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Supplementary Results 
Anatomical description of the specimens 
Both skulls present in an approximately dorso-ventral orientation. They are wider than 
long (NJU–57003: 21.9 mm long and 30.8 mm wide; CAGS–Z070: 25.6 mm long 
and 26.8 mm wide). The skull is more articulated and better preserved in CAGS–
Z070 in which the frontal, mandible, palatine and teeth are discernible (Fig. 1a–b, and 
Supplementary Figs. 1b and 3a); this contrasts with NJU–57003, in which some 
cranial bones are highly compressed and poorly defined (Fig. 2a, and Supplementary 
Figs. 1a and 2a–b). Teeth in both specimens are relatively thin, short and distally 
curved, with longitudinal striations on the surface enamel (Supplementary Figs. 2c–d 
and 3b–c). 

The cervical, dorsal and sacral vertebrae are crushed or partially covered in NJU–
57003, and poorly preserved in CAGS–Z070. In both specimens, the column formed 
by the short and robust cervical vertebrae is shorter than that between the neck and the 
tail. In NJU–57003, over ten dorsal vertebrae and three rows of gastralia are 
preserved. Sacral vertebrae are short, broad and articulated with the caudal vertebrae. 
The caudal column comprises 18 / 19 vertebrae (total 418 mm) in NJU–57003 
(Supplementary Fig. 2i), but is not preserved in CAGS–Z070. 

The scapula is unfused to the slightly curved coracoids in both specimens 
(Supplementary Figs. 2e and 3g). The humerus is robust with a sub-triangular 
deltopectoral crest in NJU–57003 (Supplementary Fig. 2f) but an alate one in CAGS–
Z070 (Supplementary Fig. 3d). In both specimens, the ulna and radius are straight, 
and only slightly shorter than the first wing phalanx and subequal to the second wing 
phalanx in length (Supplementary Table 1). Five carpal elements are preserved and 
unfused in CAGS–Z070 (Supplementary Fig. 3f), but the carpals cannot be identified 
in NJU–57003. In both specimens, the pteroid is short, robust and blunt at distal ends; 
the manual claws are similar to the pedal claws in shape, but the manual unguals are 
larger and more robust; the four metacarpals are subequal in length, with the fourth 
one more robust than the remains; the wing consists of four phalanges that decrease in 
length from I to V. The wingspan of NJU–57003 is approximately 0.41 m (calculated 
as the sum of the lengths of both humeri and radii, and all wing metacarpals and wing 
phalanges (Supplementary Table 1)), while that of CAGS–Z070 is estimated as 0.45 
m1 despite incomplete preservation of wing phalanges. 

The ilium, ischium and pubis are completely preserved and articulated with the 
hindlimb in NJU–57003, but are not preserved in CAGS–Z070. In both specimens, 
the hindlimb is robust; the femur is straight and nearly perpendicular to the vertebral 
column; the fibula is not fused to the tibia, tapering out at less than half of the length 
of the tibia; metatarsals I–IV are straight and parallel to each other with nearly equal 
length; the metatarsal V is more robust and significantly shorter than metatarsals I–IV; 
the phalangeal formula is 2-3-4-5-2; the first phalanx of the fifth pedal digit is robust 
and straight, while the second phalanx is slender and slightly curved near the distal 
end. The patagia are poorly and only locally preserved in NJU–57003. In contrast, the 
plagiopatagium and uropatagium are locally well preserved with each possessing a 
distinctive trailing edge in CAGS–Z070. The preserved plagiopatagium extends from 
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the proximal margin of the humerus to that of the first wing-finger phalanx. The 
uropatagium connects the ankles and tail. 
 
