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they are alkali-rich®. This alkali effect is most pronounced at
pressures below 20 kbar, however. At 30 kbar, liquids in equilibrium
with mantle peridotite are not alkali-rich. The alkali content of
experimental slab melts increases with pressure, and comparison
with their natural equivalents has shown that slab melting is likely to
occur at 30kbar or more. Thus, besides the physical aspects of
magma transport and percolation, any alkali-rich slab melt pro-
duced at or beyond 30 kbar, as in our experiments, will be in strong
chemical disequilibrium with the overlying mantle wedge. Extensive
interaction between these melts and peridotite is expected to occur
and the alkali-rich, silica-rich melts will have little opportunity to
reach shallower levels unchanged. On this basis, preservation or
eruption of genuine slab melts can be anticipated to be difficult,
accounting for their relative rarity in most arcs. The chemical
differences observed between experimentally produced slab-melts
and those erupted or preserved as melt inclusions™ must in fact
reflect various extents of interaction of the latter with mantle
material during upward migration. (]
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The evolutionary origin of feathers has long been obscured
because no morphological antecedents were known to the earliest,
structurally modern feathers of Archaeopteryx'. It has been
proposed that the filamentous integumental appendages on sev-
eral theropod dinosaurs are primitive feathers* % but the homol-
ogy between these filamentous structures and feathers has been
disputed’™, and two taxa with true feathers (Caudipteryx and
Protarchaeopteryx) have been proposed to be flightless birds™"’.
Confirmation of the theropod origin of feathers requires docu-
mentation of unambiguously feather-like structures in a clearly
non-avian theropod. Here we describe our observations of the
filamentous integumental appendages of the basal dromaeosaurid
dinosaur Sinornithosaurus millenii, which indicate that they are
compound structures composed of multiple filaments. Further-
more, these appendages exhibit two types of branching structure
that are unique to avian feathers: filaments joined in a basal tuft,
and filaments joined at their bases in series along a central
filament. Combined with the independent phylogenetic evidence
supporting the theropod ancestry of birds''~", these observations
strongly corroborate the hypothesis that the integumental appen-
dages of Sinornithosaurus are homologous with avian feathers.
The plesiomorphic feathers of Sinornithosaurus also conform to
the predictions of an independent, developmental model of the
evolutionary origin of feathers'.

Sinornithosaurus millenii (Fig. 1) is a non-avian, basal dromaeo-
saurid dinosaur from the Lower Cretaceous Yixian formation
(~124.6 Myr ago), Liaoning, China’. Along with Sinosauropteryx’
(a basal coelurosaur), Beipiaosaurus® (a therizinosauroid) and
Microraptor® (a dromeosaur), Sinornithosaurus’ has many filamen-
tous integumental structures that may be plesiomorphic feathers. As
in Beipiaosaurus and Microraptor, the filamentous integumental
appendages of Sinornithosaurus are indistinguishable from the
contour feathers of birds preserved in the same deposits (compared
with holotypes of Confuciusornis sanctus, Eoenantiornis buhler and
Chanchengornis hengdaoziensis). In these avian specimens, the
indisputable contour feathers on the body are preserved as diffuse
arrays of filaments of varying diameters without a prominent rachis
or central shaft. Despite these similarities, homology between the
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integumental filaments of Sinornithosaurus and avian feathers has
been questioned’.

Further preparation of the holotype of Sinornithosaurus (IVPP
V12811) has revealed new details about the morphology of its
filamentous integumental appendages, which are preserved as
carbonized filaments around the specimen (Fig. 1). The appendages
are generally 30—45 mm long and 1-3 mm wide. Many appendages
remain closely associated with the integument of the skull, neck,
forelimbs, legs and tail. Others were dissociated from the integument
and are preserved in the matrix around the specimen. No remiges or
rectrices (that is, flight feathers) with prominent rachi have been
observed. These appendages are unlikely to be collagenous dermal
or musculoskeletal structures’” because they are clearly preserved
as external integumental structures. Furthermore, they are too
numerous and broadly distributed to be partially ossified tendons.

