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ABSTRACT

The origin of flight in birds and its relationship to bird origins itself has achieved something of
a renaissance in recent years, driven by the discovery of a suite of small-bodied taxa with large pen-
naceous feathers. As some of these specimens date back to the Middle Jurassic and predate the earli-
est known birds, understanding how these potential aerofoil surfaces were used is of great importance
to answering the question: which came first, the bird or the wing? Here we seek to address this
question by directly comparing key members of three of the major clades of paravians: anchiorni-
thines, Microraptor and Archaeopteryx across their known size classes to see how they differ in terms
of major flight-related parameters (wing loading; disc loading; specific lift; glide speed; takeoff poten-
tial). Using specimens with snout to vent length (SVL) ranging from around 150 mm to 400 mm
and mass ranging from approximately 130 g to 2 kg, we investigated patterns of inter- and intraspe-
cific changes in flight potential. We find that anchiornithines show much higher wing- and disc-
loading values and correspondingly high required minimum glide and takeoft speeds, along with
lower specific lift and flapping running outputs suggesting little to no flight capability in this clade.
In contrast, we see good support for flight potential, either gliding or powered flight, for all size
classes of both Microraptor and Archaeopteryx, though there are differing patterns of how this shifts
ontogenetically. These findings, coupled with previous findings of a lack of wing-based locomotion
in early-diverging troodontids or dromaeosaurids, suggest that flight was not a synapomorphy of
Paraves. This supports the contention that flight capacity and potentially powered flight itself arose
convergently in at least two distinct paravian lineages, first in birds minimally 150 million years ago,
then in the microraptorines 20-30 million years later. Our work indicates that the origin of flight
among paravians was likely a more complex phenomenon than previously appreciated.
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INTRODUCTION

The origin of birds and the related, but not
necessarily synchronous origin of powered the-
ropod flight is an area of intense research
(Agnolin and Novas, 2013; Brusatte et al., 2014,
2015; Lee et al., 2014; Puttick et al., 2014; Xu et
al., 2014; Dececchi et al., 2016; Agnolin et al,,
2019), including high-resolution phylogenetic
analysis to identify the interrelationships among
paravian clades (Brusatte et al., 2014; Cau et al.,
2017; Xu et al.,, 2017; Cau, 2018; Hu et al., 2018;
Pei et al,, in press; see also Pittman et al., chapter
2). The pathway from nonavialan theropods to
birds has recently undergone a renaissance,
including a greater understanding of the nonlin-
ear nature of trait acquisition and the lack of a
clear demarcation between “birds” and “nonavia-
lan dinosaurs” (Makovicky and Zanno, 2011;
Godefroit et al., 2013; Brusatte et al., 2014; Cau,
2018; Hu et al., 2018; Pei et al., in press). What
was once seen as a clear path is now understood
to be a complicated series of lineage-specific spe-
cializations and convergences that makes the dis-
tillation of a single well-resolved topology
difficult. This goal has been further complicated
by the fact that flight—one of modern birds’
most quintessential and identifiable traits, long
linked to their origins (Martin, 1983; Feduccia,
1996; Feduccia and Czerkas, 2015)—has recently
been proposed to have more ancient beginnings
(Xu et al., 2003, 2011, 2014; Han et al., 2014;
Dececchi et al., 2016; Pei et al., in press). In that
context, our work attempts to test whether the
“four winged” bauplan seen in multiple paravian
clades and linked to either powered or gliding
flight (Xu et al., 2003, 2011; Zheng et al., 2013) is
important in untangling a significant thread in
this debate.