Affinities of the specimens 
The two specimens share many diagnostic characteristics of anurognathid pterosaurs, 
such as a short, high and broad skull, small, peg-like and widely spaced teeth, almost 
equal length of the dorsal and sacral vertebrae with the ulna, subsymmetric and 
angular profile of the proximal end of the humerus in dorsal view, relatively short 
metacarpal IV and pteroid, and three phalanges of manual digit III (Supplementary 
Fig. 3i)2,3. Within anurognathids, the phylogenetic position of the two specimens is 
still uncertain4,5. The specimens resemble Jeholopterus, Dendrorhynchoides and an 
unnamed anurognathid from the same biota (one Dendrorhynchoides specimen is 
reported from the Jehol Biota6) but differ from Anurognathus and Batrachognathus in 
the shorter and wider skull, the presence of longer, thinner and distally curved teeth, 
four phalanges in the forelimb rather than three (unknown in Batrachognathus), and 
the alate or sub-triangular shape of the deltopectoral crest of the humerus4,7–9. 
Compared with the wingspans of Dendrorhynchoides curvidentatus, D. 
mutoudengensis, and Jeholopterus ningchengensis (estimated as 400 mm, 500 mm 
and 900 mm, respectively)4,6,7, the two specimens described here are relatively small 
and thus possibly represent juveniles. This is supported by the unfused articular 
bones, such as carpals, scapula and coracoid, proximal tarsals and tibia 
(Supplementary Figs. 2h and 3h), and the pitted and rough articular surfaces of limb 
bones (Supplementary Figs. 2g, 3e and h) that reflect incomplete ossification9,10. 
CAGS–Z070 was previously assigned to Jeholopterus in some literature4,9,11 and we 
consider it likely that the two specimens probably belong to either Jeholopterus or 
Dendrorhynchoides. Detailed phylogenetic analysis of the specimens is beyond the 
scope of this study.  
 
Geometry of melanosomes 
Aspect ratios (length:width) of the melanosomes in NJU–57003 range from 1.4 to 3.2 
with a mean value 2.2, which are markedly lower than those in most nonavian 
maniraptorans (Supplementary Table 2). The measured melanosome geometry falls in 
the morphospace of melanosomes from the integument of pterosaurs and non-
maniraptoran dinosaurs, which holds true for adjusted values considering potential 
shrinkage during diagenesis (Supplementary Fig. 7). 
 
Phylogenetic macroevolutionary analysis 
The results for the ‘basic’, ‘equal’ and ‘mbl’ approaches to estimating branch lengths 
show mixed results (Supplementary Table 3), but the majority of cases show varying 
likelihoods that the ancestors of pterosaurs and dinosaurs possessed some assortment 
of scales, monofilaments, filament bunches or tufts of filaments. It is worth 
considering whether any of these nine models are more or less likely than the others. 

In the calculations, we use the log-likelihood as a measure of optimal fit 
(Supplementary Table 3); log-likelihoods cannot be used to compare results from 
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different analyses because they are a function of sample size, but they can be used to 
compare different treatments of the same basic input data, as we do here. Under the 
‘basic’ model for branch lengths, all three evolutionary models scored the same log-
likelihood, but for the preferred ‘equal’ and ‘mbl’ reconstructions of branch lengths, 
the ARD model is most likely. These all show a combination of scales and filaments 
(equal, ARD) or scales, filaments and filament tufts (mbl, ARD) in the ancestral forms 
between pterosaurs and dinosaurs. We reproduce output trees and results in detail only 
for the ‘mbl’ reconstructions of branch lengths, with the most likely ‘ARD’ model in 
the main paper (Fig. 3), and the equivalent ‘equal’ and ‘SYM’ models (Supplementary 
Fig. 9A, B). 

This finding confirms the findings of an earlier report12, i.e., that filaments and 
feathers are basal for the clade Avemetatarsalia (= Pterosauria + Dinosauromorpha) 
when pterosaur filaments were coded as homologous with dinosaur filaments, 
whereas scales are primitive for Avemetatarsalia if these filaments were coded as non-
homologous in the two clades. Those authors12 preferred the latter view, i.e., that 
pterosaur filaments are non-homologous with dinosaur filaments, but there was no 
primary anatomical, or other, evidence for this assumption of non-homology. We 
provide evidence in our new materials for homology of filaments (state 2), but also 
filament bunches (state 3), between pterosaurs and dinosaurs, and so we follow this 
most parsimonious view that they are homologous. 
 
Taphonomy of filamentous structures 
We identify four types of filamentous structures in the pterosaur specimens studied. 
Type 1 and Type 4 structures described herein occur in both specimens, but Types 2 
and 3 occur only in CAGS–Z070. This may reflect original biological differences 
relating to taxonomy (the taxonomic affinities of the specimens are not determined), 
age or gender. Alternatively, the greater diversity of filamentous structures in CAGS–
Z070 may reflect differences in the taphonomy of the two specimens. The specimens 
are from different localities; the precise palaeoenvironmental conditions represented 
by, and diagenetic histories of, the host sediments in each locality are unknown. The 
soft tissues in NJU–57003 are preserved with low fidelity relative to CAGS–Z070; in 
the former, the carbonaceous material defining the filaments is often discontinuous at 
a sub-mm level (Fig. 2b–f and Supplementary Fig. 4). The branches in the Type 2 and 
3 structures (ca. 50–70 µm and 20–40 µm, respectively) are thinner - and thus 
presumably would have a lower preservation potential - than those in the Type 1 and 4 
filaments (compare Fig. 1c, m (Types 1 and 4, respectively) with Fig. 1g, j (Types 2 
and 3, respectively)). The apparent absence of filament Types 2 and 3 in NJU–57003 
may thus reflect the poorer preservation of soft tissues in that specimen. 