Avian feathers are characterized by a complex, branched structure
of keratinaceous filaments that grow by a unique mechanism from
cylindrical feather follicles'*". This branching structure is the most
distinctive morphological feature of feathers. Our observations
indicate that there are similar branching structures in the
integumental appendages of Sinornithosaurus. Generally, the
Sinornithosaurus appendages are preserved not as solitary fibres
but as compound structures containing multiple filaments (Fig. 2).
This compound filamentous structure is particularly notable in
appendages that were dissociated from the body during preserva-
tion and deposited around the specimen (Fig. 2). The preservation
of numerous, randomly oriented, compound structures overlying
each other shows that these integumental appendages were dis-
sociated from the skin and from one another before preservation,
but that the component filaments within each appendage remained
associated (Fig. 2), indicating that the component filaments in each
appendage were joined together. In contrast, single, unbranched,
independent, hair-like integumental filaments would be unlikely
to be preserved in similarly sized groups of overlying filaments.
Multiple hair-like filaments from independent integumental struc-
tures might remain associated if they were attached to a single piece
of skin that sloughed off the body during decomposition, but the
varying orientation of the dissociated, overlying Sinornithosaurus
appendages (Fig. 2) argues directly against this interpretation.

In addition to their compound structure, the integumental
appendages of Sinornithosaurus exhibit two types of feather-like
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Figure 2 Filamentous integumental appendages of S. millenii dissociated from the
integument and preserved overlying each other in the matrix near the skull. a, Picture of
the preparation. Scale bar, 5 mm. b, lllustrated reconstruction of the appendages showing
the positions of the observed filaments (lines) and the inferred outline of the appendages
(shading). Asterisks, the proximal ends of each appendage. Each appendage is composed
of multiple component filaments.

Figure 1 Sinornithosaurus millenii, holotype (VPP 12811). Carbonized, filamentous,
integumental appendages, 30—45 mm long, are attached to the skull, forelimbs, tail and
other skeletal elements. Dissociated appendages are preserved in the substrate around
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the specimen. The locations of the appendages illustrated in subsequent Figures are
labelled with the corresponding Figure numbers.
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Figure 3 Filamentous integumental appendage of S. millenii from the dorsal surface of
the snout. a, Picture of the preparation. Scale bar, 5 mm. b, lllustrated reconstruction of
the appendage showing the positions of the observed filaments (lines) and the inferred
outline of the appendage (shading). Asterisk, the proximal end of the appendage. The
nearly parallel fibres converge at the base on a single point.

branching structure. In several instances, component filaments are
generally similar in length, extensively parallel for most of their
length, and converge conspicuously at their bases on a single point
(Fig. 3). In this form of branched structure, many unbranched
filaments converge on a single point in a prominent tuft.

One dissociated integumental appendage is preserved in a curved
position that demonstrates a second form of branched structure
(Fig. 4). Here, the distal tips of the component filaments occur along
the entire length of the appendage, and the filaments form the
margins of the appendage in a manner similar to a pennaceous
feather vane. Furthermore, the component filaments are not parallel
to the central axis of the appendage as it curves. Rather, filaments
from both sides are straighter than the appendage as whole, and
each filament converges at its base on the central midline of the
composite appendage. This conformation would be expected only
for filaments that were joined at their bases to other filaments or to a
central filament (or shaft). These observations are not consistent
with a frayed, fibrous composite material (for example, ossified
tendon) because the appendage remains essentially the same width
throughout its length even though new filaments are consistently
added to it. The distal filaments could not continue all the way to the
base of the appendage at their observed diameters or the width of
the appendage would increase substantially as new filaments were
added. As the component filaments are not as long as the appendage
itself, it appears that they are joined at their bases to another
filament within the appendage.

In several instances, there are additional indications of a larger
central filament and secondary branches within a single appendage.
Some appendages display a general outline of the margins of the
appendage with a substantially larger, darker, more prominent
filament running down the centre (Fig. 5a, b). In one instance, a
single filament can be seen joining at its base to the larger central
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Figure 4 Dissociated filamentous integumental appendage of S. millenii from near the
skull. a, Arrows indicate the distal tips of some component filaments. Scale bar, 5 mm.
b, lllustrated reconstruction of the appendage showing the positions of the observed
filaments (lines) and the inferred outline of the appendage (shading). Asterisk, the
proximal end of the appendage. The curved position of the appendage reveals its
compound structure. Each filament converges on the centre of the appendage at its base.

filament at an acute angle (Fig. 5a, b), in the manner of the rachis
and barbs of a pinnate feather. The filamentous integumental
appendages along the right ulna are preserved as a substantial mat
of filaments (Fig. 5¢). The heterogeneous filaments differ strikingly
in diameter and in angle to the ulna, consistent with impressions of
many fibres from different but closely associated branched appen-
dages. The longest, darkest and thickest filaments are straight,
perpendicular to the skin, and arrayed along the ulna at regular
distances (around 0.5 mm apart). These larger filaments are also
largest at their bases.

