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As the oldest known fossil bird, Archaeopteryx is pivotal to the study
of avian origins. Fifteen avialan fossils have been described from
the Upper Jurassic Solnhofen Limestones, 14 of which have been
referred to Archaeopteryx. Recently, this sample has been hypothesized to
include archaeopterygids, non-archaeopterygid avians and anchiornithines,
although interpretations concerning newly erected non-archaeopterygid
avialans have not been critically examined, and currently, there is no
taxonomic consensus. Morphometrics, as a powerful tool for understanding
variation within a sample, can recognize non-random patterns that
can support taxonomic hypotheses. Here, we analyse linear skeletal
measurements from all Solnhofen avialans and compare them to the
non-avian avialan Anchiornis. Results strongly suggest all Solnhofen
avialans belong to a single taxon conforming to a growth curve. If
more than one taxon is represented within the sample, these taxa are
proportionately indistinguishable when growth is considered. Results
also indicate that, while the forelimb becomes proportionately longer
with increasing maturity, the opposite pattern is observed in Anchiornis,
supporting interpretations that anchiornithines are non-volant. We examine
the validity of the genera Ostromia and Alcmonavis and argue that
purported diagnostic features do not provide robust support for their
distinctiveness. Our results suggest that all known Solnhofen avialans
represent Archaeopteryx.

1. Introduction

Archaeopteryx is arguably one of the most important and highly studied
fossil taxa [1]. First described in 1861, Archaeopteryx remains the oldest and
most basal known fossil bird [2]. Although the recent discovery of slightly
younger Jurassic bird fossils with derived morphologies of the pectoral girdle
suggests avian flight originated well before 150 Ma [3], until the discovery of
such older fossils, Archaeopteryx will remain central to investigations seeking
to elucidate the origin of Aves and dinosaur flight [4]. The importance of
Archaeopteryx is influenced by the fact it is represented by several nearly
complete specimens preserving soft tissues of the wing that provide ample
evidence through which to explore the transition from terrestrial non-avian
dinosaur to volant bird [1,4-6].

Archaeopteryx, also referred to as the ‘Urvogel’ (meaning ‘primeval bird’
in German), comes from approximately 150 Ma Upper Jurassic limestones
exposed in southern Germany, collectively referred to as the Solnhofen
Limestones or Plattenkalk [1,7]. Fifteen skeletal avialan specimens have been
described from these deposits [1,4-10]. One was described as a non-archae-
opterygid avian, Alcmonavis poeschli (hereafter Alcmonavis) [8], and 14 are
generally considered to represent Archaeopteryx and referred to numerically,
based on the sequence in which they were described, and by the city in which
they permanently reside (table 1). However, the taxonomy of Archaeopteryx is
far from resolved.
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License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
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Nearly every known specimen has been assigned a unique taxonomic identity at some point in its history [1]. In a recent [ 3]
study including a revised diagnosis for the genus, all well-preserved specimens were considered referrable to Archaeopteryx [9].
Understandably, morphology is less clear in incomplete and poorly preserved specimens, leading to taxonomic uncertainties.
The Haarlem Archaeopteryx [11], a fragmentary and poorly preserved specimen originally identified as a pterosaur [12], has been
recently reinterpreted as an anchiornithine, a clade commonly resolved as the sister clade to birds, and given the name Ostromia
crassipes (hereafter Ostromia) [10]. Similarly, the specimen used to erect Alcmonavis is incomplete and poorly preserved, crushed
in two dimensions [8]. A total of four Archaeopteryx species are variably considered valid [13-15]; however, with even generic
identifications uncertain, we do not examine specific-level taxonomy here. The lack of consensus regarding Archaeopteryx
taxonomy prevents known specimens from being used as a single sample to explore aspects of biology, like growth and
intraspecific variation.

