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ABSTRACT — Anurognathids are a clade of non-pterodactyloid pterosaurs with generally conservative morphology, but
specializations as insectivores. They are represented by a disparate collection of adult and juvenile specimens that range in
wingspan from ~0.24-1m. There have been concerns about the extent to which ontogenetic variation might affect
phylogenetic inference, and indeed how aspects of their ontogeny might relate to the distinctive anurognathid adult
morphology. Here we perform allometric analysis on 23 key skeletal dimensions in 13 anurognathid specimens. Our
results show that all anurognathids share a common growth trajectory in most dimensions, and that ontogeny affects
variation in a minority of characters commonly used in phylogenetic analysis. Excluding these ontogeny-related characters,
a new taxon, Cascocauda rong gen. et sp. nov., is established. Based on the ontogenetically corrected dataset, our
phylogenetic analysis supports Anurognathidae as the sister-group of Breviquartossa and reveals a general trend of tail
reduction in the clade. Allometric growth suggests the anurognathid lifestyle remained consistent throughout ontogeny,
maintaining a highly maneuverable flight style by near-isometric development in the wing, small prey (i.e., insects), by
strong negative allometry in the skull, and an arboreal habit by strong positive allometry in the claws. This specialized
lifestyle suggests retention of plesiomorphic juvenile traits into later ontogeny and facilitated morphological stasis by
stabilizing selection during over 40 million years of evolution in the group.

http://zoobank.org/urn:lsid:zoobank.org:pub: A65D6346ECFF-46C7-88F7-26 AF99BBADD6
SUPPLEMENTAL DATA —Supplemental materials are available for this article for free at www.tandfonline.com/UJVP.
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INTRODUCTION

Anurognathids lived in Eurasian forests during the Middle Jur-
assic to Early Cretaceous (Hone, 2020). They shared a distinctive
suite of morphological characters consistent with being special-
ized aerial insectivores active in low light conditions. These
include (1) a wide mouth with a large gape and a sharp isodont
dentition adapted for catching and holding insects (Bennett,
2007a; Osi, 2011; Hone, 2020), (2) small size, a deep wing with
curved wingtip and a short pliable tail, which together facilitated
slow and highly maneuverable flight in dense forests (Bennett,
2007a; Osi, 2011; Hone et al., 2015; Hone, 2020) and (3) large,
anterolaterally directed eyes that were likely adapted for
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nocturnal and/or crepuscular predation (Bennett, 2007a; Lii
et al., 2018). The gross morphology of anurognathids changed
little during their 40-Ma existence, which suggested they had a
rather conservative bauplan (Unwin et al., 2000; Bennett,
2007a; Hone, 2020).

Anurognathids are represented by 13 unequivocal specimens
ranging from ~0.24-1 m in wingspan and of varying ontogenetic
status. Nine specimens (including specimens of Anurognathus,
Dendrorhynchoides, Luopterus, Sinomacrops, and Batrachog-
nathus, and specimens NJU-57003 and CAGS-Z070 [Dalla
Vechia, 2002; Yang et al., 2019; Hone, 2020; Wei et al., 2021])
show characteristics of immaturity, e.g., unfused articular
bones, scapula-coracoid, pelvis and cranial elements. In contrast,
the holotypes of Jeholopterus and Vesperopterylus show osteolo-
gical maturity and are thus (sub)adults (Wang et al., 2002; Lii
et al., 2018). Two specimens lack detailed descriptions, and
their ontogenetic state is unknown (Gao et al., 2009; Jiang
et al., 2015).
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Inadequate recognition of ontogenetic status in previous
studies of anurognathids has raised concerns about confound-
ing ontogenetic variation with systematics (Hone, 2020). In
particular, many length ratios used as diagnostic (e.g.,
Wang et al, 2002; Li and Hone, 2012; Wei et al., 2021)
or in analyzing characters (e.g., Kellner, 2003; Liu et al,
2018) may change greatly during growth (Delfino and
Sanchez-Villagra, 2010). Previous statistical studies on onto-
genetic changes in other pterosaurs have suggested or
prompted taxonomic revisions for some taxa (e.g., Bennett,
1995, 1996, 2006, 2007b, 2013; Jouve, 2004; Vidovic and
Martill, 2014). The prevalence of immature individuals in
the known anurognathid dataset thus creates uncertainty
regarding the validity of taxonomic assignments and may
bias existing phylogenetic reconstructions.

Alternatively, if anurognathids share a common allometric
growth pattern for particular elements, the known specimens
would constitute a growth series from early juveniles to adults.
This growth series would then provide a rare opportunity to
explore ontogenetic development of morpho-function and
understand the evolution of the distinctive anurognathid mor-
phology. Indeed, studies on pterosaur allometry have already
yielded insights into the relationship between skeletal pro-
portions and biomechanics, particularly relating to aerody-
namics, across taxa of different body sizes (e.g., Brower and
Veinus, 1981; Padian and Warheit, 1989; Witton and Habib,
2010) and through growth of single species (e.g., Tomkins et al.,
2010; Hone et al., 2020; Naish et al., 2021).

Here, we select skeletal dimensions used in previous diag-
noses and phylogenetic analyses to test statistically whether
anurognathid specimens share growth trajectories in various
dimensions. By revealing which characters related to these
dimensions are biased by ontogeny, a new specimen is assessed
taxonomically excluding the biased characters. Critically, we
compose a refined dataset for phylogenetic analysis by remov-
ing the recognized ontogenetic bias and updating with
additional characters from recent studies. Our goals are to
provide a more accurate understanding of anurognathid sys-
tematics and to explore how aspects of their ontogeny might
affect the distinctive and conservative anurognathid adult
morphology.

MATERIALS AND METHODS

Institutional Abbreviations—BMNHC, Beijing Museum of
Natural History, Beijing, China; BSP, Bayerische Staatssamm-
lung fiir Paldontologie und Geologie, Munich, Germany;
CAGS, Chinese Academy of Geological Sciences, Beijing,
China; GMYV, National Geological Museum of China, Beijing,
China; IVPP, Institute of Vertebrate Paleontology and Paleoan-
thropology, Beijing, China; JPM, Jinzhou Museum of Paleontol-
ogy, Jinzhou, China; JZMP, Jinzhou Paleontological Museum,
Jinzhou, China; NJU, Nanjing University, Nanjing, China; PIN,
Palacontological Institute, Russian Academy of Sciences,
Moscow, Russia; SMNS, Staatliches Museum fiir Naturkunde
Stuttgart, Stuttgart, Germany.

Anatomical Abbreviations—aof, antorbital fenestra; ed,
caudal vertebrae; ch, chevron; co, coracoid; cv, cervical ver-
tebrae; dr, dorsal rib; dv, dorsal vertebrae; fe, femur; fi, fibula;
fr, frontal; ga, gastralia; h, humerus; il, ilium; is, ischium; man,
mandible; mei-iii, metacarpal I-III; mciv, metacarpal IV; mti-
iv, metatarsal I-I'V; mtv, metatarsal V; nar, naris; or, orbit; pa, par-
ietal; pal, palatine; pdI-IV, pedal digits I-IV; pt, pteroid; ppu,
prepubis; pu, pubis; pdV-1 and 2, phalanges 1 and 2 of pedal
digit V; q, quadrate; r, radius; rp, retroarticular process; sc,
scapula; scr, sclerotic ring; t, tarsal; th, tooth; ti, tibia; u, ulna;
wpl-4, wing phalanges 1-4; z, zygapophysis.

