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Abstract:

 At least two lineages of Mesozoic birds are known to have possessed a distinct feather morphotype for which there is no neornithine (modern) equivalent. The early stepwise evolution of apparently modern feathers occurred within Maniraptora, basal to the avian transition, with asymmetrical pennaceous feathers suited for flight present in the most basal recognized avian, Archaeopteryx lithographica. The number of extinct primitive feather morphotypes recognized among non-avian dinosaurs continues to increase with new discoveries; some of these resemble feathers present in basal birds. As a result, feathers between phylogenetically widely separated taxa have been described as homologous. Here we examine the extinct feather morphotypes recognized within Aves and compare these structures with those found in non-avian dinosaurs. We conclude that the “rachis dominated” tail feathers of Confuciusornis sanctus and some enantiornithines are not equivalent to the “proximally ribbon-like” pennaceous feathers of the juvenile oviraptorosaur Similicaudipteryx yixianensis. Close morphological analysis of these unusual rectrices in basal birds supports the interpretation that they are modified pennaceous feathers. Because this feather morphotype is not seen in living birds, we build on current understanding of modern feather molecular morphogenesis to suggest a hypothetical molecular developmental model for the formation of the rachis dominated feathers of extinct basal birds.




Keywords:


dinosaur integument; feathers; Mesozoic birds; Similicaudipteryx; rectrix; molecular development; Confuciusornis








Institutional Abbreviations:

DNHM: Dalian Natural History Museum, Dalian, China;

GMV: National Geological Museum of China, Beijing, China;

GSGM: Gansu Geological Museum, Lanzhou, China;

IVPP: Institute of Vertebrate Paleontology and Paleoanthropology, Beijing, China;

LPM: Liaoning Paleontological Museum, Shenyang, Liaoning, China;

STM: Shandong Tianyu Museum of Natural History, Linyi, China.



1. Introduction

Scientific understanding of the evolution of modern feathers has increased exponentially over the past three decades thanks as much to the numerous feathered Jurassic and Cretaceous dinosaurs uncovered from northeastern China [1,2,3,4,5,6,7] as to the results of laboratory experiments on the molecular morphogenesis of feathers in living birds [8,9,10,11,12,13,14,15]. It can now be hypothesized that the integumentary structures preserved in some non-avian dinosaurs represent primitive stages in the step-wise evolution of modern feathers and confirm independently generated experimental data that suggests feathers first evolved from simple filamentous tubular structures (barbs) that later developed a rachis (through barb fusion), followed by barbule development and finally symmetrical and asymmetrical vanes [9,10,13,14,15]. Although some recent studies disagree with this view, alternative hypotheses are so far unsupported [16].

Simple integumentary structures, perhaps marking early stages in this developmental sequence, are known to have an increasingly wide distribution within Dinosauria (Figure 1) [5,7,17,18], although the known complexity of feather-like integument structures is highest within Maniraptora (Theropoda: Coelurosauria), the derived group of theropod dinosaurs inferred to include Aves [19]. Indeed, several taxa have been found with complex integumentary patterns that include multiple feather morphologies spatially arranged over their bodies including pennaceous feathers (e.g., Caudipteryx zoui, Protoarchaeopteryx robusta). Pennaceous feathers have even been found on the hindlimbs of some taxa (e.g., Microraptor gui, Pedopenna daohugouensis, Anchiornis huxleyi, Xiaotingia zhengi) [20,21,22,23]. Asymmetrical pennaceous feathers, however, are only known so far in the dromaeosaurid Microraptor gui, which possesses long remiges on its forelimbs as well as shorter asymmetrical pennaceous feathers on its hindlimbs [19,22].