Interpreting the morphology of integumentary filaments in fossil birds and 
feathered dinosaurs can be difficult as the morphologies of preserved structures may 
have altered during decay and compaction. Particular difficulties relate to the effects 
of fraying13, matting and the superposition of filaments due to decay-induced collapse 
and compaction of the soft tissues14. These processes could potentially generate 
textures that resemble single thick filaments via wetting and clumping of multiple thin 
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filaments, or clusters of filaments via superposition of multiple thin filaments. 
Critically, the four types of filaments described here show distinct morphologies 

and distributions that cannot be generated via decay of one or more filament types, i.e. 
there is no evidence that the preserved filaments lie along a taphonomic spectrum. For 
instance, the Type 4 structures cannot be generated via decay of filament Types 1, 2 or 
3. The regular spacing of the Type 4 structures, and their clear separation by 
sedimentary matrix, renders it highly unlikely that the former represent taphonomic 
artefacts formed by superimposition of clusters of Type 1 filaments. Further, Type 4 
narrows towards the base, whereas Types 1 and 3 are broadest at their bases. Although 
Types 2 and 4 both narrow towards the filament base, they differ in length: Type 4 
filaments are up to 8 mm long, and Type 2 filaments, up to 13.8 mm long. Thus Type 
4 filaments could reflect degraded Type 2 filaments only if every filament was 
reduced in length by 40%; this is not plausible. It is also extremely unlikely that 
filament Types 2, 3 and 4 reflect progressive fraying: branches in the Type 2 and 3 
structures are thinner than those in the Type 4 structures, but there is no evidence for 
similarly thin branches associated with the Type 4 structures, despite the presence of 
more numerous branching points along the midline of the structure. Further, the Type 
3 filaments are straight or show minimal curvature, whereas the Type 2 and, 
especially, Type 4 filaments show greater curvature and / or undulation along their 
length, suggesting that the latter were more flexible than the Type 3 structures. 
 
Taphonomy of microbodies 
The soft tissues of many fossil vertebrates contain micron-sized spherical to rod-
shaped granules that were originally considered to represent fossilized decay 
bacteria15 but reinterpreted in a fossil feather by Vinther et al. 16 as fossilized granules 
of the pigment melanin, i.e., melanosomes. Subsequent reports of similar microbodies 
preserved in diverse tissues in various fossil taxa, e.g. feathers (birds17–19 and 
feathered dinosaurs18), skin (non-avian dinosaurs20, other marine reptiles21, 
amphibians20 and snakes22), eyespots21 and ink sacs (squid23)) form a growing body of 
evidence for the widespread survival of melanosomes in the fossil record. Ongoing 
debate about interpretations of the microbodies13,24 have been fuelled largely by the 
morphological similarity of the latter to bacteria. Several studies have concluded that 
a combination of morphological and chemical evidence is required to support a 
melanosome origin24,25. To date, several techniques (e.g. alkaline hydrolysis peroxide 
oxidation (AHPO), Time-of-Flight-Secondary Ion Mass Spectroscopy (ToF-SIMS) 
and Fourier Transform Infrared Spectroscopy (FTIR)) have yielded chemical evidence 
for fossil melanin in fossil soft tissues21,23,26; other techniques, e.g. Gas 
Chromatography-Mass Spectroscopy (GC-MS), do not yield diagnostic evidence for 
melanin27,28. No study, however, has yielded chemical evidence that the preserved 
microbodies are microbial in origin, even where the host sediment containing the 
fossils preserves microbial signatures22. The overwhelming consensus from these data 
is, therefore, that the microbodies preserved in the eyes, feathers, skin, ink sacs and 
potentially other tissues of fossil vertebrates are indeed melanosomes. A bacterial 
origin for the fossil microbodies can thus be refuted where the location, morphology, 
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specific context, and chemistry (as revealed by one or more analytical techniques) of 
the fossil microbodies are consistent with melanosomes but not bacteria. 