Several previous morphometric analyses have concluded that sampled specimens form an allometric growth curve [16,17].
The recent discovery of significant new material (six new specimens since 2005) warrants re-examination of all known
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specimens of Solnhofen avialans. Some previous analyses incorporated unreliable measurements, such as tail length (the
tail is incomplete in most specimens) [4,9,16], or omitted specimens based on morphology-based taxonomic hypotheses [16].
Although morphometrics was used as an argument in favour of the reinterpretation of the Haarlem specimen as an anchiorni-
thine, only six specimens were analysed [10]. Here, we conduct the first morphometric analysis of all known Solnhofen avialans
and examine the validity of Ostromia and Alcmonavis. We show that both morphometric data and preserved morphology
support interpretation of all specimens as a single taxon.
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2. A note on taxonomy

Prior to the discovery of the Anchiornithinae, Gauthier proposed that the node referred to previously as Aves or the ‘Archaeop-
teryx node’ (the clade formed by the common ancestor of Archaeopteryx and Passer and all its descendants, here considered to
represent all birds) be renamed Avialae with Aves used for crown birds [18]. Currently, crown birds are more often referred
to as Neornithes, and Aves is either still used for the ‘Archaeopteryx node’, e.g. [4], or abandoned entirely [19]. Anchiornithinae
is commonly recovered as more closely related to birds than to Dromaeosaurus and Troodon and thus also considered avialans
[20]. However, Anchiornithinae is the sister taxon to the “Archaeopteryx node’, which has typically not been labelled [3,21].
We propose that the ‘Archaeopteryx node’ return to Aves, following [22], with the clade formed by Anchiornithinae and this
node remaining Avialae such that anchiornithines are non-avian avialans. However, it is worth noting that the phylogenetic
relationships of these taxa are not certain, and some cladistic analyses resolve anchiornithines as troodontids and part of
Deinonychosauria [23], so all taxa discussed here (and collectively referred to as avialans) may alternatively represent paravians
(all taxa more closely related to Neornithes than Oviraptor, sensu [24])—the clade that encompasses Avialae and Troodontidae.

3. Methods

Length measurements were obtained for all 15 Solnhofen avialans from the literature [1,4,5,7-9] (table 1). Twelve measurements
were selected based on preservational limitations to maximize available data. Measurements for Anchiornis were also taken
from the literature [25-27] (table 2). Only three specimens preserved all measured elements. Moreover, error accumulates in
smaller bones, making it safer to operate with long bones (i.e. minimize error). To mitigate the impact of missing data on the
statistical analyses and degrees of freedom resulting from random preservation, we applied an estimation based on a stochastic
regression imputation (SRI) [28]. This estimates missing data by modelling correlations across the full set of variables (i.e. linear
scaling), thereby preserving the original structure of the dataset, as is likely preferable over others (e.g. iterative imputation)
[29]. Moreover, SRI is particularly appropriate for samples spanning a wide size range but constrained by a highly consistent
scaling pattern, as in Confuciusornis [30], a condition also met by Archaeopteryx and Anchiornis (verified from literature and the
data).

We implemented SRI in SPSS [31], imputing values for only cranial and long-bone measurements (femur, tibiotarsus,
humerus, ulna and radius), while accounting for their distinct scaling patterns. The long bones of Archaeopteryx and Anchiornis
scale in a largely isometric fashion (tested with the data), meaning that variation in any one element can reliably predict
the others. The skull scales slightly different, but it was left for consistency of encompassing cranial and postcranial data.
Five iterations of imputations were carried out, and the resulting datasets were averaged to produce a single dataset for the
general analyses. We used multiple imputations based on strong ontogenetic allometries within each taxon, which provided
highly accurate predictions for missing values. The imputation models were applied to the combined sample (i.e., without
taxon-specific weighting) and implemented in both directions (i.e., predictor-to-predicted and predicted-to-predictor directions)
to account for the asymmetry of regression models. For three incomplete specimens, most values were model-driven. To avoid
over-interpreting these, we excluded and repeated all analyses. Results were qualitatively identical, indicating that the inferred
patterns do not depend on these highly imputed cases. Unlike imputations based on single-variable estimates or weakly
constrained models, our imputations are restricted by tight ontogenetic scaling relationships in both taxa, which limit the range
of plausible values, making the procedure biologically robust.