Figure 1. A simplified tree of archosaurian relationships [28,29,30,31] showing the known distribution of “proto-feathers” and feathers within Archosauria. Feathers (as opposed to filaments) are defined by the presence of a rachis.
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Although some non-avian maniraptoran theropods clearly did possess feathers of essentially modern morphology, it appears most known taxa also retain apparently primitive morphotypes, such as large single filaments [24], multiple filaments joined basally [20,25,26], distally branched filaments [18,26], and pennaceous feathers with proximally undifferentiated vanes [4], variably distributed throughout the clade [4,19]; integumentary structures lacking a rachis are here referred to informally as “proto-feathers.” As new discoveries have come to light, the degree of morphological variation that characterizes early feather evolution continues to increase [3,4]. The recent discovery of two specimens comprising two different developmental stages of a single taxon reveals that, just like modern birds, some non-avian dinosaurs apparently experienced considerable ontogenetic variation in their plumage [4]: adults were marked by different feather types than juveniles of the same species. However, limited preservation and overlap of fossil feathers prevents unequivocal interpretation of integumentary structures in most specimens; as a result, many recently described extinct feather morphotypes are very poorly understood and interpretations regarding their morphology and function vary [3,4,6,27].



The preservation of advanced feather structures in the earliest diverging birds and some non-avian theropods suggests that basal avians would have had comparable if not more derived integument with respect to their dinosaurian predecessors. Archaeopteryx lithographica was first identified as a bird mainly on the basis of its large, asymmetric and pennaceous remiges; the morphology and distribution of the wing feathers in this taxon and other primitive birds (e.g., Confuciusornis sanctus) is considered essentially modern [32,33,34,35,36]. However, some recent studies suggest that although superficially modern in appearance, the remiges of basal birds may have been structurally weaker, raising questions about the flight capabilities of these taxa [37,38]. Furthermore, the identification of at least two feather types not present in modern birds [38], and the wide and variable distribution of different feather morphologies among non-avian maniraptorans [4], suggests that the evolution of modern avian integument is more complicated than suggested by just Archaeopteryx lithographica and warrants further investigation.

The first unique feather type recognized within Mesozoic birds was the elongate and paired “streamer” rectrices (tail feathers) preserved in some specimens of Confuciusornis sanctus [32,39]. Similar paired feathers were later reported in some specimens of enantiornithines [40,41] although at first interpretation of these structures was controversial [34]. While some workers regarded these paired rectrices as a primitive stage in the evolution of feathers from elongated scales [40], others inferred them to be more advanced structures based on inferences that the rachis itself is a derived feather feature [9,42]. Most recent interpretations have concurred with the latter hypothesis: these paired rectrices are modified pennaceous feathers [27,35,42] not present in living birds—they represent an extinct morphotype.

Recently, a similar feather type was described in a non-avian maniraptoran, the basal oviraptorosaur Similicaudipteryx yixianensis [43]. The youngest of the known specimens of this species (STM4-1) preserves proximally ribbon-like pennaceous feathers (PRPFs) [4]. The ribbon-like portion of the feather is interpreted as an undifferentiated vane, while distally the feather is reported to have normal pennaceous morphology (Figure 2) [4], with vanes separated by a rachis. These feathers are replaced in the adult Similicaudipteryx yixianensis (STM22-6) with longer, normal pennaceous feathers [4] in which the rachis and vanes extend throughout the length of the feather. This feather morphology was described as the same morphotype seen preserved in the tail of the basal scansoriopterygid Epidexipteryx hui [6], another non-avian maniraptoran, and some basal avians (e.g., some confuciusornithiforms and enantiornithines), suggesting that these rectrices are retained in birds from a much earlier stage in feather evolution [4]. Alternatively, the PRPFs in juvenile Similicaudipteryx STM4-1 have been interpreted as pin-feathers, with the protective keratinous sheath still attached [27,44].

Figure 2. Proximally ribbon-like pennaceous feathers (PRPFs) in the juvenile specimen of Similicaudipteryx yixianensis STM4-1: (A) close up photograph; (B) interpretive drawing.
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Here we describe the morphology and variation of known extinct feather morphotypes in non-avian dinosaurs and basal birds. A close comparison of these feathers together with information from new enantiornithine specimens support previous interpretations that these rectrices, in basal birds, represent modified pennaceous feathers, and are in fact distinct from the feather morphotype preserved in juvenile Similicaudipteryx yixianensis (STM4-1). We also apply current knowledge on the cellular and molecular process of feather development to discuss the key morphogenetic process that may have produced this extinct morphology.