Measurements for Allometric Analysis

Twenty-three skeletal variables were measured from 13 anur-
ognathid specimens (Fig. 1A and Supplemental Data 1): 1,
skull length; 2, skull width; 3, scapula length; 4, coracoid
length; 5, humerus length; 6, ulna or radius length; 7, pteroid
length; 8, wing metacarpal length; 9, manual claw length; 10—
13, length of first, second, third and fourth phalanx of wing
finger, respectively; 14, femur length; 15, tibia length; 16, fibula
length; 17, metatarsal length; 18, length of pedal digit III; 19,
foot length = (metatarsal length + pedal digit IIT length); 20-21,
length of first and second phalanx of pedal digit V, respectively;
22, length of pedal claw; 23, wingspan = (humerus + ulna/radius
+ metacarpal IV + wp1-4) x 2.1 (Lii et al., 2011).

Measurements were taken from the literature, photographs
and, where possible, directly from specimens (see Supplemental
Data 1 for details). Measurements from photographs were
obtained using the image processing freeware ImagelJ (available
at http://rsbweb.nih.gov/ij/) and those from specimens were taken
using a digital caliper; in both cases measurements were taken
twice to ensure accuracy. Mean values were used for left and
right elements when possible.

Tests for Allometric Correlation

All measurements were logarithmically transformed to evalu-
ate the bivariate allometric relationship (y = a - x°) in the linear-
ized form (log y =log a + b log x). The standardized major axis
(SMA) line-fitting method was applied to determine the allo-
metric equation, and coefficients of determination (R?) and
probability values (p) were calculated to evaluate the strength
and statistical significance of the correlation.

If the correlation was statistically significant (p <0.05), we
further tested the null hypothesis of isometry (b=1). On
account of the small sample size and unknown distribution of
the allometric scaling coefficient (b), a bootstrap method (Plot-
nick, 1989) was applied with 1000 iterations to generate a one-
tailed 95% confidence interval for b. We rejected the null hypoth-
esis if the 95% confidence interval of b lay entirely above or
below 1, i.e., positive or negative allometry, respectively. Other-
wise, isometry was assumed. These were calculated in R v. 3.5.1
using the “smatr” (Warton et al., 2012), “dplyr” (Wickham
et al., 2015), and “purrr” (Henry and Wickham, 2020) packages,
using code given in the Supplemental Content.

As pterosaurs are forelimb-dominated launchers and fliers,
humerus length has been used as a proxy for body mass and
size (e.g., Wellnhofer, 1970, 1975; Wang et al., 2017). Here,
humerus length was thus compared with most other variables
in our pairwise bivariate analysis. Additional pairs yielding diag-
nostic length ratios in previous studies were also included (listed
in Supplemental Data 2) and were tested, in the same way as
those involving humerus length, for proportional change during
growth in order to identify ontogenetic bias.

The data were further explored using principal components
analysis (PCA) to assess whether humerus length is an appropri-
ate body size proxy and the compatibility between allometric
patterns resulting from bivariate and multivariate methods. Skel-
etal variables that did not return statistically significant allo-
metric correlations in bivariate analysis were excluded from the
PCA, since in these dimensions anurognathids show strong inter-
specific variation in growth trajectory. For the remaining skeletal
variables, a covariance matrix of the log-transformed measure-
ments was subjected to PCA to extract the first principal com-
ponent (PC1) as an internally defined size variable; this
accounted for every skeletal variable involved and allowed calcu-
lation of the allometric scaling coefficient for each skeletal vari-
able (Jolicoeur, 1963; Klingenberg, 1996). Missing data were
imputed using the iterative PCA method (Kiers, 1997), also
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FIGURE 1. Allometric growth in anurognathids. A, line drawing of a generalized anurognathid showing measured skeletal dimensions and their allo-
metric growth pattern relative to humerus; B, allometric growth pattern recovered by PCA. Allometric scaling coefficients are indicated next to the
corresponding elements. Negative allometry, isometry, and positive allometry are indicated by orange, gray, and blue, respectively, in the online

version of this article.

known as the EM-PCA algorithm (Josse and Husson, 2012); this
is suitable for small datasets and provides better estimates than
other imputation techniques when variables are highly corre-
lated (Dray and Josse, 2015). The null hypothesis of isometry
was then tested using the same scheme as in the bivariate analy-
sis. The PCA was performed in R v. 3.5.1 using the “missMDA”
(Josse and Husson, 2016) and “boot” (Canty and Ripley, 2021)
packages, using code provided in the Supplemental Content.

Character Matrices

The data compiled for phylogenetic analysis were based
largely on the character-taxon matrix from Longrich et al.
(2018), which comprises 134 taxa and 271 characters and was
copied and pasted into a Microsoft Excel file for editing. Consid-
ering that the present study focuses only on the phylogeny of
Anurognathidae, we excluded non-pterodactyloid species with
>50% missing data and pterodactyloid species with >25%
missing data, leaving 36 species in the matrix. We added five
anurognathids, Luopterus mutoudengensis (Lii and Hone, 2012;
Hone, 2020), Vesperopterylus lamadongensis (Li et al., 2018;
Hone, 2020), Sinomacrops bondei (Wei et al., 2021), CAGS-
Z070 (Ji and Yuan, 2002) and NJU-57003 (Yang et al., 2019),
yielding a total of 41 taxa in the matrix.

Concerning the character (Char.) list, Char. 54 from Longrich
et al. (2018) was deleted because the character description is
likely incorrect: “Palate_anterior_end,_shape: absent present”;
Char. 122 was deleted as it is a repetition of Char. 115.
Further, we used the ratio of skull:humerus length for Char. 1
instead of skull:dorsal vertebra length as in the original dataset
(Longrich et al., 2018). This is because (1) dorsal vertebrae are
either missing or preserved with poorly defined boundaries in

specimens of Anurognathus, Luopterus, Sinomacrops, Dendror-
hynchoides, CAGS-Z070 and NJU-57003, (2) the skull:single ver-
tebra length ratio is sensitive to measurement error, and (3)
simply adding the skull:humerus length ratio to the character
list would overweight the skull length in the analysis. The skull:
humerus length ratio for non-anurognathid taxa was calculated
by dividing the value for Char. 1 by that of Char. 28 in Longrich
et al. (2018).

In order to incorporate as many characters as possible that
were phylogenetically informative for anurognathid taxa, we
evaluated each character in the original diagnosis and additional
characters in Hone (2020) and Wei et al. (2021) (Supplemental
Data 2) prior to inclusion in the character list (Supplemental
Content). Characters were omitted if (1) they are uninformative
(i.e., same states in all anurognathids), (2) the corresponding
skeletal elements are poorly preserved, (3) they already exist in
Longrich et al. (2018), or (4) they show allometric growth bias.
The final character list (Supplemental Content) comprises 286
characters, including 17 newly added characters.

The original continuous characters (Longrich et al., 2018) were
also checked for potential allometric growth bias, but the biased
characters were not omitted from the character list because they
are useful for determining phylogenetic relationships outside
Anurognathidae. For each of the ontogeny-biased characters,
we coded each anurognathid (with the corresponding anatomy
preserved) with the same state as the largest specimen in order
to remove the impact of such characters on taxonomy within
Anurognathidae (Supplemental Data 3). An ontogenetically
uncorrected matrix (i.e., using original states for each anurog-
nathid) was compiled for comparison (Supplemental Data 4).