The integumental appendages of Sinornithosaurus are compound
structures composed of multiple filaments with two types of
branched structure. First, the tufts of filaments joined at their
bases are identical in structure to avian natal down feathers in
which multiple filamentous barbs are basally fused to a single
calamus”. Among modern vertebrate integumental appendages,
this type of branched structure is unique to avian feathers".
(Chinchilla (Chinchillidae) hair is also tufted, but each filament
actually grows from an independent root within a follicle'".)
Second, the serial branching of filaments along a central shaft is
identical in structure to the barbs and the rachis of a pennaceous
feather, and is also unique to avian feathers. The integumental
appendages of Sinornithosaurus are different from most modern
avian feathers in their apparent lack of barbules. Thus,
Sinornithosaurus appendages could not have formed a closed
pennaceous vane.

The compound filamentous structure and the two types of
feather-like branching in the integumental appendages of
Sinornithosaurus strongly indicate that these structures are
homologous with avian feathers. A previous phylogenetic analysis
indicates that Sinornithosaurus is not a bird but is a basal lineage of
the dromaeosaurids which, by themselves or in combination
with troodontids, have been repeatedly considered to be the
lineage of theropods most closely related to birds'"~". Thus, the
proposed homology between the integumentary appendages of
Sinornithosaurus and avian feathers is supported by observations
of detailed, derived morphological similarities, and is strongly
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Figure 5 Filamentous integumental appendages of S. millenii indicating the presence of
larger central filaments, or shafts, and secondary branched filaments. a, Dissociated
appendages from near the left femur. Arrow indicates where a secondary filament joins at
its base at an acute angle to a larger central filament. b, lllustrated reconstruction of the
appendage showing the positions of the observed filaments (lines) and the inferred outline
of the entire appendages (shading). Asterisk, the proximal end of the appendages.

¢, Filamentous integumental appendages preserved in nearly their original positions along
the right ulna. Scale bars, 5 mm.

corroborated by independent phylogenetic data showing that these
lineages are historically closely related.

The morphology of the plesiomorphic feathers of
Sinornithosaurus is also congruent with the predictions of an
independent, developmental model of the evolutionary origin of
feathers'. This developmental model proposes that feathers origi-
nated with the evolution of the first cylindrical feather follicle, and
that they subsequently evolved through a series of derived novelties
in the developmental mechanisms within the follicle. The model
predicts a transition series of feather morphologies from the first
hollow, cylindrical feather through all modern feather structural
diversity" (Fig 6). The two appendage morphologies observed
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Figure 6 The predicted transition series of feather morphologies from an independent,
developmental model of the evolutionary origin of feathers'®. The model™ hypothesizes
that the first feather originated with the first follicle—a cylindrical epidermal invagination
around a papilla. Subsequent feather diversity evolved through a series of derived
novelties in the developmental mechanisms within the follicle. The integumental
appendages of Sinornithosaurus described here are congruent with Stages Il and llla,
whereas the integumental appendages of Sinosauropteryx’ are congruent in morphology
with Stage I. Stage |, an unbranched, hollow filament; Stage I, a tuft of barbs basally fused
to a calamus; Stage llla, a feather with a rachis and serially fused barbs; Stage llla+b, a
feather with rachis, barbs and barbules. Stage IV (not shown), a bipinnate feather with
differentiated distal and proximal barbules and a closed pennaceous vane; Stage Va—f
(not shown), additional modern feather diversity including asymmetrical flight feathers.