2. Morphological Description


2.1. Non-avian Maniraptoran Theropods


2.1.1. Similicaudipteryx yixianensis

A recently described juvenile specimen of the oviraptorosaur Similicaudipteryx yixianensis (STM4-1) preserves remiges and rectrices described as proximally ribbon-like and distally pennaceous [4]. The proximal two thirds of each feather is composed of unbranched plane (i.e., a plane in which rachis cannot be differentiated); the distal third is pennaceous, with a narrow, centered rachis (Figure 2). The referred adult specimen of this species (STM22-6) bears longer, normal pennaceous feathers on the forelimb and tail [4].





2.1.2. Epidexipteryx hui

This scansoriopterygid preserves four incomplete rectrices [6]; these tail feathers are very long and superficially resemble those of the enantiornithine bird Protopteryx fengningensis, which are also distally incomplete. Although the feathers of Epidexipteryx hui are only preserved as impressions, each bears a centered longitudinal striation that has been interpreted as the rachis; the region on either side is interpreted as undifferentiated vane lacking barb individualization (Figure 3) [6,35].

Figure 3. (A) Holotype of Epidexipteryx hui IVPP V15471; (B) close up of the tail feathers.
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2.2. Basal Birds


2.2.1. Confuciusornithiformes

Approximately twenty percent of all the known specimens of Confuciusornis sanctus preserve a pair of elongate rectrices [45]; paired feathers are also preserved in the holotype specimens of Changchengornis hengdaoziensis [46] and Eoconfuciusornis zhengi [47], although in both the distal ends are missing. Even though preservation produces a false diversity of morphologies, we interpret confuciusornithiforms as possessing a single morphology. The feathers in these birds are also very long, exceeding skeletal body length in specimens where complete (i.e., GMV 2150, DNHM D2454) [32]. The proximal 3/4 of the feather is narrow and lacks any clear pennaceous vaning (Figure 4B,C). The narrow, elongate portion of the feather in confuciusornithiforms also bears a longitudinal dark medial stripe that extends nearly its entire length. The lateral margins are dark in color (thus together with the medial stripe delimiting two longitudinal lighter stripes); over the distal quarter the dark lateral margin expands laterally and differentiates into distinct pennaceous barbs organized in symmetrical vanes (Figure 4C). The pennaceous portion typically has a rounded distal margin; the rachis tapers distally, extending to the distal margin of the feather (Figure 4B,C). In agreement with some previous studies, we interpret the proximal three-quarters of the feather as primarily rachis [34,40], with minimal to absent undifferentiated vane laterally bordering it. An alternative interpretation is that the dark medial stripe of the feather is the rachis and the lighter regions on either side are unbranched vanes [47]. However, our preferred interpretation (the former) is supported by observations of well-preserved specimens in which the dark margin expands distally and differentiates into vane (Figure 4C). In addition, the lighter portion of the feather continues into the pennaceous portion supporting an interpretation of this as the rachis; the presence of barbs on the lateral margins (albeit undifferentiated proximally) limits the calamus to only the proximal most portion of the feather. The medial stripe, much fainter than preserved barbs, is interpreted as a preservational artifact resultant from the ventral groove present on the calamus and rachis in living birds [48]. This interpretation is further supported by recent studies on fossil feather microstructure; what typically preserves are the carbonized remains of the melanosomes in the barbs responsible for giving the feather dark color [49,50]. Therefore, the rachis (which does not possess melanosomes) typically does not preserve [50]. In the elongate tail feathers of Confuciusornis, the rachis can only be inferred, delimited laterally by the undifferentiated barbs proximally, and by the vaned portion of the feather distally.