We recoded all four anurognathid taxa in the original dataset
based on published specimen-specific descriptions and figures.
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The coding of Jeholopterus ningchengensis was based on the
holotype specimen IVPP V12705 (Wang et al., 2002) alone and
the referred Jeholopterus specimen CAGS-Z070 (Ji and Yuan,
2002; Lii and Hone, 2012; Yang et al., 2019) was coded separately
since its species assignment remains unclear. The coding of Anur-
ognathus ammoni was based on the holotype BSP 1922 I 42
(Wellnhofer, 1975); a second specimen assigned to this species
is from a private collection but has a cast specimen (SMNS
81928) available (Bennett, 2007a). The coding of Batrachog-
nathus volans was based on the holotype PIN 52-2 (Bakhurina
and Unwin, 1995; Unwin and Bakhurina, 2000) and a second
specimen PIN 2585/4a (Costa et al., 2013) assigned to this
species. The coding of Dendrorhynchoides curvidentatus was
based on the holotype specimen of GMV 2128 (Ji and IJi,
1998). Codings of the recently named taxa, Luopterus mutouden-
gensis, Vesperopterylus lamadongensis and Sinomacrops bondei
were based on their respective holotype specimens JZMP-04-
07-3 (Li and Hone, 2012), BMNHC-PH-001311 (Lu et al.,
2018) and JPM-2012-001 (Wei et al., 2021), respectively.
Concerning the problematic tail in the holotype of Dendror-
hynchoides curvidentatus, we agree with previous observations
by Unwin et al. (2000) and Hone (2020) that only the proximal
portion of the tail is genuine, where six disk-like vertebrae
remain articulated and in contact with the sacrum, and that,
based on the tapering of the proximal portion, the tail overall is
short as in other short-tailed anurognathids and consists of
fewer than 15 vertebrae. The distal portion of the tail, separated
from the proximal portion by a gap, shows distinctly different mor-
phology more typical of long-tailed pterosaurs and is considered
artificial. Therefore codings for caudal morphology were based
on the proximal portion (Chars. 24, 25, 208, 209, 210) and the
tail:humerus length ratio was coded as unknown (Char. 49).
Concerning the controversial configuration of the external
naris and antorbital fenestrae (i.e., separated vs. confluent) in
anurognathids (e.g., Andres et al. 2010; Wei et al., 2021), this
was coded as separated for NJU-57003 (based on present

study) and Anurognathus (based on description by Bennett
[2007a]), and as unknown for other anurognathids (Supplemen-
tal Data 3 and 4). For comparison, we composed a second matrix
(Supplemental Data 5), based on the ontogenetically corrected
data in Supplemental Data 3, in which NJU-57003 was coded
as separated, Batrachognathus volans, Sinomacrops bondei and
CAGS-Z070 as confluent (Wei et al., 2021), and as unknown
for other anurognathids.

Phylogenetic matrices (Supplemental Data 3-5) in TNT
format can also be found on the Morphobank page of this
study (project 4151).

Phylogenetic Analysis

Phylogenetic analysis was conducted using TNT v1.5 (Golob-
off and Farris, 2008), with the settings used in Longrich et al.
(2018): ordered and unordered characters were used and
equally weighted; continuous characters were rescaled to unity
using the “nstates stand” command; basic tree searches of 2000
random addition sequence replicates were conducted with and
without the parsimony ratchet; ambiguous branch support was
not used; zero-length branches were automatically collapsed;
and the resulting trees filtered for best score. Support measures
were calculated in TNT, including Bremer supports using the
BREMER.RUN script with default settings, and bootstrap
using the same parsimony settings as the tree-searching analysis
and default deletion percentages (50%) for 10,000 replications
by following command:

RESAMPLE boot replications 10000 frequency from N;
where N depends on the numbering of the resulting tree. The
ensemble consistency index (CI) and ensemble retention index
(RI) were calculated using the STATS.RUN script included
within TNT v1.5. For time calibration, the timescale is from Grad-
stein et al. (2012), and age ranges for species were downloaded
from the Paleobiology Database (https://www.paleobiodb.org/).

TABLE 1. Allometric equations (y = a - x°) of skeletal variables. -, =, and + indicate negative allometry, isometry, and positive allometry, respectively.

Abbreviations: A, allometry; CI, one-tailed 95% confidence interval.

X y R? p a b CI (b) A n
humerus skull length 0.845 <0.001 2.931 0.572 <0.766 - 10%*
skull width 0.812 0.002 2.752 0.664 <0.919 - 8%
ulna/radius 0.963 <0.001 1.611 0.970 <1.108 = 10
mciv 0.936 <0.001 0.188 1.153 >0.963 = 9
pteroid 0.972 <0.001 0.102 1.170 >1.003 + 7
wpl 0.968 <0.001 1.827 0.972 <1.174 = 9
wp2 0.959 <0.001 1.523 0.974 <1.273 = 8
wp3 0.967 <0.001 0.374 1.241 >1.111 + 7
wp3 + wpd 0.975 0.002 0.268 1.372 >1.106 + 5
wingspan 0.974 <0.001 10.332 1.097 >1.000 + 11
femur 0.963 <0.001 1.025 0.904 <0.982 - 17
tibia 0.910 <0.001 1.383 0.900 <1.032 = 11
foot 0.950 <0.001 0.722 1.038 >0.940 = 10
manual claw 0.964 <0.001 0.070 1.250 >1.143 + 9
pedal claw 0.933 <0.001 0.029 1.373 >1.235 + 10
skull width skull length 0.966 <0.001 1.095 0.887 <1.000 - 8*
tibia ulna/radius 0.911 <0.001 1.191 1.061 >0.886 = 10
pdV-1 mtiii 0.874 <0.001 0.719 1.034 >0.777 = 8
ulna/radius mciv 0.928 <0.001 0.108 1.187 >0.959 = 8
pedal claw manual claw 0.997 <0.001 1.588 0.961 <1.000 - 9
pdIIl pdVv 0.899 0.004 2.147 0.935 <1.726 = 6
femur tibia 0.960 <0.001 1.305 1.002 >0.919 = 10%*
mtiii mciv 0.878 <0.001 0.401 1.218 >1.007 + 9
scapula coracoid 0.641 0.031 0.469 1.142 7
tibia fibula 0.937 0.002 0.168 1.313 >0.945 = 6
wpl wp2 0.986 <0.001 0.835 1.004 >0.925 = 8

*Without specimens of Batrachognathus volans; **Without the holotype specimen of Sinomacrops bondei.
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ALLOMETRIC ANALYSIS
Allometric Growth in Anurognathids

In the bivariate allometric analysis, all pairs but one show sig-
nificant correlations (p <0.05); 77% of these correlations have
coefficients of determination (R?) >0.90 and 54% >0.95 (Table 1).
This suggests that despite the inclusion of multiple species,
growth trajectories of these elements are conservative and shared

by all studied anurognathids with only three exceptions. The first
exception is the skull length of Batrachognathus volans; this plots
separately to other specimens, well above the regression lines

(Fig. 2A and C) and is thus proportionally longer irrespective of
ontogeny (its skull width is similar to other specimens; Fig. 2B).
Second, the femur length of Sinomacrops bondei is proportionally
shorter than that of other specimens (Fig. 2L). This probably
explains its unusual tibia:femur length ratio, a diagnostic trait

"% A skull Tength(y) "B skull width(y) 1°rC skull Tength(y) "D Uinairadius -~
length(y)
50 50t 50t o 50 "
o - 0 7z
u [ ] )
L ' p,
[} - n
20} [ 20 . 20} ' 0.887] 20
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FIGURE 2. Allometric growth of various skeletal dimensions relative to humerus (A, B and D-P) and to skull width (C). Both x and y axes were log-
transformed and the values are in millimeters, and slope of the thick black lines corresponds to isometry (b =1). Trendlines of negative allometry,
isometry, and positive allometry are indicated by orange, gray, and blue, respectively, in the online version of this article. In A-C and L-M, the
white circles indicate specimens of Batrachognathus volans, and the white triangles indicate the holotype of Sinomacrops bondei; the black
squares indicate the other anurognathids.