We report graphically the variance-covariance matrix of the original dataset and the SRI imputation to show the scaling
pattern between measurements and contrast with the estimated values (figure 1). Principal component (PC) analyses (PCAs)
were then conducted only on the SRI datasets to summarize scaling patterns, with loadings representing the projection of
measurements on the PCA eigenvectors (figure 2, table 3).
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Figure 1. Scatterplots showing pairwise comparisons between the original measurements of long bones (left) and the combined set of original plus estimated values
(right) for Solnhofen avialans and Anchiornis. Scores are omitted to allow the figures to convey the underlying trends more directly—namely, the linear isometric size
scaling (small to large) and the differing slopes that denote allometric contrasts between forelimb and hindlimb bones. Smaller blue dots (right) distinguish original
from imputed values. Note how the inference produces a different fit—yet expected, given its scaling relationship with the humerus—between the femur (hindlimb)
and the ulna and radius (forelimb), once imputed values are included.

4. Results

(a) Morphometric analysis

The long-bone measurements scale isometrically, as shown in the dispersions of the variance—covariance matrix and their
loadings on PCs (table 3; figure 1). Solnhofen avialans show a tighter fit than Anchiornis specimens, exemplified by the femur
and humerus (i.e. between bones belonging to hindlimb and forelimb, respectively). Noticeably, the scaling slopes clearly differ
between Archaeopteryx and Anchiornis, including the scaling of the skull and between limbs, indicating different growth rates.

The congruence of global scaling relationships and distributions across original data and the imputations indicates that the
estimated values approximate a simulation of the expected variation, substantiating utilizing only the imputed values on the
PCA. Moreover, this congruence coherently mitigates the effect of missing measurements in the expected scaling relationships
between forelimb and hindlimb bones (e.g. ulna versus femur). The first two PCs together accounted for 96.1% of the total
variance in the dataset, with PC1 explaining 81% and PC2 15.1%, making PC3 largely negligible, and their loadings yield
a congruent pattern with the dispersions of the pairwise comparison (figure 2; table 3). PC1 exhibits almost uniformly high
positive loadings across all measured variables and is unambiguously interpreted as a general size axis. PC2 captures the major
axis of shape variation (limb proportions), contrasting the forelimb and hindlimb elements: it has positive loadings for forelimb
bones and negative loadings for hindlimb bones, reflecting opposing allometric trends. This indicates that PC2 encapsulates the
differential scaling relationships between thoracic and pelvic limb elements.

The PC1-PC2 scatter plot reveals a clear separation between Solnhofen avialans and Anchiornis, with no overlap in the
ordination space (figure 2). This reflects the proportionately longer hindlimbs of Anchiornis. The direction towards positive
values along PC1 corresponds to larger individuals of both taxa—i.e. growth—and the divergence along PC2 in both taxa,
becoming most pronounced around intermediate PC1 values (at mid-size stages), suggests that divergence in limb allometry
between the two taxa emerges during ontogeny near an intermediate size threshold. Solnhofen avialans show increasingly
positive PC2 values with growth, consistent with relatively greater forelimb elongation, as previously observed [16,32].
In contrast, Anchiornis shifts towards more negative PC2 scores as size increases, indicating relatively greater investment
in hindlimb elongation. These patterns indicate that these two samples follow divergent allometric growth trajectories,
respectively emphasizing either forelimb or hindlimb development, a distinction that possibly reflects differing functional
or ecological strategies. Both the Ostromia/Haarlem specimen (near the middle) and Alcmonavis (the largest) fall tightly in the
trend devised by specimens of Archaeopteryx.

(b) Validity of Ostromia

The Haarlem specimen (TM (Teylers Museum) 6928, 6929) is among the most poorly preserved and incomplete of the Urvogel
specimens [1]. Three differences between the Haarlem specimen and other Archaeopteryx were identified [10]. A ‘well-developed
longitudinal furrow on the exposed medial side of the preserved manual phalanx I-1" [10] is a common taphonomic artefact
observed in two-dimensionally crushed slab specimens of taxa with thin, hollow bones (figure 3; see electronic supplemen-
tary material). Most specimens of Anchiornis, like Archaeopteryx, are crushed, and these grooves, which are widely —but not
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Figure 2. A principal component (PC) analysis scatterplot with dashed-black biplot vectors denoting measurement loadings on PCs. The direction of the vector
indicates the loading value (positive or negative correlation) with PC scores and length of the vector indicates their magnitude of the correlation.

Table 3. Principal component (PC) analysis loadings. PCs 1 and 2 account for 96% of the total variation in the sample.