Figure 4. Detail photographs of elongate tail feathers in Confuciusornis sanctus: (A) holotype of C. feducciai DNHM D2454 (this specimen is considered a junior synonym of C. sanctus [45,51]); (B) close up of rectrices in DNHM D2454; (C) close up of rectrix in DNHM D2859.
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2.2.2. Enantiornithes

The presence of a pair of elongate rectrices is the second most common tail morphology (the first being an absence of elongate rectrices all together; Figure 5) encountered within Enantiornithes (e.g., Dapingfangornis sentisorhinus, Protopteryx fengningensis, DNHM D2884, GSGM-07-CM-001). Reflecting the diversity of this clade, the elongate rectrices seen in enantiornithines comprise a range of shapes and relative lengths (Figure 6 and Figure 7). The first taxon described with elongate tail feathers was Protopteryx fengningensis [40]. The paired feathers in the holotype specimen of this bird (IVPP V11665) are incomplete; only the proximal ends of the two straight rectrices are preserved, extending nearly parallel to each other (slightly splayed) from the distal end of the pygostyle (for a length of 82 mm). The preserved portion of the feather was interpreted to be a wide and flattened rachis [40].

Figure 5. (A) Photograph of the holotype of Protopteryx fengningensis IVPP V11665 with elongate tail feathers; (B) photograph of the holotype of Eoenantiornis buhleri IVPP 11537 with no elongate tail feathers; (C) close up of two isolated contour feathers in IVPP V11665.
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Figure 6. Elongate tail feathers in enantiornithine Dapingfangornis sentisorhinus LPM 000039: (A) full feathers; (B) distal left rectrix; (C) interpretative drawing showing transition from unbranched to branched vanes.
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Figure 7. Enantiornithes indet. GSGM-07-CM-001: (A) full slab; (B) detail photograph of paired elongate tail feathers.
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Additional complete discoveries (e.g., Dapingfangornis sentisorhinus, Paraprotopteryx gracilis, DNHM D2884, GSGM-07-CM-001) have confirmed that the paired rectrices in enantiornithines have essentially the same morphology as those of Confuciusornis sanctus. As in the latter, the rectrices in these specimens are narrow and rachis dominated for most of their length; the thick rachis stays approximately the same width for the entire length of the feather, tapering slightly at the distal end (Figure 4). Visible in Dapingfangornis sentisorhinus and GSGM-07-CM-001, a narrow dark region borders the lateral margins of the wide rachis for most of its length (Figure 6 and Figure 7). As in Confuciusornis sanctus, we interpret this as representing undifferentiated vane; in a contiguous lateral section visible in the unnamed enantiornithine GSGM-07-CM-001, individual barbs cannot be identified proximally although distally, spaces clearly separate each barb in support of this interpretation (Figure 7). Although the rectrices of GSGM-07-CM-001 are not preserved well enough for a definitive statement, the pennaceous portion of them may have been close vaned proximal on the barb and open vaned distally. If correct, this implies the presence of branched barbules (i.e., differentiated into hooklets and cilia) that have spatially arranged themselves only on the proximal half of the barb, a specialization seen in some modern bird feathers [48].



As in Confuciusornis sanctus, the vane of enantiornithines increases in width laterally and form barbs over the distal portion of the feather so that the feather is distally expanded and vaned, showing herringbone structure in some specimens (e.g., Dapingfangornis sentisorhinus, GSGM-07-CM-001). Among enantiornithines, the point at which the vane region expands (increases in width) and forms barbs occurs at different points along the rachis (along distal 15% of feather in Dapingfangornis sentisorhinus, 50% in GSGM-07-CM-001) and to varying degrees (abrupt in Dapingfangornis sentisorhinus, gradual in GSGM-07-CM-001), revealing intraclade diversity for this morphotype. Feathers also show some variation in their overall lengths with respect to body-size (e.g., femur: rectrix ratios for Dapingfangornis sentisorhinus: 0.145, Paraprotopteryx gracilis: 0.17)—however, the extent to which variation is affected by molting is unknown. The enantiornithine, Paraprotopteryx gracilis preserves four rectrices of this morphotype [52], suggesting further diversity. However, the different color of the laterally preserved two feathers (compared to the medial pair) may indicate that these structures have been artificially added to the slab.