Recent finds document a suite of small-bodied
taxa from suspected paravian lineages (Dromaeo-
sauridae, Troodontidae, Avialae, and Anchiorni-
thinae, the last one seen as birds by some and as
troodontids or deinonychosaurians by others; see
Pittman et al., chapter 2 ) with large pennaceous,
often asymmetrical veined feathers on their fore-
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and hind limbs (Zheng et al., 2013; Xu et al., 2017;
Hu et al,, 2018). As some of these specimens date
to the Middle Jurassic and predate the earliest
known birds (Brusatte et al., 2015; Hu et al., 2018),
understanding how they used these potential airfoil
surfaces and what the limits to their flight capacity
were (i.e., powered flight vs. gliding) is critical to
establishing the ancestral condition for later avial-
ans, determining the palaeoecology of the Middle
Mesozoic period, and reconstructing the ecological
niche space available to small nonavialan theropods
across the origins of birds. Here we directly com-
pare members of three of these lineages (Anchior-
nithinae, microraptorine dromaeosaurids, and the
earliest well-accepted avialan, Archaeopteryx) to see
how they differ in terms of major flight-related
parameters and aerodynamic reconstructions. As
feathered limbs become more widely recognized as
the default of the various paravian clades and not a
specialized feature, we need to move beyond the
idea that “feathers make a wing” and understand
how multiple parameters (wing size, feather struc-
ture, power output, input velocity, flapping angle
and speed) interact to achieve volancy. Using mul-
tiple lines of evidence, we evaluate flight potential
in both a strictly comparative, relative sense and
against known physical benchmarks in the lineages
bracketing the origin of birds. This knowledge will
help us more accurately understand the evolution
and ecological dynamics at play within small para-
vian theropods during the mid to late Mesozoic
and begin to grapple with the question “What does
it take to fly?”

METHODS

While there is still some uncertainty in the
topology of the theropod tree nearest the origin of
birds, especially placement of the anchiornithines,
the scansoriopterygids, and what the sister group of
Avialae is (Agnolin and Novas, 2013; Brusatte et al.,
2014; Xu et al,, 2014; Lefévre et al., 2017; Xu et al,
2017; Cau, 2018; but see Pei et al., in press), there is
little debate that birds emerged from a generalized,
small-bodied paravian ancestor. With that in mind,
we selected taxa whose phylogenetic placement
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TABLE 1

Linear limb measurements for fossil paravian specimens
For individuals without published measurements of primary feather length, values were obtained in one of several
ways: directly from images (BMNHC PH881, BMNHC PH804), from published wing length measurements (LVH

0026, Archaeopteryx specimens) or extrapolated from closely related taxa (CAGS 20-7-004, QV1002, V 12330, YFGP-
T5197, YEGP-T5198, PKUP V1068). The value given in the original paper is inconsistent with other measures and
other Microraptor specimens. As such we have included a second SVL based on our own measurements from the
original images that are more consistent with relative and absolute values measured for the limb and tail regions as
well as other Microraptor specimens. All measurements in mm. Abbreviations: Fe, femur; Fore, forelimb (H+ U+

Mc); H, humerus; Hind, hind limb (fe + Ti + Mt); Mc, metacarpal IIT; Mt, metatarsus; Primary, longest primary
feather; SVL, snout to vent; Ti, tibia, U, ulna. LVH 0026 has two values in the SVL column. See text for details.
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Taxon Specimen SVL H U MC Primary Fore Wing Fe Ti Mt  Hind
number