PC1 PC2 PG

skull 0.34247 0.072542 0.35068

consistently —present, are not considered morphological features in recent descriptions [26,27]. Although this interpretation is
acknowledged as a possibility [8], this feature was still used to differentiate this specimen from Archaeopteryx and align it with
anchiornithines.

Two pubic features also purportedly distinguish the Haarlem specimen: the flexed pubic shaft and the shape of the pubic
boot [10]. The flexed morphology appears to be the product of a break located close to the midpoint of the shaft (figure 3C).
The boot is poorly preserved, overlapping the femora. Although described as having a nearly straight distal margin, it appears
convex in published photographs [10, fig. 6a]. The caudodorsal margin of the boot is also described as lacking the cranial
projection present in Archaeopteryx [10]. Although we tentatively observe an impression that we suggest is the cranial projecting
portion of the caudodorsal margin of the boot (figure 3C), this interpretation, like any based on this specimen, is equivocal due
to poor preservation, underscoring the tentative nature of any systematic acts based on this specimen.
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Figure 3. Morphologies relevant to the taxonomy of the Solnhofen avialans. (A,B) Variable presence of taphonomic grooves in the manus of Anchiornis ((A) Shandong
Tianyu Museum of Nature (STM) 0-143; (B) STMO-5)—note a groove extends the full length of the major and minor metacarpals in Anchiornis STMO-5 but not
STMO0-143, and a groove is present in the major digit phalanx 2 in STMO-5 but not STM0-143, consistent with the relatively poorer preservation of STMO-5; (C)
photograph of the pubis of the Haarlem specimen TM 6928 (arrow indicates breakage producing the ‘kink’; the dotted line represents interpretation of the mould of
the missing portion of the pubic boot and the convex caudal margin) (photo by Luis Chiappe, used with permission); (D—F) Chicago Archaeopteryx Field Museum of
Natural History (FMNH) PA 830 ((D) the right alular digit with taphonomic groove on distal half of the partially crushed phalanx I-1 indicated by arrow; () left proximal
ulna with arrow indicating cotyla; (F) left distal ulna showing asymmetrical expansion). Scale bars equal 1 cm in (A-D); 0.5 mmiin (E,F).

(c) Validity of Alcmonavis

The holotype of Alcmonavis poeschli, SNSB-BSPG (Staatliche naturwissenschaftliche Sammlungen Bayerns, Bayerische Staats-
sammlung fiir Paldontologie und Geologie) 2017 I 133, consists of a mostly crushed nearly complete forelimb [8]. It represents
the largest avialan fossil recovered from the Solnhofen Limestones, >220% the size of the Chicago and Eichstatt specimens [8]
(figure 2). Although its large size was previously considered at odds with the interpretation that it represents Archaeopteryx [8],
the size range captured by the 15 Solnhofen avialan specimens is less than observed in Anchiornis and the basal pygostylian bird
Confuciusornis. Using femoral length as a proxy for body size, the largest Anchiornis and Confuciusornis are 235.5 and 253% the
size of the smallest, respectively [30,33,34], congruent with allometric observations (above). Given the size of SNSB-BSPG 2017
1133, ontogeny should also be considered with regard to the expression of some features as purportedly diagnostic differences
with Archaeopteryx.
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SNSB-BSPG 2017 I 133 has a well-developed facet for the attachment of the m. pectoralis on the cranial margin of the n
deltopectoral crest that is considered absent in Archaeopteryx [8]. However, this region is preserved in only three specimens. As
acknowledged, this region is damaged in the Thermopolis and London specimens, and the third (Maxberg specimen) is missing
[8]. Therefore, the absence of this feature in Archaeopteryx should be considered equivocal. Although this margin is also poorly
preserved in the Karlsruhe specimen, computed-tomographic data suggest this feature is absent [7]. Given the large size of
SNSB-BSPG 2017 1 133, this scar may develop with advancing maturity.