2.3. Comparison

Currently, there are a number of different interpretations for the morphology of the elongate rectrices in basal birds, although most concur that proximally these have an undifferentiated vane, which becomes pennaceous distally [4,35]. Differences in interpretation are largely split over where to define the rachis and where to define the vane; confusing the two in basal birds may have led to the claim that this feather type was similar to that of the juvenile oviraptorosaur Similicaudipteryx yixianensis (STM4-1) [4]. The feathers in both groups are reported to be pennaceous only distally, a morphology unknown for living birds [32]; however, between groups they differ in all other respects suggesting that these are in fact two different feather morphotypes (contra Xu and colleagues [4]). The proximal “ribbon-like” portion of the feather in birds and Similicaudipteryx yixianensis is quite different; in the latter it lacks all structure (including an identifiable rachis). Furthermore, the pennaceous distal end of Similicaudipteryx yixianensis forms an abrupt, wedge-like contact into the ribbon-like proximal end (Figure 2B); in basal birds, however, the proximally ribbon-like portion of the feather is a large rachis that continues almost to the end of the feather, distally bounded laterally by the vane, as in modern pennaceous rectrices (i.e., opposite to that observed in Similicaudipteryx yixianensis, the rachis of the distally pennaceous portion is continuous through the unbranched vane portion of the feather in Mesozoic birds) (Figure 2B and Figure 6C).

Comparison with the incomplete feathers of Epidexipteryx hui, however, remains equivocal; although clearly different from the feathers in Similicaudipteryx STM4-1, because these feathers do not possess their distal ends or any evidence of structures that can be interpreted as vanes (differentiated or otherwise) on their lateral margins, we cannot determine if these tail feathers are truly comparable to those preserved in some basal birds. However, the preserved portion of the feathers in Epidexipteryx hui is more reminiscent of basal birds than Similicaudipteryx yixianensis; these feathers also appear to have the same medial stripe on the rachis, a feature that is absent in the juvenile Similicaudipteryx yixianensis.




3. Results and Discussion


3.1. Rachis Dominated Feathers

The rachis-dominated feathers of some basal birds have been suggested to represent (I) an intermediate morphology providing evidence that pennaceous feathers evolved from elongated scales [40,52], (II) a type of modified pennaceous feather [42], or (III) a completely new type of primitive feather [4]. The presence of modern flight feathers in the non-avian dinosaur Microraptor gui and the basalmost bird Archaeopteryx lithographica, and the absence of a specimen with elongate scale-like integument largely covering the body makes the first hypothesis weak given that these supposedly intermediate structures are absent in taxa that are more basal than those that possess them. Instead, proto-feathers in the fossil record are known to be simple, hollow filament-like structures [53,54,55]; structures with variable branching morphologies (including pennaceous types) are known throughout Theropoda in varying combinations and distributions over the body [2,25,26,56]. Current knowledge of feather morphogenesis also does not support this hypothesis. In one model, barbs are inferred to have evolved before the rachis, which is formed by barb fusion [42]. Since the rectrices of basal birds appear to be rachis-dominated and pennaceous (indicating barbules were also likely present) and it is unparsimonious to assume that all these features evolved convergently, they are more likely to represent modified pennaceous feathers (hypothesis II) than primitive holdovers from a very early stage in feather evolution (hypothesis I) [42]. Although, these long rectricial feathers superficially resemble the filoplumes of modern birds in that they have a broad rachis relative to the “vaned” portion of the feather (simply branched in filoplumes), modern filoplumes are typically shorter than the coverts they are associated with and have a very slender, hair-like rachis [48]. Filoplumes are highly specialized structures morphologically distinct from these feathers and cannot be considered homologous. Indeed, the paired racket-tail feathers seen in motmots (Motmotidae) also superficially resemble the feathers of Confuciusornis sanctus; the bare rachis in these feathers, however, results from natural weakness of the associated barbs and wear and tear over time [57]. Neither filoplumes nor the tail feathers in motmots possess any proximally undifferentiated vane along the rachis. Some birds of paradise possess tail feathers of undifferentiated vane; these specialized display features differ from that of Mesozoic birds in that the entire feather is undifferentiated forming a “plastic strip-like” morphology [58].



3.2. Potential Cellular and Molecular Basis for Evolution Novelty in Feather Morphogenesis

No living bird possesses a feather that is only pennaceous distally [32] and as a result the rachis-dominated feathers of basal birds can be considered an extinct morphotype. Further, the isolated nature of this feather morphology on the skeleton (rather than distributed over the entire body) suggests these are derived features [34,42]. Recent experimental work has expanded our understanding of feather morphogenesis [9,15,42], allowing us to infer the molecular pathways that may have produced the bizarre rectricial morphology preserved in these fossil birds.

