org/10.1098/rspb.2009.1603
http://dx.doi.org/10.1371/journal.pone.0013982
http://dx.doi.org/10.1371/journal.pone.0013982
http://dx.doi.org/10.1007/978-1-4615-6787-5_1
http://dx.doi.org/10.1007/978-1-4615-6787-5_1
http://dx.doi.org/10.1038/s41586-020-2858-8
http://dx.doi.org/10.1139/e03-080
http://dx.doi.org/10.1127/pala/260/2001/1
http://dx.doi.org/10.1007/s12542-012-0159-8
http://dx.doi.org/10.1111/let.12391
http://dx.doi.org/10.1080/02724634.2021.2028796
http://dx.doi.org/10.1086/410622
http://dx.doi.org/10.1111/j.1469-185x.1979.tb01013.x
http://dx.doi.org/10.1111/j.1469-185x.1979.tb01013.x
https://doi.org/10.1038/s41598-017-18218-9
https://doi.org/10.1038/s41598-017-18218-9
http://dx.doi.org/10.1086/physzool.69.3.30164211
http://dx.doi.org/10.1086/physzool.69.3.30164211
http://dx.doi.org/10.1242/jeb.057380
http://dx.doi.org/10.1111/evo.12576
https://doi.org/10.1038/s41598-021-92499-z
https://doi.org/10.1126/science.1197323
http://dx.doi.org/10.1017/S0022336000034946


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

290:20231102

10

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

03
 S

ep
te

m
be

r 
20

23
 

and ‘Germanodactylus rhamphastinus’ (Wagner,
1851). Geol. Soc. Lond. Spec. Publ. 455, 125–147.
(doi:10.1144/SP455.12)

29. Pêgas RV, Zhou XY, Jin XS, Wang K, Ma W. 2023 A
taxonomic revision of the Sinopterus complex
(Pterosauria, Tapejaridae) from the Early Cretaceous
Jehol Biota, with the new genus Huaxiadraco. PeerJ
11, e14829. (doi:10.7717/peerj.14829)

30. Wellnhofer P. 1970 Die Pterodactyloidea (Pterosauria)
der Oberjura-Plattenkalke Suddeutschlands
[The Pterodactyloidea (Pterosauria) of the Upper
Jurassic Plattenkalk of Southern Germany]. Abh.
Bayer. Akad. Wiss. Math. Nat. Klass 141, 1–133. [In
German.]

31. Bennett SC. 2018 New smallest specimen of the
pterosaur Pteranodon and ontogenetic niches in
pterosaurs. J. Paleontol. 92, 254–271. (doi:10.1017/
jpa.2017.84)

32. Bennett SC. 2007 A second specimen of the
pterosaur Anurognathus ammoni. Pal. Z. 81,
376–398. (doi:10.1007/BF02990250)

33. Hone DW. 2020 A review of the taxonomy and
palaeoecology of the Anurognathidae (Reptilia,
Pterosauria). Acta Geol. Sin. 94, 1676–1692.
(doi:10.1111/1755-6724.14585)

34. Henderson D. 2010 Pterosaur body mass estimates
from three-dimensional mathematical slicing.
J. Vertebr. Paleontol. 30, 768–785. (doi:10.1080/
02724631003758334)

35. Palmer C, Dyke G. 2012 Constraints on the wing
morphology of pterosaurs. Proc. R. Soc. B 279,
1218–1224. (doi:10.1098/rspb.2011.1529)

36. Padian K, Cunningham JR, Langston Jr W, Conway J.
2021 Functional morphology of Quetzalcoatlus
Lawson 1975 (Pterodactyloidea: Azhdarchoidea).
J. Vertebr. Paleontol. 41, 218–251. (doi:10.1080/
02724634.2020.1780247)

37. Elgin RA, Hone DW, Frey E. 2011 The extent of the
pterosaur flight membrane. Acta Palaeontol. Pol.
56, 99–111. (doi:10.4202/app.2009.0145)

38. Witton MP. 2008 A new approach to determining
pterosaur body mass and its implications for
pterosaur flight. Zitteliana 28, 143–158. (doi:10.
5282/ubm/epub.12010)

39. Pennycuick CJ. 2008 Modelling the flying bird.
Amsterdam, The Netherlands: Elsevier.

40. Klein HM, Johansson LC, Hedenstrom A. 2015 Power
of the wingbeat: modelling the effects of flapping
wings in vertebrate flight. Proc. R. Soc. A 471,
20140952. (doi:10.1098/rspa.2014.0952)