in Sinornithosaurus are exactly congruent with the Stage II and
Stage IIla morphologies predicted by this model (Fig. 6). Further-
more, the shorter, unbranched integumental appendages of
Sinosauropteryx®, a basal coelurosaur, are also congruent with the
predicted Stage I feather morphology (Fig. 6). The morphologies
and phylogenetic distributions of these theropod integumental
appendages conform closely to the ancestral feather morphologies
predicted by the developmental model of the origin of feathers'.
These results support the hypothesis that feathers evolved and
initially diversified in terrestrial theropod dinosaurs before the
origin of birds and flight. Furthermore, feathers evolved filamen-
tous structure, basal branching, and a rachis with barbs before
they evolved bipinnate structure, differentiated proximal and distal
barbules, and the closed pennaceous vane that are required for
aerodynamic function. Contrary to recent reports'®, the hypothesis
of the theropod origin of feathers is strongly corroborated by fossil
observations and phylogenetic analyses. Ul
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The females of many Old World primate species produce promi-
nent and conspicuous swellings of the perineal skin around the
time of ovulation. These sexual swellings have been proposed to
increase competition among males for females' or to increase the
likelihood of a female getting fertilized, by signalling either a
female’s general reproductive status'™, or the timing of her
ovulation®. Here we show that sexual swellings in wild baboons
reliably advertise a female’s reproductive value over her lifetime,
in accordance with a theoretical model of honest signalling’.
Females with larger swellings attained sexual maturity earlier,
produced both more offspring and more surviving offspring per
year than females with smaller swellings, and had a higher overall
proportion of their offspring survive. Male baboons use the size of
the sexual swelling to determine their mating effort, fighting more
aggressively to consort females with larger swellings, and spend-
ing more time grooming these females. Our results document an
unusual case of a sexually selected ornament in females, and show
how males, by mating selectively on the basis of the size of the
sexual swelling, increase their probability of mating with females
more likely to produce surviving offspring.

The females of most Old World primate species with sexual
swellings live in multi-male breeding systems, in which females
typically mate with more than one male during oestrus">". Theo-
retical models show that male—male competition for females is
inevitable in these circumstances’, raising the issue of why females
produce such exaggerated displays.

One of us (L.G.D.) investigated the function of sexual swellings in
a population of wild olive baboons (Papio cynocephalus anubis)
living in Gombe National Park, Tanzania. This population has been
studied extensively since 1967 (refs 8—16). Olive baboons reside in
troops of adult males and females, and their juvenile and infant
offspring. Most males are immigrants as females remain in their
natal territories, and the breeding system is multi-male such that
each female typically mates with more than one male per oestrous
cycle.

Twenty-nine parous females for which long-term demographic

T Present address: 38 Sydenham Road, Bristol BS6 5S], U.K.
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data were available were followed in the wild for 13 months.
Measurements of the size of females’ sexual swellings and of the
behaviour of males towards females were collected for 22 females in
44 oestrus cycles. All male behaviour and sexual swelling-size data
are from the 5 days before swelling detumescence in females. For the
same females, we extracted from long-term demographic records
information on four variables related to fitness: age at first concep-
tion; the number of offspring produced per year; the number of
surviving offspring produced per year; and the proportion of a
female’s offspring that survived (see Methods).

Figure 1 shows an example of a baboon sexual swelling in its fully
swollen state. We characterized each female’s swelling by measuring
its length, width and depth. Neither width nor depth of swellings
was consistently related to the four indicators of female reproduc-
tive value (Table 1), and so hereafter we report only associations
with length (‘swelling size’).

Length of a female’s swelling correlates with measures of female
fitness (Table 1): females with larger swellings begin to reproduce at
an earlier age (P < 0.005), produce a larger number of offspring per
year (P < 0.01) and a larger number of surviving offspring per year
(P <0.025); in addition, a greater proportion of their offspring
survive (P < 0.065). All P values we report are for two-tailed tests.
A female’s swelling size was related to her age (r=-0.61, P <0.01;
n=22), but not to her social rank (r=0.087, n=18). We never-
theless controlled statistically for both variables (Table 1). These
analyses show that the relationships between the measures of female
reproductive value and swelling size remain significant, and in some
cases are strengthened. When controlling for female age and rank,
swelling size is strongly correlated with the proportion of a female’s
offspring that survive (P <<0.025, Table 1). Size of the oestrous
swelling therefore seems to be an indicator of a female’s lifetime
reproductive value, independently of age and social rank within the
troop.

An important component of lifetime reproductive value is the
probability of conceiving in each cycle. In humans, early maturing
girls have higher frequencies of ovulation than later maturing girls,
and higher levels of ovarian steroids in each cycle”. Early matura-
tion also has been found in humans to be associated with better
reproductive performance throughout a female’s life'®". Among
females in our study, age of first conception, in addition to being
associated with larger swelling size, is significantly associated with
a higher number of both offspring produced per year (r = —0.43,
P < 0.05; n=29) and surviving offspring produced per year, relative
to other troop members (r=-0.55, P<0.01; n=29). Larger
swellings signal not only that the female started reproducing earlier,
but also that she has a higher reproductive rate relative to other
group members. In a mating system such as that of olive baboons in
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Figure 1 A baboon sexual swelling showing the fully swollen state.
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