Here we will discuss the cellular and molecular mechanisms during the formation of diverse feather branches in four aspects:

(1). Opening up epithelial cylinder via localized apoptosis. In this process, the apoptosis (i.e., programmed cell death) of the feather sheath and pulp epithelium allows the feather cylinder to open and to become a two-dimensional epithelial plane. The apoptosis of marginal and barbule plate epithelia leads to the formation of space between barbs and barbules, respectively [11]. In extant birds, these two processes usually happen together [11]. In the Mesozoic birds, these processes may be uncoupled, i.e., apoptosis occurs in feather sheath and pulp epithelium without barb ridge formation, and thus form the potential undivided sheet like structure observed in the proximal region of the rectrices in some enantiornithines and confuciusornithiforms (Figure 8A).

Figure 8. Illustration depicting important stages in the formation of the modern pennaceous feather: (A) opening up of the epithelial cylinder via localized apoptosis produces branches; (B) anterior-posterior axis forms through a Wnt3a gradient—combination of (A) and (B) converts a three-dimensional appendage into a two-dimensional, planar structure; (C) regulating rachis/barb ratio through BMP activity; (D) modulation of stem cells to form different morphology along the distal-proximal-distal axis, which is made temporally from the distal to the proximal end.
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(2). Forming anterior (where rachis is)—posterior axis by Wnt3a gradient. In modern feathers, stem cells are horizontally placed in the base of the downy feather follicle but tilted toward the anterior within the follicle of flight feathers [15]. Further, the protein Wnt3a has an anterior-posterior gradient in flight, but not in downy feathers. Global inhibition of the Wnt3a gradient transforms bilaterally symmetric feathers into radially symmetric feathers [15]. Experimental studies have shown that production of an ectopic local Wnt3a gradient results in re-orientation of the barb ridges toward the source and the origination of an ectopic rachis. Thus, these studies have shown that superimposing a molecular gradient on the periodic pattern of barb-ridge formation can break the symmetry and make each module (in this case, each barb ridge) unequal (Figure 8B) [15].

Combination of the last two processes (shown in Figure 8A,B) will make the radially arranged barbs in downy feathers become bilateral symmetrically inserted into a rachis, thus converting a three-dimensional appendage into a two-dimensional plane.

(3). Regulating rachis/barb ratio by BMP activity. Once the periodic barb ridging process is triggered, cells in the epithelial cylinder will have to become either rachis, barbs, or the space (following apoptosis) between barb branches [11]. We know that feather morphogenesis is the result of activator-inhibitor interactions between the bone morphogenetic proteins BMP2 and BMP4, noggin, sonic hedgehog (Shh), and other molecules, which result in a hierarchical pattern of branching in the epithelial cells leading to the diversity of feather morphologies seen within living birds [9,10,11,12,13,14,34,59].

The following scenario has been proposed for the morphogenesis of the avian feather: (1) BMP4 exceeds the level of noggin, a broad segment of the feather cylinder becomes rachis; (2) epithelial cells form more barb ridge branches where noggin and other BMP antagonist expression exceeds BMP4 in the ramogenic zone; (3) cells differentiate into a periodic arrangement of alternating Shh and BMP2 positive and Shh negative zones, the former representing where marginal plate cells die creating barb ridge spaces and the latter representing the zone of growth of the barb ridge; (4) barb ridge cells express BMP2 and BMP4, become orderly arranged, and differentiate into barbules; and (5) noggin levels return to low levels, as in stage (1) and the calamus forms (Figure 9) [9]. Experiments show that modifying the expression of these molecules can produce primitive or novel morphologies; for example, changes in BMP activities can result in numerous barb ridges or an enlarged shaft, as seen in the elongate rectrices of enantiornithines and confuciusornithiforms (Figure 8C) [9]. This possibility is even more versatile when we consider the temporal changes (see next point).