41. Zeileis A, Wiel MA, Hornik K, Hothorn T. 2008
Implementing a class of permutation tests: the coin
package. J. Stat. Softw. 28, 1–23. (doi:10.18637/jss.
v028.i08)

42. Beccari V, Pinheiro FL, Nunes I, Anelli LE, Mateus O,
Costa FR. 2021 Osteology of an exceptionally well-
preserved tapejarid skeleton from Brazil: revealing
the anatomy of a curious pterodactyloid clade. PLoS
ONE 16, e0254789. (doi:10.1371/journal.pone.
0254789)

43. Norberg UM. 2007 Flight and scaling of flyers in
nature. Flow Phenom. Nat. 1, 120–154. (doi:10.
2495/1-84564-001-2/2d)
44. Rogalla S, Nicolaï MP, Porchetta S, Glabeke G,
Battistella C, D’Alba L, Gianneschi NC, Van Beeck J,
Shawkey MD. 2021 The evolution of darker wings in
seabirds in relation to temperature-dependent flight
efficiency. J. R. Soc. Interface 18, 20210236. (doi:10.
1098/rsif.2021.0236)

45. Alexander RM. 2005 Models and the scaling of
energy costs for locomotion. J. Exp. Biol. 208,
1645–1652. (doi:10.1242/jeb.01484)

46. Bale R, Hao M, Bhalla APS, Patankar NA. 2014
Energy efficiency and allometry of movement of
swimming and flying animals. Proc. Natl Acad. Sci.
USA 111, 7517–7521. (doi:10.1073/pnas.
1310544111)

47. Butler RJ, Barrett PM, Gower DJ. 2009 Postcranial
skeletal pneumaticity and air-sacs in the earliest
pterosaurs. Biol. Lett. 5, 557–560. (doi:10.1098/rsbl.
2009.0139)

48. Claessens LP, O’Connor PM, Unwin DM. 2009
Respiratory evolution facilitated the origin of
pterosaur flight and aerial gigantism. PLoS ONE 4,
e4497. (doi:10.1371/journal.pone.0004497)

49. Yang ZX, Jiang BY, McNamara ME, Kearns SL,
Pittman M, Kaye TG, Orr PJ, Xu X, Benton MJ. 2019
Pterosaur integumentary structures with complex
feather-like branching. Nat. Ecol. Evol. 3, 24–30.
(doi:10.1038/s41559-018-0728-7)

50. Cincotta A et al. 2022 Pterosaur melanosomes
support signalling functions for early feathers.
Nature 604, 684–688. (doi:10.1038/s41586-022-
04622-3)

51. Pittman M, Barlow LA, Kaye TG, Habib MB. 2021
Pterosaurs evolved a muscular wing–body junction
providing multifaceted flight performance benefits:
advanced aerodynamic smoothing, sophisticated
wing root control, and wing force generation. Proc.
Natl Acad. Sci. USA 118, e2107631118. (doi:10.
1073/pnas.2107631118)

52. Palmer C. 2011 Flight in slow motion: aerodynamics
of the pterosaur wing. Proc. R. Soc. B 278,
1881–1885. (doi:10.1098/rspb.2010.2179)

53. Frey E, Buchy MC, Martill DM. 2003 Middle- and
bottom-decker Cretaceous pterosaurs: unique
designs in active flying vertebrates. Geol. Soc. Lond.
Spec. Publ. 217, 267–274. (doi:10.1144/GSL.SP.
2003.217.01.15)

54. Harvey C, Baliga VB, Wong JCM, Altshuler DL,
Inman DJ. 2022 Birds can transition between stable
and unstable states via wing morphing. Nature 603,
648–653. (doi:10.1038/s41586-022-04477-8)

55. Frey E, Tischlinger H, Buchy MC, Martill DM. 2003
New specimens of Pterosauria (Reptilia) with soft
parts with implications for pterosaurian anatomy
and locomotion. In Evolution and palaeobiology of
pterosaurs (eds E Buffetaut, J-M Mazin), pp.
233–266. London, UK: Geological Society.