Alcmonavis is diagnosed based on the unique combination of 10 characteristics [8], which we examine individually. A
humerus with a ‘large deltopectoral crest, with a maximal expansion that exceeds the width of the humeral shaft’, is also
present in specimens of Archaeopteryx [1,4]. Although the crest appears narrower in the Thermopolis specimen, the dorsal edge
is also damaged and incomplete [15]. The proximal part of the humerus is described as strongly angled, forming an angle of
approximately 38° with respect to the distal shaft. This is the most striking of the humeral morphologies, but given the very
poorly preserved proximal half of the humerus (proximal fifth is missing), breakage (there are numerous cracks throughout the

|qSJH/.|.EUJn(.).[./BJO‘b.lj!qS!|C.|.r.].d/(19‘!.).(.)S|E/((.).J.

shaft) and slight disarticulation might explain this unusual angle, rendering this difference equivocal.

The ulna is described as having a ‘well-defined, single, oval, concave proximal cotyla and small lateral tubercle” (labelled
‘radial tubercle’ [8, fig. 5A]); this feature is very slight and the bone margin is crushed such that this difference is ambiguous.
In SNSB-BSPG 2017 I 133, the concave cotyla is on the cranial half of the proximal articular surface. The caudal half is poorly
preserved. In the well-preserved Chicago Archaeopteryx, a similar cotyla located on the cranial half of the proximal articular
surface of the ulna can be observed (figure 3E). The distal end of the ulna is described as ‘slightly asymmetrically expanded’,
as in the Chicago Archaeopteryx (figure 3F). The presence of a ‘large, crest-like biceps tubercle on the proximal radius’ cannot be
validated due to the very poor preservation of the proximal radius in SNSB-BSPG 2017 I 133. While the biceps tubercle is clearly

10905¢0C *TT ‘Ha7foig

present in this specimen and also documented in Archaeopteryx [8], whether this structure was crest-like is ambiguous; the
radius is crushed such that the distal end of this tubercle could be a preservational artefact and the length of the crest connecting
the proximal biceps tubercle with the elevated distal fragment is mostly reconstructed [8]. The ‘longitudinal groove along the
medial side of the radial shaft’ and on phalanx I-1 are both taphonomic artefacts of crushed two-dimensional preservation
(see electronic supplementary material). Although not described, similar grooves are also present on metacarpals II and III in
SNSB-BSPG 2017 I 133 [8]. Metacarpal II is described as ‘considerably more robust than metacarpal I and III’, a condition also
present in the Solnhofen Archaeopteryx, which is closest in size to SNSB-BSPG 2017 I 133 [1]. This may indicate that metacarpal
IT becomes more robust during ontogeny. Proportional differences may also be exaggerated by the fact the metacarpals are
exposed in caudal view in SNSB-BSPG 2017 I 133, instead of the more typical exposure in ventral or dorsal view. Phalanx II-1
is described as ‘very robust, but with rounded, rather than flattened cross-section’; however, crushing prevents assessment of
cross-sectional shape. Similarly, whether phalanx II-1 is “slightly twisted” is difficult to validate in a flattened structure. Lastly,
the large Solnhofen specimen, the second largest Solnhofen avialan after Alcmonavis, also preserves ‘manual unguals with
strongly developed and palmarly transversely expanded flexor tubercles’, suggesting these tubercles enlarge with maturity in
Archaeopteryx.

5. Discussion

Morphometric analysis of all 15 known avialan fossils from the Solnhofen Limestone indicates that proportionately, these
specimens fit consistently in a growth curve (figure 1). This indicates that skeletal proportions align with the interpretation that
all specimens represent a single taxon, Archaeopteryx, as has been previously suggested based on a smaller sample [16,17]. This
is not unexpected given recent analyses that suggest these fossils only span 700 000-1 000 000 years [7]. If more than one taxon
is present as has been suggested [8,10], they share the same limb-scaling pattern for a given size, which does not support the
hypothesis that non-avian anchiornithine avialans, archaeopterygid avians and non-archaeopterygid avians are all represented
by this sample.