Yang et al. — Allometric growth of anurognathid pterosaurs (e2028796-6)

(Wei et al., 2021); its tibia length is similar to that of other specimens
(Fig. 2M). The third exception is the scapula-coracoid pair (p=
0.064; Table 1), which also represents strong interspecific variation:
scapula:coracoid length ratio ranges from 2 in the Jeholopterus
ningchengensis holotype to less than 1 in Vesperopterylus
lamadongensis.

Among the dimensions with shared growth trajectories, those
from the skull have the largest deviations from isometry, with
both length and width showing strong negative allometry relative
to the humerus (Figs. 1A, 2A, B; Table 1). The relatively low R?
values (0.845 and 0.812 for skull length and width, respectively)
probably reflect a combination of interspecific variation and
the effect of dorsal-ventral compaction commonly seen in these
specimens. In addition, skull length exhibits negative allometry
relative to width (Fig. 2C), suggesting that the shape of the
skull becomes proportionally broader with growth.

In the limbs, only the femur shows slight negative allometry
relative to the humerus, while the pteroid, both manual and
pedal claws, wp3-4 and wingspan exhibit positive allometry
and the remaining elements (ulna/radius, metacarpal IV and
wpl-2) grow isometrically (Figs. 1A, 2; Table 1). Wingspan
shows only slight positive allometry, despite relatively strong
positive allometry in wp3-4, because the latter account for
<10% of the wingspan. Similarly, although the pedal claw
shows relatively strong positive allometry to the humerus (Figs.
1A, 2P), the growth of foot length overall is isometric (Figs.
1A, 2N).

In some cases, the recovered allometric scaling coefficients
suggest allometry, but are interpreted here as evidence of isome-
try based on the bootstrapping results. These cases include
humerus—metacarpal IV, humerus-tibia, ulna/radius—-metacarpal
IV, pdIII-pdV, metatarsal-metacarpal IV, and tibia—fibula (Fig.
2; Table 1). This conflict between allometric scaling coefficients
and bootstrapping results probably reflects relatively higher
interspecific variation in these elements (e.g., pdV:pdIII length
ratio ranges from 2.1-1.5 among anurognathids), and/or the
small sample size, preventing discrimination of the allometric
scaling coefficient from 1 (isometry).

In the PCA, length data of scapula and coracoid were excluded
from the analysis due to the strong interspecific variation
detected (Table 1). Batrachognathus volans and Sinomacrops
bondei were included but with respective skull length and
femur length treated as missing data, given the interspecific vari-
ations in these dimensions (Fig. 2A, L) and that the other studied
dimensions follow the growth trajectories in other
anurognathids.

PC1 captures 95.9% of total variance with high scores for large
specimens, supporting PC1 as a size factor (Table 2). The result-
ing allometric pattern is largely compatible with the bivariate
analysis using humerus length as a body size proxy (Fig. 1).
PCA recovered the humerus with only slight negative allometry,

TABLE 2. PC1 scores for each specimen.

Specimens PC1 score
SMNS 81928 -1.3082

JPM-2012-001 —-0.7289

IVPP V16728 —-0.52567
GMV 2128 —-0.44673
JZMP-04-07-3 —0.43384
NJU-57003 —-0.28187
PIN 2585/4a —-0.24714
CAGS-Z070 —0.17496
BSP 1922142 0.10728
PIN 52-2 0.56691
Korean specimen 0.87861
IVPP V12705 1.1134

BMNHC-PH-001311 1.4811

and as such, the allometric status of many skeletal variables
identified by PCA (including skull length and width, manual
and pedal claws, pteroid, wp3—4 and femur) is the same as that
suggested by the bivariate analysis (Fig. 1). Further, in both ana-
lyses the skeletal variables rank similarly using the allometric
scaling coefficients (Tables 1 and 3): pedal claw > manual claw
> pteroid > metacarpal IV > wingspan > foot > wp2>wpl >
ulna/radius > femur > tibia > skull width > skull length. The
only discrepancy is the ranking of wp3—4 and pedal claw, which
is wp3—4 > pedal claw in bivariate analysis and the reverse in
PCA; nonetheless in both analyses the coefficient values are
similar and indicate positive allometry.

Notably, the humerus allometric scaling coefficient recovered
by PCA is slightly below 1 (negative allometry), unlike in bivari-
ate analysis where it is assumed to equal 1 (isometry). In
summary, our results show that for each skeletal variable bivari-
ate analysis consistently produces higher allometric scaling coef-
ficient values than PCA (Tables 1, 3). As a result, bivariate
analysis recovered ulna/radius, wpl and tibia with allometric
scaling coefficients < 1 (albeit statistically indistinguishable
from 1), whereas PCA indicates negative allometry in these
dimensions. Similarly, wingspan growth is recovered as slightly
positively allometric using bivariate analysis, but isometric
using PCA.

Biases in Diagnoses and Character Matrices

According to the allometric analysis, seven characters pre-
viously used to diagnose anurognathid taxa (see Supplemental
Data 2 for the full list) are biased by allometric growth: (1) wing-
span (Bakhurina and Unwin, 1995; Wang et al., 2002); (2) skull
size (Lii and Hone, 2012; Lii et al., 2018); (3) skull aspect ratio
(Wang et al., 2002; Lt and Hone, 2012; Li et al., 2018), except
for Batrachognathus volans; (4) length ratio of (femur + tibia)
to humerus (Unwin and Bakhurina, 2000); (5) length ratio of
humerus to femur (Kellner, 2003; Wang et al., 2005; Wei et al.
2021), except for Sinomacrops bondei; (6) length ratio of meta-
carpal IV to metatarsal I-III (Li et al., 2018); and (7) length
ratio of metacarpal IV to lower arm (Wang et al., 2002). These
were omitted in the taxonomic study (below) of the new anurog-
nathid taxon.

TABLE 3. Allometric scaling coefficients for each skeletal variable
resulted from PCA. -, =, and +indicate negative allometry, isometry,
and positive allometry, respectively. Abbreviations: CI, confidence
interval.