In this study, we show that the microbodies evident in the soft tissues of the 
pterosaur filaments are embedded within a carbonaceous matrix and are overlain by a 
layer lacking microbodies (Fig. 2g–h and Supplementary Fig. 4a–f). This context is 
consistent with the anatomical distribution of melanosomes in the feathers of extant 
birds - the former are absent from the marginal layer of feather tissues, i.e., the 
laminated keratin cortex - and with the context of fossil melanosomes described in 
feathered dinosaurs18. The context is not consistent with that of decay bacteria, which 
would be expected to overgrow the tissues22. Further, unlike extant decay bacteria, the 
fossil structures are stable during SEM analysis. The mode of preservation of the 
fossil microbodies as three-dimensional moulds is characteristic of melanosomes in 
many other fossils (e.g. Li et al. 19,29; Zhang et al. 18) but is not fully understood. 
Analyses of SEM micrographs of the fossil tissues reveals that the size of the 
pterosaur microbodies falls within the size range of melanosomes preserved in extant 
birds and non-maniraptoran dinosaurs29. Finally, our FTIR analyses of the fossil 
filaments reveal spectra that strongly resemble those of melanosome-rich soft tissues 
reported from other fossil vertebrate taxa; there is no chemical evidence for a major 
bacterial contribution to the spectra from the pterosaur tissues. The recovery of 
chemical evidence for melanin from the fossil filaments suggests that components of 
the melanin molecule have survived fossilization, presumably via migration from the 
melanosome bodies into the surrounding matrix during decay and / or diagenesis. 
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Supplementary Figure 1 | Drawings of (a) NJU–57003 and (b) CAGS–Z070 with 
skeletal element identification, outline of preserved integument (light grey 
shading), and distribution of the four types of pycnofibres. Dark grey shading 
represents partial losses of original skeletal elements. The former presence and position 
of these skeletal elements is indicated by depressions in the surface of the slab. 
Sampling locations for SEM, FTIR and EDS analyses are indicated by red, blue and 
yellow dots, respectively. Abbreviations: cd, caudal vertebrae; co, coracoid; cv, cervical 
vertebrae; dr, dorsal rib; dv, dorsal vertebrae; fe, femur; fi, fibula; fr, frontal; ga, 
gastralia; h, humerus; I–IV, pedal digits I–IV; il, ilium; is, ischium; man, mandible; 
mci–iii, metacarpal I–III; mciv, metacarpal IV; mti–iv, metatarsal I–IV; mtv, metatarsal 
V; pa, parietal; pal, palatine; pt, pteroid; pu, pubis; r, radius; sc, scapula; scr, sclerotic 
ring; th, tooth; ti, tibia; u, ulna; V–1 and 2, phalanges 1 and 2 of pedal digit V; wp1–4, 
wing phalanges 1–4. Scale bars: 10 mm. 
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Supplementary Figure 2 | Additional images of skeletal elements of NJU–57003 
illustrating diagnostic characters discussed in the main text. a, Overview. b, Short 
and broad skull with widely spaced teeth. c, Long, thin and not fully exposed teeth. d, 
A fully exposed tooth showing longitudinal striations and clear distal curvature. e, 
Unfused scapula and coracoid. f, Deltopectoral crest of the humerus. g, Proximal end 
of humerus showing pitted and rough surface. h, Proximal tarsal not fused to tibia. i, 
Completely preserved tail. Abbreviations as in Supplementary Fig. 1. Scale bars in a: 
20 mm; b: 5 mm; c and d: 0.5 mm; e, g and h: 1 mm; f: 2 mm; i: 10 mm. 
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Supplementary Figure 3 | Additional images of skeletal elements of CAGS–Z070 
illustrating diagnostic characters discussed in the main text. a, Short and broad skull 
with widely spaced teeth. b–c, Long, thin, and distally curved teeth with longitudinal 
striations. d, Deltopectoral crest of the humerus. e, Distal end of radius and ulna 
showing pitted and rough surface. f, Unfused wrist. g, Unfused scapula and coracoid. 
h, Proximal tarsal not fused to tibia. Also note the pitted surface of the distal end of the 
tibia. i, Three phalanges of digit III of manus. Abbreviations as in Supplementary Fig. 
1. Scale bars in a, b, and d–i: 5 mm; c: 0.5 mm. 
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Supplementary Figure 4 | Preservation of the integumentary filamentous 
structures in specimen NJU–57003. a–b, A sampling example (sample 10 in 
Supplementary Fig. 1a) removed from neck area with evident integumentary 
filamentous structures. c–d, Back-scattered electron images further showing the 