Microraptor gui BMNHC PH881 153 474 447 318 140* 124 264 521 729 385 163.5
M. gui IVPP V13320 215 57 53 31 1867 141 327 64 74 47 185
M. gui IVPP V13352 297 83 703 45 2220 198 420 97 1244 70.1 2915
M. gui QV1002 327 949 762 513 250# 222 472 1089 1436 75 327.5
M.zhaoniaus CAGS 20-7-004 240 61.3 538 31.37 181# 146 327 748 942 4776 216.8
M.zhaoniaus IVPP V12330 145 42 37 22.3 113# 101 214 49.8 66 35.3 151.1
M.hangingi LVH 0026 405/360 93.5 819 54.9 255 230 485 111.7 137.1 754 3242
Anchiornis BMNHC PH804 185 45.7 39.8 23 50 109 159 50.9 69.1 41 161
Anchiornis LPM-B00169 247 69 55 34 100 158 258 662 1064 552 227.8
Anchiornis PKUP V1068 275 722 59 32.1 110 163 2733 905 117.7 564  264.6
Eosinopteryx YFGP-T5197 166 379 42 21 57 101 157.8 485 69.5 355 1535
Aurornis YFGP-T5198 246 58 57 34 87 149 236 662 90.5 44 200.7
Caihong PMoL-B00175 259 42.1 472 237 97 113 210 709 828 49 202.7
Serikornis PMoL-AB00200 230 60.7 50.8 32 91 144 235 674 952 485 211.1
Xiaotingia YFGP-T5198 295 71 65 24 107 160 267 84 - - -
Archaeopteryx  Eichstitt 154 415 365 178 - 9% 191 37 525 302 1197
Archaeopteryx ~ Berlin 231 63 562 248 172 144 316 522 685 37 157.7
Archaeopteryx  Solnhofen 300 83 72 343 - 189 375 67 92 475 2065

bracket our current “best estimate” as to the origin
of birds (Pei et al,, in press) and that exemplify the
paravian bauplan. We chose only well-represented
and documented specimens, focusing on taxa with
elongated pennaceous feathered limbs and with an
estimated body mass less than 2 kg, using femur
length (Christiansen and Farina, 2004), circumfer-
ence (Campione et al,, 2014), or published values
based on 3-D or multivariate models (Chatterjee
and Templin, 2007; Alexander et al., 2010; Dyke et
al., 2013; Serrano et al., 2017). Based on these cri-

teria, our analysis is centered on the Anchiorni-
thinae, Microraptor species complex (though there
is some debate as to the interrelationships of small
microraptorines: O’Connor et al., 2011), and mem-
bers of the Archaeopterygidae (table 1), which have
all been proposed to have aerial abilities. We did
not include early-diverging troodontids as previous
work has shown that similar-sized troodontids had
little capability for aerodynamic force production,
including for nonflight-related locomotion meth-
ods such as wing-assisted incline running (WAIR)
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TABLE 2

Mass estimates for fossil paravian specimens
Based on either femur length from Christiansen and Farina (2004), femoral circumference based on Campione et
al. (2014) or published reconstructions (Yalden, 1984; Chatterjee and Templin, 2007; Erickson et al., 2009; Alex-
ander et al., 2010; Dyke et al.,, 2013; Serrano et al., 2017). Mass in kg. Abbreviations: Fl, mass derived from femo-
ral length estimate; Fc, mass derived from femoral circumference estimate; 3D, mass based on published models.

Taxon Specimen number Mass Fl Mass Fc Mass 3D
Microraptor gui BMNHC PH881 0.24 0.18

M. gui IVPP V13320 0.34 0.41

M. gui IVPP V13352 1.30 0.88 0.95/ 0.50
M. gui QV1002 1.88 1.25

M. zhaoianus CAGS 20-7-004 0.57 0.35 -

M. zhaoianus IVPP V12330 0.15 0.13

M. hanqingi LVH 0026 2.05 - 1.23
Anchiornis BMNHC PH804 0.16 0.19

Anchiornis LPM-B00169 0.38 0.59 -
Anchiornis PKUP V1068 1.04 0.61 -
Eosinopteryx YFGP-T5197 0.14 0.36