Skeletal variable b 95% CI for b allometry
skull length 0.518 <0.599

skull width 0.610 <0.789

humerus 0.951 <0.993 -
ulna/radius 0.920 <0.973 -
mciv 1.093 >0.948 =
pteroid 1.114 >1.021 +
manual claw 1.193 >1.093 +
wpl 0.943 <0.968 -
wp2 0.944 <1.003 =
wp3 + wp4 1.327 >1.231 +
wingspan 1.042 >0.996 =
femur 0.854 <0.924 -
tibia 0.850 <0.947 -
mtiii 0.924 <1.041 =
pdIIl 1.074 >0.957 =
foot 0.994 <1.062 =
pedal claw 1.292 >1.163 +
Fibula 1.097 >0.860 =
pdV-1 0.916 <1.069 =
pdV-2 0.981 <1.109 =
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Further, nine characters in the character list (Supplemental
Content) use length ratios that can be biased by ontogenetic vari-
ation in anurognathid proportions, including Chars. 1 (skull:
humerus ratio of 0.452-0.823 except for Batrachognathus), 32
(pteroid:ulna ratio of 0.098-0.166), 33 (metacarpal I'V:humerus
ratio of 0.282-0.407), 37 (wp2:wpl ratio of 0.796-0.915), 38
(wp3:wpl ratio of 0.423-0.769), 39 (wpd:wpl ratio of 0.100-
0.183), 43 (femur:humerus ratio of 0.645-0.778 with the exclusion
of Sinomacrops), 45 (fibula:tibia ratio of 0.408-0.666) and 46
(metatarsal II:tibia ratio of 0.399-0.532). Excepting Batrachog-
nathus and Sinomacrops, which were coded using their unique
length ratio for Chars. 1 and 43, respectively, specimens were
assigned the ontogenetically corrected states for these characters
(see Character Matrices in Materials and Methods).

SYSTEMATIC PALEONTOLOGY

PTEROSAURIA Kaup, 1834
ANUROGNATHIDAE Kuhn, 1937
CASCOCAUDA RONG gen. et sp. nov.
(Figs. 3-6, S1)

Holotype —The holotype is NJU-57003, preserving a well-
articulated and nearly complete skeleton with extensive pre-
served soft tissues (Figs. 3—6, S1). The specimen comprises two
fragmented slabs (main slab and counter slab), which are
housed in Nanjing University, Nanjing, China.

Etymology—The generic name is composed of the Latin
‘cascus’ meaning ‘ancient, primitive’, and ‘cauda’ meaning ‘tail.’
The specific name is from Chinese character réng (%), as used

in the phrase médo réng réng, meaning ‘a fluffy appearance,
which refers to the extensive integumentary covering (Yang
et al., 2019).

Locality and Horizon—The holotype was recovered from
Mutoudeng, Qinglong County in Hebei Province, China, from the
Middle — Upper Jurassic Tiaojishan Formation (Xu et al., 2016).

Diagnosis— A new anurognathid pterosaur that differs from
other anurognathids by the following combination of diagnostic
features: at least 20 caudal vertebrae with elongate zygapophyses
and chevrons (different from Jeholopterus, Anurognathus, Den-
drorhynchoides, and Vesperopterylus), scapula slightly longer
than coracoid with a length ratio of 1.2 (different from Luopterus,
Jeholopterus, and Vesperopterylus), second phalanx of pedal digit
V curved (different from Luopterus and Jeholopterus), long and
thin teeth with distal curvature (different from Anurognathus
and Vesperopterylus), humerus subtriangular deltopectoral
crest (different from Batrachognathus and Sinomacrops) and
skull wider than long (different from Batrachognathus).

Remarks —The differences in many skeletal proportions
among anurognathids are related to growth based on their
shared allometry. However, NJU-57003 is unique in two skeletal
proportions of taxonomic significance and several non-ratio
diagnostic traits (see above), which warrants the erection of
a new taxon notwithstanding its immaturity. Further, exclud-
ing the growth-related characters in the diagnoses of existing
anurognathid species, the unbiased characters are diagnostic
and therefore the seven species previously erected remain
valid. In addition to the eight established species, CAGS-
Z070 appears to represent another unrecognized species yet
to be formally named. It has been referred to the genus Jeho-
lopterus (Kellner et al., 2010) but differs from the holotype

PIV "PlIl

FIGURE 3. Holotype specimen of Cascocauda rong (NJU-57003). A, overview of the main slab; B, line drawing of the holotype with skeletal element
identification. Dark gray shading represents partial losses of original bones inferred from remaining impressions. Scale bars equal 10 mm.
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FIGURE 4. Close-up photographs and line drawings of the skull of holotype specimen of Cascocauda rong (NJU-57003). A, B, short and broad skull
with widely spaced teeth. C, close up of the anterior portion of the skull showing separated naris and antorbital fenestrae. Scale bars equal 5 mm (A)

and 1 mm (C).

specimen of that taxon in scapula:coracoid length ratio (1.1
rather than 2), tooth morphology (striated rather than
smooth texture, and short teeth rather than both long and
short teeth), pteroid shape (straight rather than curved;
although this could be due to the preserved orientation in
which a curved element can appear straight) and pdV-2
shape (curved rather than straight).

Description

The holotype specimen of Cascocauda rong has a wingspan of
434 mm and is preserved in dorsal view on the main slab, with
wings folded on both sides of the body and hindlimbs flexed

(Figs. 3, S1). The skeleton is near complete and well-articulated,
with extensive preservation of pycnofibers and wing membranes.

Ontogenetic Status—The specimen represents a juvenile
based on the unfused articular bones, such as carpals, scapula,
and coracoid (Fig. 5E, F), and the pitted and rough articular sur-
faces of limb bones (Fig. 5C, D) indicative of incomplete
ossification.

Skull—The skull is wider than long (22.2mm long and
31.7 mm wide) with a typical anurognathid frog-like jaw (Figs.
4A, B and S2). Most of the cranial bones are highly compressed
and poorly defined, with frontal, palatine, teeth and the retroar-
ticular process being barely discernible. On the right side, two
processes extending from the anterior portion of the upper jaw
towards the frontal probably represent the ascending processes
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FIGURE 5. Close-up photographs and line drawings of holotype specimen of Cascocauda rong (NJU-57003). A, B, long, thin teeth with distal cur-
vature. C, D, humerus with subtriangular deltopectoral crest and pitted and rough surface at proximal end (shaded area in D). E, F, unfused scapula

and coracoid. Scale bars equal 1 mm (A) and 2 mm (C and E).

of the maxilla and the jugal/nasal, respectively; these separate the
naris, antorbital fenestra and orbit (Figs. 4C and S2). On the left,
the ascending process of the maxilla is partially preserved and
part impression, while the ascending processes of the jugal/
nasal are not preserved (Figs. 4C and S2). Nineteen widely
spaced teeth are visible; these are 2.2-2.7 mm long, ~0.5 mm
wide at the midpoint and distally curved with smooth surfaces
(Fig. 5A, B).

Vertebral Column—The cervical, dorsal, and sacral ver-
tebrae are crushed or partially covered, so the exact number
of vertebrae is uncertain (Fig. 3). The neck is represented by
short and robust cervical vertebrae. No evidence of cervical
ribs is preserved, suggesting they were highly reduced or
absent. At least ten dorsal vertebrae are preserved. Dorsal
ribs are straight or slightly curved in the anterior portion of
the body, while the more posterior ribs are distinctly curved
posteriorly. Sacral vertebrae are short, broad, and articulated
with the caudal vertebrae, and bear posterolaterally directed
ribs and/or transverse processes. Three rows of gastralia are
preserved and become progressively shorter caudally. Caudal
vertebrae are well-preserved and articulated. Although the
boundaries between several caudal vertebrae are obscured by
compression, there are at least 20 vertebrae with a total

length of 42 mm (Fig. 6A). A single caudal vertebra is ~2 mm
long at the base of the tail, and becomes more elongate poster-
iorly, reaching a maximum length of 3.4 mm near the midpoint,
and then shortens towards the distal tip. Elongate zygapo-
physes and chevrons (exposed by the absence of some caudal
vertebrae) are best preserved in the middle portion of the
tail, where they are at least twice the length of the vertebral
centrum (Fig. 6A, B); the paired appearance of chevrons prob-
ably reflects superposition of vertebrae rather than bifurcation
of the structure.