Figure 9. Illustration of the formation of the rachis-dominated modified pennaceous feather of basal birds. (A,B) formation and initial growth of the feather bud; (C) barb ridge formation; (D) barbs fuse to form a rachis; (E) as feather continues to form, apoptosis ceases, vane becomes undifferentiated; (F,G) illustrate the conversion of a three-dimensional structure into the two-dimensional feather.
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(4). Modulating stem cells to form different morphologies along the proximal-distal axis. Stem cells were found to be located in the proximal follicle. They proliferate to generate new cells, which are pushed upward, and differentiate as they move toward the distal end [15]. Thus, the distal end represents more differentiated structures that were formed earlier. Since the micro-environment for stem cells can change at different times, it is possible to generate different structures during the developmental period of the feather. This provides greater possibility to generate new feather morphologies through changes in the signaling environment at different times (Figure 8D).

With the above understanding, it is possible to envisage that the unique morphology of a rachis-dominated rectrix could thus be produced by gradual reduction in noggin as the feather grows resulting in decreasing length and in the absence of differentiation between barbs proximally, similar to the early onset of the last stage of feather morphogenesis (Figure 9). A suppression of apoptosis in Shh positive marginal plates during the later part of stage (3) would then result in a sheet-like, undifferentiated keratinous vane (as suggested by Xu and colleagues [4]). BMP2 over-expression has been shown to result in feather phenotypes with enlarged rachises and barb fusion [9], both features present in enantiornithine and confuciusornithiform tail feathers. This may also suggest that the modulation of BMP2 and noggin have played an important role in the evolution of this unique feather morphology [34]. Within this feather type, the enantiornithines Dapingfangornis sentisorhinus and GSGM-07-CM-001, although similar, possess morphological differences suggesting diversity within the phenotype and the modification of a similar molecular pathway. We suggest that these main differences in appearance can be produced by an earlier and more abrupt return to stage (1) during the morphogenesis of the tail feather of Dapingfangornis sentisorhinus.



3.3. Function

Protopteryx fengningensis and most other enantiornithines are thought to have been arboreal. This has led to the interpretation that their elongate tail feathers may have helped them balance in the densely wooded environment in which they lived, similar to the way in which a squirrel uses its tail [34]. Interpretations of the similar feathers present in confuciusornithiforms have instead been dominated by suggestions that they were used for sexual display—their variable presence in the known specimens suggestive of sexual dimorphism [39,51,60,61]. However, recent morphometric studies have not been able to support or reject this hypothesis [45,51] and the function of these feathers remains controversial [62]. The variation in length and morphology observed among the tail feathers of enantiornithines may suggest they are also related to display, species recognition [63], or other forms of visual communication [64]. The tail feathers in another group of basal birds, the Jeholornithiformes, also show a morphology which suggests that visual communication may have been the primary function [65]; the wide range of non-aerodynamic tail morphologies among basal birds suggests that this may have been a trend during the early evolution of Aves.



3.4. Proximally Ribbon-like Pennaceous Feathers

The unusual feathers preserved in the juvenile specimen of Similicaudipteryx yixianensis STM4-1 are more difficult to interpret because of the large amount of overlap between the numerous remiges and rectrices of this specimen (Figure 2). While throughout this paper we have followed morphological interpretations by Xu et al. [4] of the feather structures in STM4-1, alternative interpretations of these feathers exist, primarily that the proximally sheet-like portion of the feather represents the keratin sheath that protects the feather as it grows (pin-feathers), consistent with the interpretation of the specimen as a juvenile [27,44]. This has been refuted based on the considerable length of the feathers in Similicaudipteryx STM4-1 (pin-feathers are short) [66]. We agree that the feathers preserved in STM4-1 are not pin-feathers and offer an alternative interpretation of these structures based on our observations. The proximally ribbon-like portion of the feather is preserved in the same manner as the distally “pennaceous” portion of the feather, suggesting both parts are the same material, and that the proximal structure cannot be a keratinous sheath or enlarged rachis [49,50]. No clear rachis can be identified in the proximally ribbon-like portion of the feather. In fact, from the preservation, it cannot be determined if these feathers were truly distally pennaceous or not (Figure 2). The feathers resemble the strange body feathers of Epidexipteryx hui, described as parallel barbs originating from a single point [6,19], which appear to be undifferentiated proximally; this is also consistent with the uniform preservation of the feather proximodistally in STM4-1. These feathers also superficially resemble the body contour feathers of basal birds, which unlike in modern birds, are not pennaceous [35].