Aurornis YFGP-T5198 0.38 0.52 -
Caihong PMoL-B00175 0.47 0.3

Serikornis PMoL-AB00200 0.4 0.33 -
Xiaotingia STM 27-2 0.82 0.86

Archaeopteryx Eichsttt - - 0.18
Archaeopteryx Berlin - - 0.25/0.34
Archaeopteryx Solnhofen - - 1.09/ 0.68

or flap running (Dececchi et al., 2016), and had key
aerodynamic metrics that were beyond the limits
seen in extant and extinct flying animals, e.g., wing
loading beyond the upper limit (Pei et al., in press).
Scansoriopterygids were also excluded despite Yi
and Ambopteryx being proposed as volant. This is
because the wings of these taxa are believed to be
patagium based rather than feather based and are
thus structurally and functionally different from
the wing bauplan of the earliest birds (Xu et al.,
2015). We have kept species-level differentiation of
the genus Microraptor (M. zhaoianus, M. gui and
the controversial M. hangingi) as well as generic
differentiation of the “Yanliao” anchiornithines in
accordance with Pei et al. (in press), despite recent
work questioning the validity of some of these taxa

(Turner et al., 2012; Pei et al., 2017). Measurements
were taken from the literature and from personal
observations and communications. Element mea-
surements not recorded in the literature or from
undescribed specimens were taken from images
using Inkscape software. We prioritized our own
measurements when we were able to take them and
found that they were within 2% of those reported
in the literature. Some measurements were given
through personal communications. For the details
of measurement sources, see table 2.

As body size is a major determinant of behav-
ioral ability (Dial et al., 2000), we chose to subdi-
vide our specimens into three size classes based on
snout to vent length (SVL) and reconstructed mass
(table 2). For Microraptor hanqingi, we included a



2020

recalculated SVL based on images of the speci-
mens as the given value (415 mm) is 125% of the
length of the similar-sized QV1002 (femoral length
difference of 2.5%) is inconsistent with our mea-
surements, both of this region and other regions of
the specimen and suggests a significantly higher
SVL to trunk ratio than other Microraptor speci-
mens. This allowed us to compare morphometric
changes with allometry both intra- and interspe-
cifically, but also to see how they differ in terms of
major flight-related linear morphometric param-
eters and aerodynamic reconstructions. We esti-
mated body mass using femur length (Christiansen
and Farina, 2004), femoral circumference (Campi-
one et al., 2014), or published values based on 3-D
or multivariate models (Chatterjee and Templin,
2007; Alexander et al., 2010; Dyke et al., 2013; Ser-
rano et al., 2017; see table 2). This allowed us to
bracket our estimates of flight capacity across a
reasonable range of values for these key specimens.
Wing length was reconstructed as the length of the
longest primary added to the forelimb length
(humerus + ulna + major metacarpal) with wing-
span taken as 2.1x the length of a single wing, fol-
lowing the methodology of Dececchi et al. (2016).
Wing area, unless otherwise indicated, was recon-
structed using a modification of the equation in
Dececchi et al. (2016), which takes the chord as
only 55% of the longest primary feather length as
corresponding to the difference between primary
and secondary feather lengths in Microraptor (Li et
al., 2012) and produces estimates within 2% of pre-
vious published values (see Pei et al., in press, for
more details).

In reconstructing our criteria for flight ability
we chose to use several metrics and methodolo-
gies to produce a more complete picture of the
behavioral possibilities for the taxa in question.
Wing loading denotes the mass supported by the
lifting surfaces of an organism and has been
shown previously to be less than 245 Nm™ in fly-
ing vertebrates (Meunier, 1951). This upper maxi-
mum is thought to be a strong marker: when
extant birds temporally exceed this, as during egg
production, there is a corresponding loss in flight
capacity (Guillemette and Ouellet, 2005). Simi-
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larly, a value below this is not enough to signal
flight, as prefledging birds demonstrate (Austin
and Ricklefs, 1977; Wright et al., 2006; Jackson et
al., 2009; Sprague and Breuner, 2010). Nonpow-
ered gliding taxa often have significantly lower
values, commonly less than 100 Nm? (Socha et
al,, 2015). Higher values below this upper limit are
not a direct indicator of poor flight capacity per
se, but they do suggest reduced performance and
maneuverability as they are often associated with
higher required velocities to maintain sufficient
lift (Dial et al., 2000; McGuire and Dudley, 2005,
2011; Stein et al., 2008). In addition, by including
the related value of wing-disc loading, calculated
as the circular area swept out by the wingspan, we
have another commonly used measure that has
been linked to energy expenditure, flight effi-
ciency, and drag reduction in modern birds (Pen-
nycuick, 1975, 1989).