 13 

structures are preserved as dark carbonaceous matter. e–f, Secondary electron images 
(after coating with Au) of the same area as d showing the enclosed and densely packed 
microbodies (corresponding to Fig. 2g). g–i, Overview (g) and close-ups of the soft 
tissue on the wing under normal light (h) and fluorescent light (i). Note the amorphous 
organic remains of integument between the clearly preserved filamentous structures 
(left) and the wing finger (right) in h and i. Scale bars: 5 mm in a and g; 100 μm in b–
c; 10 μm in d–e; 2 μm in f; 1 mm in h–i. 
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Supplementary Figure 5 | Integumentary filamentous structures on the head and 
shoulder (a–b), wing (c) and hindlimb (d) of specimen CAGS–Z070. The close-up 
on the head (b) shows the identified Type 3 filaments (arrows) and similar structures 
(triangles). Scale bars: 10 mm in a, c and d; 1 mm in b. 
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Supplementary Figure 6 | Secondary electron images of the filaments of NJU–
57003. a–h correspond to samples 14, 15, 17, 19, 30, 32, 39, and 43, respectively, 
indicated in Supplementary Fig. 1a. The soft tissues show densely packed, mostly 
oblate melanosomes. Scale bars: 1 μm. 
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Supplementary Figure 7 | Scatterplots of original melanosome measurements 
and adjusted values (enlarged by 20%) of NJU–57003 (n=50), and comparison 
with the outlines of melanosome morphospaces of extant Aves, and pterosaurs 
and non-maniraptoran dinosaurs, respectively from Li, Q. et al., 201430. 
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Supplementary Figure 8 | Energy dispersive X-ray analysis of the filamentous 
structures from NJU–57003 (Sample 5, Supplementary Fig. 1a). Peaks for key 
elements are indicated, and the principal component is carbon. 
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Supplementary Figure 9 | Time-tree phylogeny of Avemetatarsalia, estimated 
using the ‘mbl’ means of branch-length estimation, reconstructed according to 
two different models of evolution, ‘equal rates’ (A) and ‘SYM’ (B). These models 
show a conservative view, with taxa ancestral to Pterosauria and Dinosauria with 
scales, in contrast to the ‘ARD’ model (main paper, Fig. 3), which, with higher log-
likelihood (Supplementary Table 1), suggests that ancestral avemetatarsalians showed 
a diversity of filament and feather types. Numbered colour key as in Fig. 3. 
 
 
 
 
 
 
 
Supplementary Table 1. Measurements of the specimens (in mm).  

 
～estimated or approximate value; -not preserved. 
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Supplementary Table 2. Means (in nm) and coefficients of variation (CV) for 
morphological measurements of melanosomes.  

 
Measurements for the specimens outside of this study are from Li, Q. et al., 201430. 
 
 
 
Supplementary Table 3. Log-likelihood measurements for different branch-
length reconstruction methods and different evolutionary models. 
 

Model Log-likelihood Measurements Scales Filaments 
DP-basic-ER - - - 
DP-basic-ARD - - - 
DP-basic-SYM - - - 
DP-equal-ER -88.42217 100% 0% 
DP-equal-ARD -71.22381 0% 100% 
DP-equal-SYM -75.92329 100% 0% 
TPP-mbl-ER -92.48703 100% 0% 
TPP-mbl-ARD -69.04744 0% 100% 
TPP-mbl-SYM -75.45847 99% 1% 

 
Branch lengths are reconstructed according to the ‘basic’, ‘equal’, and ‘mbl’ methods 
(see Supplementary text for explanation). Tree dating was performed with the 
‘timePaleoPhy’ (TPP) function in the paleotree package and the ‘DatePhylo’ (DP) 
function in the strap R package. Evolutionary models are equal rates (ER), all-rates-
different (ARD), symmetrical (SYM). For ‘equal’ and ‘mbl’ reconstructions, the 
highest log-likelihoods are associated with the ARD model (red text). Estimates of 
ancestral states for Avemetatarsalia are given in the two right-hand columns, with 
percentage likelihood of scales and filaments plus feathers indicated. 
 