Pectoral Girdles—The scapulae are unfused to, and longer
than the slightly curved coracoids. They are preserved in articu-
lation on the left, where they meet in a “V’ shape at an angle of
~60° (Figs. 3, 5E, F).

Forelimbs — The humerus is robust, with a sub-triangular del-
topectoral crest (Fig. 5C, D). The shaft of the humerus is
slightly curved and the articular surfaces are pitted and rough
(Figs. 3, 5C, D). Ulna and radius are both straight and signifi-
cantly longer than the humerus, only slightly shorter than the
first wing phalanx, and subequal in length to the second wing
phalanx (Fig. 3). No epiphysis is discernible due to extensive
fragmentation during burial. Carpals are poorly preserved
and difficult to discern individually. The pteroid is short,
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FIGURE 6. Close-up photographs and line drawings of the holotype specimen of Cascocauda rong (NJU-57003). A, B, completely preserved tail with
elongated rod-like structures interpreted as zygapophyses and chevrons. C, Large curved manual claws. D, curved pedal claws (counter slab). E, F,
pelvic girdle (counter slab) showing a long and slender iliac anterior process and a fan-shaped prepubis, and in articulation with the left femur
(impression; original bone preserved on the main slab). G, H, ankle region showing unfused tibia and tarsal, metatarsals i—v similar in robustness,
and pedal digit V with a long and gently curved phalanx 2. Scale bars equal 2 mm (A, C-E, and G) and 1 mm (B).
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curved, and blunt at the distal end. The four metacarpals are
subequal in length and less than one quarter the length of the
radius. The wing metacarpal is much more robust than the
other three. The manual claws are strongly curved, sharp and
similar in shape to the pedal claws, but the manual claws are
larger and more robust (Fig. 6C, D). The wing consists of four
phalanges that exhibit a rapid reduction in length proceeding
distally, although the lengths of the first two phalanges are
similar (Fig. 3).

Pelvic Girdles —The bones of the pelvic girdle are articulated
with the hindlimb (Figs. 3, 6E, F) and although crushed, are sep-
arated, indicating an unfused state. The ilia have long and
slender anterior processes, but the shape of the posterior pro-
cesses is unclear. The ischia are broad plates that approach
each other closely at the posterior end. The shape of the
pubis is difficult to discern. The left prepubis bears a distinct
proximal shaft and an asymmetrically fan-shaped distal
portion (Fig. 6E, F).

Hindlimbs—The femur is straight and oriented nearly per-
pendicular to the vertebral column. The fibula is not fused to
the tibia, tapering out at less than half the length of the tibia.
Metatarsals I-IV are straight and parallel to each other with
nearly equal lengths. The fifth metatarsal is slightly more
robust but significantly shorter than metatarsals I-IV. The pha-
langeal formula is 2-3-4-5-2. The first digit of the pes is not
reversed, and in pedal digits II-IV the penultimate phalanges
are longer than the more proximal phalanges (Figs. 3, 6D).
Pedal digit V consists of two long phalanges, of which the first
phalanx is robust and straight, while the second is slender and
slightly curved (Fig. 6G, H).

Raeticodactylus filisurensis

Eudimorphodon rosenfeldi

Eudimorphodon ranzii

Preondactylus buffarinii

Austriadactylus cristatus

Dimorphodon macronyx
Campylognathoides zitteli
Campylognathoides liasicus

Macronychoptera

Cascocauda rong
Sinomacrops bondei
Batrachognathus volans
Luopterus mutoudengensis

PHYLOGENETIC ANALYSIS

By using ontogenetically corrected coding and treating only
Cascocauda and Anurognathus as having separated naris and
antorbital fenestrae (with the character coded as unknown for
all other specimens; Supplemental Data 3), our analysis pro-
duced a single most parsimonious and fully resolved tree (Fig.
7), with 850.283 steps, consistency index (CI) of 0.442 and reten-
tion index (RI) of 0.708. Most major clades are recovered, among
which the Anurognathidae, supported by 42 synapomorphies
(see Supplemental Results for details), is placed as the sister
group of Breviquartossa. Within Anurognathidae, Cascocauda
rong is the sibling group to (Batrachognathus volans + Sinoma-
crops bondei), which together form the Batrachognathinae
(sensu Kellner et al., 2010). Alongside Batrachognathinae, the
Anurognathinae (sensu Wei et al., 2021) comprises all other
anurognathids. The number of synapomorphies supporting
each internal node of Anurognathidae varies from 3 to 13 (Sup-
plemental Results). Bremer support and bootstrap scores indi-
cate high stability (>1 for the former and over 50 for the latter)
for Anurognathidae, Batrachognathinae, and Batrachognathus
volans + Sinomacrops bondei (Fig. S3). Anurognathinae and
the clades within are less stable: only two clades, (Dendrorhynch-
oides + Anurognathus + (Vesperopterylus + (Jeholopterus +
CAGS-Z070))) and (Jeholopterus + CAGS-Z070), have Bremer
support scores of 1, and only the clade (Jeholopterus + CAGS-
Z070) has a bootstrap score higher than 50.

Ontogenetically uncorrected coding (Supplemental Data 4)
produced an identical tree topology with a slightly longer tree
length (852.302 steps) and similar Bremer support and bootstrap
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FIGURE 7. Single most parsimonious trees recovered from the phylogenetic analysis using ontogenetically corrected coding.
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scores (Fig. S4A). The phylogenetic analysis is thus subject to
limited allometric growth bias, probably because (1) the
number of biased characters is small compared with the total
number of informative characters, and (2) growth-related vari-
ations are coded as continuous characters and thus caused rela-
tively small step changes (always <1 by each character)
compared with the informative discrete characters.

We also ran the analysis using ontogenetically corrected
coding but under a different scenario for the configuration
states of the naris and antorbital fenestra (Supplemental Data
5), ie., treating Cascocauda as separated, Batrachognathus
volans, Sinomacrops bondei, and CAGS-Z070 as confluent
(Wei et al., 2021), and the rest of anurognathids as unknown.
The analysis produced an identical tree topology to the original
and ‘ontogenetically uncorrected’ analyses, although with an
even longer tree length (853.227 steps) than the latter, and
similar Bremer support and bootstrap scores (Fig. S4B). The
Bremer support for Batrachognathinae was reduced to 1, prob-
ably because the analysis recovered the configuration of the
naris and antorbital fenestra of Batrachognathinae as ambiguous
(Fig. S95).

DISCUSSION
Allometry-related Biases in Anurognathid Systematics

Our analysis demonstrates that anurognathids share the same
growth trajectory in most skeletal dimensions and that seven
characters in existing anurognathid diagnoses relate to allometric
growth rather than interspecific variations. Similar studies of
other pterosaur clades, on skeletal proportional changes during
growth, have suggested or led to taxonomic revisions, including
synonymization of multiple species based on shared growth
curves (e.g., Bennett, 1995, 1996, 2007b, 2013; Jouve, 2004) and
recognition of the outliers of the curves as separate taxa (e.g.,
Bennett, 2006; Vidovic and Martill, 2014). In Anurognathidae,
however, excluding the biased characters, the rest of the diagno-
sis remains sufficient to discriminate among existing species,
which are thus considered valid here. Our analysis also recog-
nizes two outliers among the shared growth trajectories, i.e.,
the proportionally longer skull of Batrachognathus volans and
the shorter femur of Sinomacrops bondei, further supporting
the validity of these two species.