Specific lift is a measure of the amount of lift
generated per unit of body weight by an organ-
ism, and the vertical component of specific lift
must be at least 9.8 Nkg! to overcome gravity
(Marden, 1987, 1994), assuming negligible con-
tributions from drag (which we consider to be a
reasonable assumption for early birds and
microraptorines). To calculate specific lift
requires estimates of both muscle mass and
power output, which are currently unknown in
the taxa examined here. We assigned a flight
muscle mass value of 10% of total body mass to
our specimens rather than varying it because
there is little knowledge on how this varied onto-
genetically and among paravian species. This
value is among the lowest known for competent
living flyers (Greenewalt, 1975). Our reconstruc-
tion of flight muscle mass includes all muscles
contributing to flight, not just the pectoralis
musculature but muscles of the wing and back
that were recruited prior to the evolution of the
triosseal canal and ligamentous pulley system
seen in late-diverging avialans (Baier et al.,
2007). This value, while lower than seen in mod-
ern birds (Marden, 1987), is at the lower end of
the range reconstructed in recent 3-D modeling
of Microraptor and Archaeopteryx (Allen et al,,
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2013; Heers et al., 2016). As such, we ran a sec-
ond permutation using a higher value of 13%
that more closely corresponds to the values seen
in those analyses, facilitating more direct com-
parisons with them. For power output we
adopted a range of values (225, 250, and 287
WKg!) corresponding to those seen in extant
birds during takeoff, especially in short burst fli-
ers (Askew et al., 2001; Guillemette and Ouellet,
2005). This allows us to examine how power out-
put requirements would have had to vary across
taxa and size classes if we assume a constant abil-
ity to achieve takeoft.