To test the hypothesis that Anchiornis is capable of volant locomotion [35] and the interpretation that Ostromia (Haarlem
specimen) is a non-avian avialan closely related to anchiornithines [10], we included Anchiornis in our dataset [25-27]. Anchior-
nis specimens cluster distinctly and separately from all Solnhofen avialans, including the Haarlem specimen which clusters
with other Archaeopteryx, indicating that morphometrics do not support the hypothesis that Ostromia represents a distinct
taxon and a non-avian anchiornithine avialan. Compared to Anchiornis, specimens of Archaeopteryx (Haarlem included) show
a distinct pattern in which larger individuals have proportionately longer forelimbs [16,32] (figure 2). The same pattern is
observed in the Mesozoic birds Confuciusornis [36] and Archaeorhynchus [37] and is consistent with scaling trends in the wings
of neornithines [38]. Anchiornis shows the opposite pattern in which larger specimens have proportionately longer hindlimbs.
This likely reflects ecological differences between these taxa and strongly suggests that Anchiornis was non-volant, as also
suggested by wing structure [26,39] and moult strategy [40]. These differences in proportions begin at intermediate growth
stages, indicating these two taxa share similar growth patterns, consistent with interpretations they are closely related [3].
Compared to Archaeopteryx, sampled Anchiornis specimens show much greater proportional variation, not falling along a tight
regression like Archaeopteryx (figure 1) and also observed in Confuciusornis [41]. We suggest this is also the result of locomotor
differences, in which the proportions of the volant Archaeopteryx (and Confuciusornis) are more constrained by the biomechanics
of aerodynamic locomotion. The dispersion of the sample does not suggest these proportional differences represent unrecog-
nized taxonomic diversity.

Rauhut et al. provided a revised diagnosis for the genus Archaeopteryx [9], which allows the London, Berlin, Eichstatt,
Solnhofen, Daiting, Thermopolis, 11th, 12th and Chicago specimens to be assigned to this genus [4,9]. The Karlsruhe specimen
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is additionally assigned to Archaeopteryx based on the similar morphology of preserved elements [7]. Rauhut et al. suggest
the missing Maxberg specimen is probably referrable to this genus and the incomplete Biirgermeister-Miiller specimen might
be referable, although certainty is precluded by the loss of the Maxberg specimen and the fragmentary preservation of the
Biirgermeister-Miiller specimen [9]. The Haarlem specimen and SNSB-BSPG 2017 I 133, interpreted as distinct genera, are
also characterized by incomplete and poor preservation. We examined the justification that each of these specimens is not
Archaeopteryx and found the evidence to be tentative at best. Considering the poor quality of these specimens, interpretations
regarding their uniqueness should be considered carefully and, like identifications concerning the very incomplete Biirgermeis-
ter-Miiller specimen, conclusions should be tentative. Examination of the characteristics used to diagnose ‘Alcmonavis’ reveals
that while some are most likely taphonomic artefacts (e.g. angled proximal end of humerus, groove on the radius), some may
be ontogenetic (proportions of the metacarpals and manual flexor tubercles, muscle scar on humerus) and some cannot be
verified given that the specimen is mostly crushed (e.g. cross-section and twisting of the first phalanx of the major digit). Still
others do not appear to clearly distinguish SNSB-BSPG 2017 I 133 from Archaeopteryx (e.g. size of the deltopectoral crest). The
morphometric data presented here further weaken interpretations that these specimens represent different taxa, supporting the
interpretation that observed differences with “Alcmonavis’ may be ontogenetic. Similarly, purported differences with regard to
‘Ostromia’ and Archaeopteryx are either taphonomic (longitudinal groove on manual phalanx I-1, flexed pubis) or cannot be
confirmed due to unclear preservation (shape of the pubic boot).

6. Conclusion

Morphometric analysis of all 15 known Solnnhofen avialans and five published specimens of Anchiornis provides critical
insights regarding the taxonomy of Archaeopteryx and transformations across the dinosaur-bird transition. The absence of
outliers in the morphometrics dataset of Solnhofen avialans suggests that the most parsimonious interpretation of the sample is
that all 15 specimens represent a single taxon along a growth curve. Our approach highlights the value of integrating allometric
constraints into imputations for fragmentary fossils, allowing incomplete specimens to be contextualized without introducing
analytical bias. Changes in proportions associated with size support the interpretation that Archaeopteryx was volant. Differences
in variation, proportions and proportional changes with size between Archacopteryx and Anchiornis support interpretations that
the latter was non-volant. Morphological arguments regarding the taxonomy of TM 6928/6929 and SNSB-BSPG 2017 I 133 are
obfuscated by poor preservation such that interpretations that these specimens represent distinct genera are equivocal.
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