Concerning phylogenetic analysis, although the detected allome-
try-related biases have not affected tree topology in the present
study, they might have a more discriminatory effect if the number
of informative characters (and consequently synapomorphies) is
small. In pterosaur phylogenies, nodes usually have few supporting
characters (Lii and Hone, 2012); this is particularly true for
interpretations of anurognathid systematics that have relied on
limited available information (see discussion in Hone [2020] and
Wei et al. [2021]). For instance, the position of Anurognathus as
the earliest-diverging member of Anurognathidae is typically sup-
ported by a single character: the proportional size of the humerus
compared with the femur (Kellner, 2003; Wang et al.,, 2005).
According to our results, however (Fig. 2L), this character arises
from ontogenetic rather than phylogenetic variation, and thus the
proposed phylogenetic position is not valid.

Phylogeny of Anurognathids

The phylogenetic position of Anurognathidae and the inter-
relationships of anurognathid taxa have historically been conten-
tious. Six hypotheses have been proposed for the position of
Anurognathidae, where the clade is viewed as: the earliest-diverging
pterosaur group (e.g., Kellner, 2003; Lii and Ji, 2006; Bennett, 2007a;
Wang et al., 2008; Lii et al., 2018); the sister-group of Novialoidea
(Unwin, 2003b; Lii et al., 2010); the sister-group of Breviquartossa

(Viscardi et al., 1999; Britt et al., 2018; Dalla Vecchia, 2019); belong-
ing to the Scaphognathidae (Vidovic and Martill, 2018); the sister-
group of Pterodactyloidea (Dalla Vecchia, 2009; Andres et al.,
2010, 2014); or a basally branching monofenestratan group (Wei
et al., 2021). Interspecific relationships within Anurognathidae are
also inconsistent, with numerous different topologies having been
proposed (Kellner, 2003; Unwin, 2003a; Lii and Ji, 2006; Andres
et al., 2014; Wang et al., 2017; Lii et al., 2018; Vidovic and Martill,
2018; Wei et al., 2021).

Given ongoing discoveries of new anatomical traits and species
of anurognathids, particularly in recent years (e.g., Jiang et al.,
2015; Lii et al., 2018; Hone, 2020; Wei et al., 2021), we compare
our phylogenetic results primarily with the most recent and
species-inclusive phylogenetic study by Wei et al. (2021), albeit
with reference to others.

Our phylogenetic placement of Anurognathidae, outside
Monofenestrata and as the sister-group of Breviquartossa (Fig.
7), differs from the suggestion by Wei et al. (2021) that the
clade is the basal-most branch in Monofenestrata. One key
factor is that we code anurognathids as either having separate
external nasal and antorbital fenestrae (Cascocauda and Anur-
ognathus) or unknown (other anurognathids), whereas the
group was considered to have a confluent nasoantorbital fenestra
(a feature typical of the Monofenestrata and coded as present in
Batrachognathus, Sinomacrops and CAGS-Z070) by Wei et al.
(2021). This difference in reconstructions arises from the poor
preservation of the ascending processes of the maxilla, either
undiscernible or isolated from the maxilla, that, if present,
would have separated the naris and antorbital fenestra (Andres
et al., 2010; Wei et al., 2021). The newly described holotype of
Cascocauda rong, however, preserves two distinct processes
rising from the anterior portion of the upper jaw towards the
frontal (Fig. 4C), which are most likely the ascending processes
of the maxilla and jugal/nasal, respectively. The absence of the
ascending process of the maxilla in holotypes of Batrachognathus
and Sinomacrops and specimen CAGS-Z070 (Wei et al., 2021) is
not necessarily evidence for its anatomical absence but that this
structure is fragile and prone to displacement during fossiliza-
tion. As such, we consider that available evidence supports the
traditional view of separate nasal and antorbital fenestrae in
anurognathids (Bennett, 2007a; Hone, 2020).

If we code Batrachognathus, Sinomacrops and CAGS-Z070 as
having a confluent nasoantorbital fenestra following Wei et al.
(2021), and code only Cascocauda as having separate external
naris and antorbital fenestrae and the rest as unknown, the
resulting tree topology is identical to that produced by our orig-
inal coding (Fig. S4B). Further, our phylogenetic placement of
Anurognathidae is consistent with the position proposed by Vis-
cardi et al. (1999), Britt et al. (2018) and Dalla Vecchia (2019); all
coded the confluent nasoantorbital fenestra as present or
unknown. These results further support the position of the Anur-
ognathidae outside Monofenestrata as a sister-group of Brevi-
quartossa and suggest that except for the configuration of the
external naris and antorbital fenestrae, anurognathid anatomy
is non-monofenestratan.

In terms of relationships within Anurognathidae, our results
are largely congruent with Wei et al. (2021) in placing Batrachog-
nathus and Sinomacrops as a clade and members of Batrachog-
nathinae (with the inclusion of Cascocauda in the present
study), placing the other anurognathids as Anurognathinae and
recognizing the clade (Anurognathus+ Vesperopterylus + Jeho-
lopterus). Only two discrepancies occur, namely whether Luop-
terus or Dendrorhynchoides is the sister group to the clade
(Anurognathus + Vesperopterylus + Jeholopterus) and relation-
ships within the latter clade.

Wei et al. (2021) placed Luopterus as sister to the clade (Anur-
ognathus + Vesperopterylus + Jeholopterus) based on the synapo-
morphy of a straight last phalanx of pedal digit V. However, this
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phalanx is described as curved in both the holotype (Wellnhofer,
1970) and the referred specimen (Bennett, 2007a) of Anurog-
nathus, yet coded as straight by Wei et al. (2021). Our analysis,
on the basis of six synapomorphies (see Supplemental Results
for details), recovered Dendrorhynchoides as more closely
related to the clade (Anurognathus + Vesperopterylus + Jeholop-
terus), which together constitute a clade containing all short-
tailed anurognathids, i.e., having fewer than 15 caudal vertebrae
with disk-like morphology and short zygapophyses, and tail:
humerus length ratio < 0.5.

Interestingly, according to our results, this clade of short-tailed
anurognathids is immediately preceded by Luopterus with an
elongated tail (tailhumerus length ratio of 0.67), which is
further preceded by other long-tailed species with much longer
tails (taihumerus length ratio of 1.47 for Batrachognathus
volans, 1.50 for Cascocauda rong and >2 for Sinomacrops
bondei). Although positive allometric growth in the tail has
been observed in Pterodaustro (Codornid, 2007) and Kunpen-
gopterus (Jiang et al., 2021), i.e., the tail becomes proportionally
longer during ontogeny, this is probably not the case here. For
instance, Luopterus has a similar humerus length (near isometry
to body size in growth) to Cascocauda, but its tail is less than half
as long as the latter; compared with Sinomacrops, Luopterus has
a longer humerus and yet a much shorter tail length. The
observed difference in tail length is therefore best explained as
interspecific variation. The stepwise shortening of the tail from
the Batrachognathinae to Luopterus and then to the clade (Den-
drorhynchoides + Anurognathus + Vesperopterylus + Jeholop-
terus) probably reflects a general evolutionary trend of tail
reduction in Anurognathinae.