POWERED VERSUS NONPOWERED
FLIGHT POTENTIAL

Beyond comparisons of simple linear met-
rics and ratios or empirically derived maximal
and minimal thresholds to determine whether
a taxon was theoretically capable of powered
takeoff, we set out to examine performance
across the specimens examined here under
both a nonpowered (gliding) and a powered
flight scenario (assuming it was possible). We
chose to include both scenarios as they have
been regularly proposed in the literature
(Feduccia, 1996; Brusatte et al., 2014, 2015;
Heers et al., 2014; Xu et al., 2014; Cau, 2018)
and permit the possibility of arboreal and ter-
restrial launch sites, given ongoing debate into
the ecology of theropod flight origins (Dececchi
and Larsson, 2011; Dyke et al., 2013). For glid-
ing flight, we chose two metrics as proxies for
performance: minimum glide speed and mini-
mum turning radius (see Longrich, 2006, for a
more in-depth discussion). For both of these
metrics we chose coefficient of lift (CL) values
of 1 and 1.5, which correspond to the upper
and lower range of values seen in extant avian
flight and flapping-based locomotion (Lon-
grich, 2006; Tobalske and Dial, 2007; Usher-
wood, 2009; Heers et al., 2011). For turn radius
we chose a constant bank of 60° following Lon-
grich (2006). As some previous reconstructions
have suggested that feathered paravian hind
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limbs may have had a role in gliding flight
(Chatterjee and Templin, 2007; Alexander et al.,
2010; Koehl et al., 2011; Dyke et al., 2013), we
ran permutations with and without factoring in
the hind limbs. For this we ran our specimens
at an abduction angle of 45° from the vertical
plane, which was probably beyond their possi-
ble range (Brougham and Brusatte, 2010;
Manafzadeh and Padian, 2018). However, this
mimics the “sprawled” leg position that has
been previously modeled (Longrich, 2006;
Alexander et al., 2010; Koehl et al., 2011; Dyke
et al,, 2013), permitting more direct compari-
sons with those studies. As there is little data on
the area of the “hind wings” and as most speci-
mens show incomplete preservation in this
region we chose to model the areas based on
scaling from previously published reconstruc-
tions (Longrich, 2006; Chatterjee and Templin,
2007; Dyke et al., 2013). For anchiornithines,
for which there were no previous estimates, we
chose to bracket our reconstructions using the
forewing to hind-wing area ratio with values for
Microraptor (around 50% of forewing area:
Chatterjee and Templin, 2007; Dyke et al.,
2013) as an upper bounds and Archaeopteryx
(20% of forewing: Longrich, 2006) as the lower
bound since this taxon lacks elongate feathers
on the metatarsals (Foth et al., 2014). Given the
length and distribution of plumage seen in the
hind limbs of anchiornithines, it is more likely
that their values approach the lower bounds,
but we included both to be conservative. This
does not mean they are not useful, as it allows
us to estimate upper and lower bounds of
capacity in these taxa to determine the limits of
aerial behavior. We did not include the tail in
our calculations as it is suspected that it func-
tioned primarily in pitch control rather than as
a high vertical force-generating surface in para-
vians (Han et al.,, 2014). However, it should be
noted that this ignores any potential tail-body
interactions, which could make our perfor-
mance estimates more conservative, especially
for taxa with more proximally located tail fans
(i.e., shorter tails).
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Unlike the gliding reconstructions, our flap-
ping-based powered flight scenarios do not
include lift generation from the hind limbs as
they would have been held relatively vertically in
these scenarios and thus would not present suf-
ficient area to be considered active airfoils. Here
we focused on reconstructing the minimal for-
ward speed required to achieve takeoff, especially
in a terrestrial setting. This required reconstruct-
ing a flap angle (70°) within the range of adduc-
tion possible for paravians based on shoulder
morphology (Turner et al., 2012) and a minimal
flapping speed derived from modified equations
based on extant bird values, following Dececchi
et al. (2016). We further examined whether these
taxa could achieve takeoft using the flap running
technique for thrust generation described by
(Burgers and Chiappe, 1999). For this analysis we
performed two major permutations of flap angle
and CL to see how they would influence takeoft
ability across our study group. First we ran the
analysis using the CL (2) and flap angle (50°) (fol-
lowing Burgers and Chiappe, 1999), modifying
only flapping frequency to our early equation to
account for allometry. We then reduced CL to 1.5
to better approximate the value seen in living avi-
ans, and extended the flap angle to 70° to account
for the greater excursion angles permitted by the
paravian shoulder joint. We note that a CL of 2.0
may be generous for early avialan wings. By con-
trast, juvenile chukars can generate a maximum
CL of nearly 1.5 just 49 days posthatching (dph),
which is the stage suggested to mimic the wing
development seen in Microraptor and Archaeop-
teryx (Heers et al., 2014), with values over 1 seen
in 10 dph age class and above (Heers et al., 2011).
We suggest that wing performance of these sub-
adult galliform birds represents a more realistic
model of paravian wing performance than the CL
of 2 proposed by Burgers and Chiappe (1999).
Interestingly, at this life stage, chukars show high
wing effectiveness but low aerodynamic efficiency
(i.e., high maximum CL and low lift to drag ratio
(L:D)—a feature that seems to align with inde-
pendent models of paravian performance
(Palmer, 2014).