56. Starck JM. 1994 Quantitative design of the skeleton
in bird hatchlings: does tissue compartmentalization
limit posthatching growth rates? J. Morph. 222,
113–131. (doi:10.1002/jmor.1052220202)

57. Ricklefs RE, Shea RE, Choi IH. 1994 Inverse
relationship between functional maturity and
exponential growth rate of avian skeletal muscle: a
constraint on evolutionary response. Evolution 48,
1080–1088. (doi:10.1111/j.1558-5646.1994.
tb05295.x)

58. Prondvai E, Stein K, Ősi A, Sander MP. 2012 Life
history of Rhamphorhynchus inferred from bone
histology and the diversity of pterosaurian growth
strategies. PLoS ONE 7, e31392. (doi:10.1371/
journal.pone.0031392)

59. Benton MJ, Dhouailly D, Jiang B, McNamara M.
2019 The early origin of feathers. Trends
Ecol. Evol. 34, 856–869. (doi:10.1016/j.tree.2019.
04.018)

60. Wiemann J, Menéndez I, Crawford JM, Fabbri M,
Gauthier JA, Hull PM, Norell MA, Briggs DE. 2022
Fossil biomolecules reveal an avian metabolism in
the ancestral dinosaur. Nature 606, 522–526.
(doi:10.1038/s41586-022-04770-6)

61. Habib MB, Witton MP. 2013 Functional morphology
of anurognathid pterosaurs and the evolution of
insectivory in the Pterosauria. In Proc. Int. Symp.
Pterosaurs, Rio de Janeiro, Brazil, 23–26 May 2013
(eds JM Sayão, FR Costa, RAM Bantim, AWA
Kellner), pp. 74–76. Rio de Janeiro, Brazil:
Universidad Federal do Rio de Janeiro.

62. Hughes PM, Rayner JMV, Jonesg G. 1995 Ontogeny
of ‘true’ flight and other aspects of growth in the
bat Pipistrellus pipistrellus. J. Zool. 236, 291–318.
(doi:10.1111/j.1469-7998.1995.tb04494.x)

63. Isaac SS, Marimuthu G. 1997 Development of wing
morphology in the Indian pygmy bat Pipistrellus
mimus. J. Biosci. 22, 193–202. (doi:10.1007/
BF02704732)

64. Pal S. 2014 Mechanical properties of biological
materials. In Design of artificial human joints &
organs (ed. S Pal), pp. 23–40. Boston, MA:
Springer.

65. Dial KP, Randall RJ, Dial TR. 2006 What use is half a
wing in the ecology and evolution of birds?
BioScience 56, 437–445. (doi:10.1641/0006-
3568(2006)056[0437:WUIHAW]2.0.CO;2)

66. Williams GC. 1966 Adaptation on natural selection.
Princeton, NJ: Princeton University Press.

67. Wassersug RJ, Sperry DG. 1977 The relationship of
locomotion to differential predation on Pseudacris
triseriata (Anura: Hylidae). Ecology 58, 830–839.
(doi:10.2307/1936218)

68. Arnold SJ, Wassersug RJ. 1978 Differential predation
on metamorphic anurans by garter snakes
(Thamnophis): social behavior as a possible defense.
Ecology 59, 1014–1022. (doi:10.2307/1938553)

69. Hone DW, Henderson DM. 2014 The posture
of floating pterosaurs: ecological implications
for inhabiting marine and freshwater
habitats. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 394, 89–98. (doi:10.1016/j.palaeo.2013.
11.022)

70. Starck JM. 1991 Biogeography and life history of
Turnix suscitator Gmelin, 1789: small adult body
size as a consequence of selection for rapid growth.
J. Zool. Syst. Evol. Res. 29, 213–237. (doi:10.1111/j.
1439-0469.1991.tb01633.x)