Wei et al. (2021) recovered a sister-group relationship between
Anurognathus and Vesperopterylus based on one synapomorphy:
the complete loss of mid-cervical ribs. Although this trait charac-
terizes Anurognathus and Vesperopterylus and has been included
in our character matrix (Char. 202), our analysis found Jeholop-
terus to be more closely related to Vesperopterylus than Anurog-
nathus based on four synapomorphies (see Supplemental Results
for details). Among these four synapomorphies, while the
number of teeth may be uncertain from preservational bias
(loss or covered by other bones or matrix), Vesperopterylus and
Jeholopterus share (1) the length to mid-width ratio of 0.9 for
the third phalanx of pedal digit IV (2.3 in Anurognathus), (2) dis-
tinctly curved dorsal ribs in the anterior portion of the body
(straight ribs in Anurognathus) and (3) robust first phalanx of
pedal digit V (absent in Anurognathus). The latter two traits
were not included in the analysis by Wei et al. (2021), but had
been noted previously by Hone (2020), probably leading to the
different results.

Support for relationships within Anurognathidae (especially
Anurognathinae) will improve with incorporation of additional
diagnostic features following future discovery of new specimens.

Ontogeny and Evolution of Anurognathids

The gross morphology —and presumably ecology —of anurog-
nathids varies little both in space, across much of Eurasia (known
at least from Germany, Kazakhstan, China, and North Korea)
and time, over an interval of >40 million years (Unwin et al.,
2000; Bennett, 2007a; Hone, 2020). They are widely interpreted
as having been specialized aerial insectivores active in low light
conditions based on their anatomy, including a frog-like large
gape and sharp isodont dentition (Bennett, 2007a; Osi, 2011;
Hone, 2020), small size, deep wing with curved wingtip, short
flexible tail (Bennett, 2007a; Osi, 2011; Hone et al., 2015;
Hone, 2020) and large eyes (Bennett, 2007a; Lii et al., 2018).
Limited variation among anurognathids does, however, suggest
adaptations to slightly different niches. For example, variations
in the number and shape of teeth indicate different prey types

(Wang et al., 2002); the reversed first toe in some anurognathids
suggests enhanced gripping ability, and by extension arboreality
(Lt et al., 2018); variations in the proportions of scapula and cor-
acoid and the shape of the humerus deltopectoral crest reflect
different musculature constructions and thereby flight styles
(Frey et al., 2003; Hone, 2020); and reduction of the tail suggests
reduction of drag, leading to higher maneuverability during flight
(Evans and Thomas, 1992; Bennett, 2007a).

Our recovered allometric growth pattern suggests that the life-
style of anurognathids changed very little in ontogeny as well as
through space and time. The (near-)isometric growth in most of
the wing elements and wingspan (Fig. 1) indicates that juvenile
anurognathids, as small as only 0.24 m in wingspan, have very
similar wing shape and relative size to adults. This indicates pre-
cocial flight capability, as has been suggested for many other pter-
osaurs with similar isometric growth (e.g., Unwin, 2005; Bennett,
2017; Unwin and Deeming, 2019; Hone et al., 2020; Naish et al.,
2021). Given the faster (cubic) increase in body mass than iso-
metric growth of the skeletal lengths and (squared) increase of
wing area, juveniles may have had lower wing loading than
adults and therefore different flight performance (Hone et al.,
2020). This difference, however, may have been relatively small
due to the overall low body mass and could have been offset at
least partially by increasing pneumaticity during growth (Sche-
pelmann, 1990; Wedel, 2003; Benson et al., 2012; Hone et al.,
2020). Further, rather than reflecting a different flight style, a
lower wing loading in juveniles may reflect foraging with a
reduced flight cost (Shaw, 2011). Indeed, both juveniles and
adults shared a suite of characters that would have allowed
slow and highly maneuverable flight, critical for aerial insecti-
vores, including a deep wing chord, curved wingtips, a flexible
tail and likely voluntarily flexed interphalangeal joints (Unwin,
2005; Bennett, 2007a; Witton, 2008; Hone et al., 2015).

The strong negative allometry in both skull length and width
(Figs. 1, 2A, B) confirms Bennett’s (2007a) suggestion that the
skull became smaller relative to body size during growth.
Although this is common among vertebrates from strong nega-
tive allometry of brain growth (Dodson, 1975), this is not seen
in at least some other pterosaurs (Bennett, 2006; Hone et al.,
2020). In the case of anurognathids, it may arise from specializ-
ation on a particular size class of prey items (i.e., insects)
during ontogeny, which is consistent with the stability through
ontogeny of anurognathid feeding-related characters of the
skull (Osi, 2011).

Further, the robust and sharply curved manual and pedal claws
of anurognathids are well adapted for quadrupedal climbing on
vertical surfaces (Bennett, 1997; Unwin, 2005; Hone, 2020); the
observed strong positive allometry in these elements (Figs. 1,
20, P) probably reflects retention of climbing despite increasing
bodyweight. This is consistent with other evidence for a predomi-
nantly arboreal lifestyle, including the unique, highly compact
resting posture observed in both juveniles and adults, presum-
ably for concealment in trees (Bennett, 2007a; Hone, 2020),
small size (Hone, 2020) and co-occurrence of tree-dwelling
animals indicative of a forest environment (Chen et al., 2019).

The retention of the juvenile lifestyle into adulthood by anur-
ognathids may have led to their highly conserved morphology.
Most other pterosaurs (Bennett, 2017) and many other reptiles
(Werner and Gilliam, 1984) exhibit distinct ontogenetic niche
shifts, and occupy different ecological niches to support larger
body size during growth. As such, many aspects of their ecomor-
phology change significantly during growth, and their adult traits,
divergent from plesiomorphic juvenile traits, become exagger-
ated in the process. In contrast, the specialized and consistent
lifestyle of anurognathids during ontogeny may have caused
retention of plesiomorphic juvenile traits, such as their character-
istic large eyes, short skull and small size. Consequently, this may
have restricted anurognathid morphospace and prevented
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further morphological divergence by stabilizing selection, as has
been hypothesized for some closely related cryptic species of
modern bats (Mayer and Helversen, 2001).

CONCLUSION

Allometric analysis on 23 skeletal dimensions from the skull,
pectoral girdle and limbs of 13 anurognathid specimens reveals
an ontogenetic trajectory for this clade that affects a minority
of characters that have been used to assess their taxonomy and
phylogenetic position. Excluding the ontogeny-related charac-
ters, a new taxon, Cascocauda rong gen. et sp. nov., is erected,
which displays clear evidence for separated external naris and
antorbital fenestrae. Phylogenetic analysis on an ontogenetically
corrected dataset supports the hypothesis that Anurognathidae
is sister of Breviquartossa, and that there was a general trend
of tail reduction in the family. The recovered allometric growth
pattern suggests little change through ontogeny in their lifestyle
as arboreal, aerial insectivores and perhaps even a consistent
prey size. This specialized and ontogenetically consistent lifestyle
may have retained plesiomorphic juvenile traits to later onto-
geny, and confined anurognathids in a certain area of morpho-
space despite their broad geographic and temporal distribution.
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