DECECCHI ET AL.: FLIGHT POTENTIAL AMONG SMALL-BODIED PARAVIANS 301

RESULTS
MORPHOMETRIC PATTERNS

Examination of the linear measurements
across taxa and size classes indicates several sig-
nificant patterns. First, there appears to be no
correlation between relative forelimb length and
increasing size in either Microraptor or anchior-
nithines (slope -0.0005, p = 0.37). This does not
change if we use the longer SVL for M. hangingi
(slope -0.0006, p = 0.07), our new estimate of
SVL (slope -0.0004, p = 0.18), or if we exclude it
altogether (slope -0.0005, p = 0.29). We also find
that, while anchiornithines show slightly reduced
forelimb lengths compared to either Microraptor
or Archaeopteryx if we use SVL, they are within
the range seen in both groups (table 3). We see a
similar lack of decreasing relative forelimb length
if we use femoral length as opposed to SVL
(Microraptor slope = -0.003, p = 0.28; anchiorni-
thines slope = -0.008, p = 0.23), but interestingly
some members of the anchiornithines show
slightly higher forelimb to femur ratios, though
the difference is not significant (t test = 0.616, p
= 0.55). This may be due to the relatively longer
hind limbs seen in Microraptor compared to the
other taxa examined here, something previously
reported (Dececchi and Larsson, 2013) and may
hint at ecological differences. Compared to both
anchiornithines and Microraptor, Archaeopteryx
has a notably larger forelimb to femur ratio, and
one that suggests positive allometry, but this pat-
tern is not present when we use SVL. We in fact
see a slight decrease in hind-limb length with
size in this taxon, which may influence the fore-
limb to femur value. This pattern of divergence
in forelimb and hind-limb scaling is different
from the other two clades, but is similar to a
larger pattern observed in early birds compared
to nonavialan maniraptoran theropods (Decec-
chi and Larsson, 2013).

While there was little differentiation
between anchiornithines and Microraptor
using forelimb length, this is not the case if we
use total wing length. Here we see a distinctly
larger wing length in microraptorines using
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TABLE 3

Morphometrics for fossil paravian specimens
Note that we included two separate values for the SVL reconstruction of M. hangingi due to the uncertainty in
the original published values (see text for description). We treat these as a minimum SVL (our own reconstruc-
tion represented by !) and a maximum SVL (2 per Gong et al. (2012)). We have run permutations with both
extremes (see text) to determine how using either estimate affects the overall results of
limb length scaling with increasing body size.
The original reconstruction of M. hangingi and our own reconstruction are both included to determine how they
affect the overall results with increasing body size. Abbreviations: Fe, femur; FL, forelimb; H, humerus; HL,
humeral length; SVL, snout to vent length; W, wing length (forelimb + longest primary); U, ulna.

Taxon Specimen SVL  FL/SVL  HL/SVL  W/SVL  FL/Fe W/Fe H/Fe
number
M. zhaoianus IVPP V12330 145 0.70 1.04 1.48 2.03 4.30 0.84
M. gui BMNHC PH881 153 0.81 1.07 1.72 2.38 5.07 0.91
Archaeopteryx  Eichstitt 153.5 0.62 0.78 1.24 2.59 5.15 1.12
Eosinopteryx YFGP-T5197 165.8 0.61 0.93 0.95 2.08 3.25 0.78
Anchiornis BMNHC PH804 185 0.59 0.87 0.86 2.13 3.11 0.90
M. gui IVPP V13320 215 0.66 0.86 1.52 2.20 5.11 0.89
Serikornis PMoL-AB00200 230 0.62 0.92 1.02 2.13 3.48 0.90
Archaeopteryx  Berlin 231 0.62 0.68 1.37 2.76 6.05 1.21
M. zhaoianus ~ CAGS 20-7-004 240 0.61 0.90 1.36 1.96 4.38 0.82
Aurornis YFGP-T5198 246 0.61 0.82 0.96 2.25 3.56 0.88
Anchiornis LPM-B00169 246.9 0.64 0.92 1.04 2.39 3.90 1.04
Caihong PMoL-B00175 259 0.44 0.78 0.81 1.59 2.96 0.59
Anchiornis PKUP V1068 275 0.59 0.96 0.99 1.80 3.02 0.80
Xiaotingia STM 27-2 295 0.54 - 0.90 1.90 3.17 0.85
M. gui IVPP V13352 297 0.67 0.98 1.42 2.04 4.33 0.86
Archaeopteryx  Solnhofen 300 0.63 0.69 1.25 2.83 5.60 1.24
M. gui QV1002 327 0.68 1.00 1.44 2.04 4.34 0.87
M. hangingi LVH 0026' 360 0.64 0.90 1.35 2.06 4.34 0.84
M. hangqingi LVH 00262 405 0.57 0.80 1.20 2.06 4.34 0.84