71. Frazzetta TH. 1975 Complex adaptations in evolving
populations. Sunderland, MA: Sinauer Press.

http://dx.doi.org/10.1144/SP455.12
http://dx.doi.org/10.7717/peerj.14829
http://dx.doi.org/10.1017/jpa.2017.84
http://dx.doi.org/10.1017/jpa.2017.84
http://dx.doi.org/10.1007/BF02990250
http://dx.doi.org/10.1111/1755-6724.14585
http://dx.doi.org/10.1080/02724631003758334
http://dx.doi.org/10.1080/02724631003758334
http://dx.doi.org/10.1098/rspb.2011.1529
http://dx.doi.org/10.1080/02724634.2020.1780247
http://dx.doi.org/10.1080/02724634.2020.1780247
http://dx.doi.org/10.4202/app.2009.0145
http://dx.doi.org/10.5282/ubm/epub.12010
http://dx.doi.org/10.5282/ubm/epub.12010
http://dx.doi.org/10.1098/rspa.2014.0952
http://dx.doi.org/10.18637/jss.v028.i08
http://dx.doi.org/10.18637/jss.v028.i08
http://dx.doi.org/10.1371/journal.pone.0254789
http://dx.doi.org/10.1371/journal.pone.0254789
http://dx.doi.org/10.2495/1-84564-001-2/2d
http://dx.doi.org/10.2495/1-84564-001-2/2d
http://dx.doi.org/10.1098/rsif.2021.0236
http://dx.doi.org/10.1098/rsif.2021.0236
http://dx.doi.org/10.1242/jeb.01484
http://dx.doi.org/10.1073/pnas.1310544111
http://dx.doi.org/10.1073/pnas.1310544111
http://dx.doi.org/10.1098/rsbl.2009.0139
http://dx.doi.org/10.1098/rsbl.2009.0139
http://dx.doi.org/10.1371/journal.pone.0004497
http://dx.doi.org/10.1038/s41559-018-0728-7
http://dx.doi.org/10.1038/s41586-022-04622-3
http://dx.doi.org/10.1038/s41586-022-04622-3
http://dx.doi.org/10.1073/pnas.2107631118
http://dx.doi.org/10.1073/pnas.2107631118
http://dx.doi.org/10.1098/rspb.2010.2179
https://doi.org/10.1144/GSL.SP.2003.217.01.15
https://doi.org/10.1144/GSL.SP.2003.217.01.15
http://dx.doi.org/10.1038/s41586-022-04477-8
http://dx.doi.org/10.1002/jmor.1052220202
http://dx.doi.org/10.1111/j.1558-5646.1994.tb05295.x
http://dx.doi.org/10.1111/j.1558-5646.1994.tb05295.x
http://dx.doi.org/10.1371/journal.pone.0031392
http://dx.doi.org/10.1371/journal.pone.0031392
http://dx.doi.org/10.1016/j.tree.2019.04.018
http://dx.doi.org/10.1016/j.tree.2019.04.018
http://dx.doi.org/10.1038/s41586-022-04770-6
http://dx.doi.org/10.1111/j.1469-7998.1995.tb04494.x
http://dx.doi.org/10.1007/BF02704732
http://dx.doi.org/10.1007/BF02704732
http://dx.doi.org/10.1641/0006-3568(2006)056[0437:WUIHAW]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2006)056[0437:WUIHAW]2.0.CO;2
http://dx.doi.org/10.2307/1936218
https://doi.org/10.2307/1938553
http://dx.doi.org/10.1016/j.palaeo.2013.11.022
http://dx.doi.org/10.1016/j.palaeo.2013.11.022
http://dx.doi.org/10.1111/j.1439-0469.1991.tb01633.x
http://dx.doi.org/10.1111/j.1439-0469.1991.tb01633.x


royalsocietypub

11

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

03
 S

ep
te

m
be

r 
20

23
 

72. Lovette IJ, Fitzpatrick JW. 2016 Handbook of bird
biology. Hoboken, NJ: John Wiley & Sons.

73. Bennett SC. 2003 Morphological evolution of the
pectoral girdle of pterosaurs: myology and function.
Geol. Soc. Lond. Spec. Publ. 217, 191–215. (doi:10.
1144/GSL.SP.2003.217.01.12)
74. Bennett SC. 2003 A survey of pathologies
of large pterodactyloid pterosaurs.
Palaeontology 46, 185–198. (doi:10.1111/1475-
4983.00293)

75. Naish D, Witton MP. 2017 Neck biomechanics
indicate that giant Transylvanian azhdarchid
pterosaurs were short-necked arch predators. PeerJ
5, e2908. (doi:10.7717/peerj.2908)

76. Yang Z, Jiang B, Benton MJ, Xu X, McNamara ME,
Hone DWE. 2023 Allometric wing growth links
parental care to pterosaur giantism. Figshare.
(doi:10.6084/m9.figshare.c.6730001)
l
ishi
ng.org/journal/rspb
Proc.R.Soc.B

290:20231102

http://dx.doi.org/10.1144/GSL.SP.2003.217.01.12
http://dx.doi.org/10.1144/GSL.SP.2003.217.01.12
http://dx.doi.org/10.1111/1475-4983.00293
http://dx.doi.org/10.1111/1475-4983.00293
http://dx.doi.org/10.7717/peerj.2908
http://dx.doi.org/10.6084/m9.figshare.c.6730001

	Allometric wing growth links parental care to pterosaur giantism
	Introduction
	Material and methods
	Allometric analysis
	Ontogenetic reconstruction of wing planforms
	Flight performance calculations

	Results
	Growth allometry of limb elements
	Ontogeny of wing planforms
	Ontogeny of flight performance

	Discussion
	No support for linking the giant size of Pteranodon with its wing aerodynamics
	Precocial–altricial growth strategy and its link to pterosaur body size

	Conclusion
	Data accessibility
	Authors' contributions
	Conflict of interest declaration
	Funding
	Acknowledgements
	References