In enantiornithines and confuciusornithiforms, poorly defined feathers are often preserved associated with most of the skeleton, primarily the neck and caudal region (e.g., preserved in the holotype specimens of the enantiornithines Longirostravis hani, Eoenantiornis buhleri, Protopteryx fengningensis, Dapingfangornis sentisorhinus, Shanweiniao cooperorum, Longipteryx chaoyangenesis and DNHM D2884 1/2) (Figure 5, Figure 6 and Figure 7). These are notoriously difficult to interpret [27]. The feathers appear uniform with only some variation in length in different regions of the body (e.g., Longipteryx chaoyangensis; based on differences in length and morphology, feathers on the tibiotarsus appear to represent a distinct tract, representing crural feathers rather than generalized body coverts). The body feathers in Confuciusornis sanctus and enantiornithines such as Longipteryx chaoyangensis and Protopteryx fengningensis are non-shafted [35]; isolated body feathers preserved in Protopteryx fengningensis IVPP V11665 show the absence of a distinct medially placed rachis or centralized shaft (Figure 5C) [35]. These feathers resemble modern downy feathers, and functionally may have served as such, but differ from in that the barbs do not radiate from a short rachis but rather the feather consists of proximally undifferentiated vane that frays into individual barbs distally, a morphology unknown among living birds (Figure 5C). In modern birds, coverts are found on the unspecialized regions of the body surface [48]. Body coverts are modified pennaceous feathers; their barbs do not form interlocking vanes but possess a stiffened base that maintains their alignment [48]. No herringbone structure is apparent among the coverts of basal birds, as one would expect if they were pennaceous. “Non-shafted” feathers, forming an organic halo of filaments radiating out from the body contour are commonly preserved among Mesozoic birds as well as on parts of some non-avian theropods (e.g., Sinosauropteryx prima, Sinornithosaurus millenii) [35].

The morphology reported in a juvenile Similicaudipteryx yixianensis is similar to the unshafted coverts of basal birds and some non-avian dinosaurs, proximally bearing no structure (e.g., barbs, rachis), except with the distal portion reported to be pennaceous; however given the preservation and overlap of these feathers, clear evidence for pennaceous vane is here considered absent. What has been interpreted as herringbone structure may in fact be two feathers preserved with the open vaned distal ends oriented in opposing directions (Figure 2). We suggest the remiges and rectrices of juvenile Similicaudipteryx yixianensis were a generalized form of covert, similar to feathers found across the body, that were replaced with pennaceous feathers later in ontogeny. Reinterpretation of the feathers as simple structures similar to those that cover the bodies of basal birds and some non-avian theropods (e.g., Sinornithosaurus millenii) that are then replaced with pennaceous feathers better fits the inferred scenario of ontogenetic maturation of the plumage in Similicaudipteryx yixianensis.




4. Conclusions

By the Late Jurassic, dinosaurs including birds, were diverse and specialized in their integument. This diversity increased in the Early Cretaceous, with the dominant avian clade, the enantiornithines, possessing a huge diversity of feather patterns and morphologies. Although remiges of modern aspect evolved early, basal birds possess contour feathers different from those of modern birds (and like those of some closely related non-avian dinosaurs), and a unique rectrix feather type unknown in living taxa. This supports hypotheses regarding the acquisition of feather types within Aves that suggest the covert feathers in modern birds are a derived form of the pennaceous feather [67]. The morphology of the unique rectrix of some basal birds suggests that it is a modified pennaceous feather, and could have been developed by modification of the timing (e.g., shortening or lengthening) of specific morphogenetic stages that are today expressed in the development of modern feathers. The known diversity of feather types during the Early Cretaceous, although including morphologies since gone extinct, is still dwarfed by the diversity in morphotypes observed among extant birds.
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