either SVL (mean of 1.47x SVL compared with
0.94 for anchiornithines, t = 9.87, p <0.001) or
femur (mean = 4.55x femur length compared
with 3.31, t = 7.04, p <0.001). Notably, we do
have some evidence that wing length decreases
with increased SVL, though this is only signifi-
cant if we use the larger measure for M. hang-
ingi (p = 0.03) and it is not seen if we use

femoral length (p = 0.21). In direct compari-
sons across size classes we consistently see
much longer wings in Microraptor species than
in either anchiornithine or Archaeopteryx
specimens using SVL as a measure, but not
when using femoral length, again suggesting a
bifurcation in the trajectory of the fore- and
hind limbs in early avialans.
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LoADING AND LIFT GENERATIONS

We find all wing-loading values below the
maximum value of 245 Nm=2 seen in extant
volant taxa, with the exception of Eosinopteryx
when its body mass is estimated using femoral
circumference. These values are significantly dif-
ferent between clades and with increasing body
size, using the forewing only when fore- and
hind-wing areas are combined (table 4). In a
comparable size class using the same mass esti-
mator, anchiornithines have wing-loading values
260%-680% larger than a similar-sized Microrap-
tor and 230%-610% larger than a similar-sized
Archaeopteryx. This pattern also occurs if we
include hind-limb wing area. When we are
reconstructing anchiornithines with hind-wing
areas proportional to those seen in Microraptor
we are likely underestimating the magnitude of
this difference. The reason is that the
forewing:hindwing area ratio is likely overesti-
mated in anchiornithines relative to Microraptor.
In the former, the tibial feathers (95%-150% of
femoral length, FL) and metatarsal feathers
(45%-70% of of FL) are proportionally signifi-
cantly shorter than those seen in Microraptor,
which have tibial feathers 170% of FL and meta-
tarsal feathers 200%-210% of FL respectively.
Thus the wing-loading difference between these
two clades is likely only exacerbated if we include
the hind wing’s influence. Across size categories
within Microraptor we see a trend of increasing
wing loading in larger individuals (table 5). We
do not see a clear pattern in anchiornithines,
though generic level differences in wing use and
behavior may be masking underlying ontoge-
netic trends. In Archaeopteryx we see the lowest
loading values in intermediate sized individuals,
with both smaller and larger size classes showing
similar levels of loading. While this is intriguing,
it requires larger sampling to confirm its validity.
For disc loading we see something of an increase
in loading with size, though this is most apparent
between the largest individuals and not between
small and medium size classes. We see a separa-
tion between anchiornithines and Microraptor,
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with the former showing values above what is
expected in a gliding lineage (Sprague and
Breuner, 2010), but all taxa show values within
the range of extant powered fliers (Nudds and
Bryant, 2000; Tobalske and Dial, 2000; Askew et
al., 2001).

A similar trend is seen among specific lift
numbers, though these values do appear to sug-
gest a more restrictive subset of flight capable
taxa and specimens. Using a 10% flight muscle
mass fraction we find only 10 of 48 reconstruc-
tions for anchiornithines result in lift generation
values sufficient to permit flight from the ground,
of which 7 of them come using the femoral
length mass estimation method. In contrast, 34
of a possible 51 permutations in Microraptor and
11 of 15 for Archaeopteryx show ground launch
and climb-out capability. Again, we see a signifi-
cant effect of increasing body size; in both
Microraptor and Archaeopteryx the largest indi-
viduals in our sample require the highest levels
of power output to generate sufficient lift for
takeoff. One possible reason for the low number
of successful launches in the latter two groups
could be that a 10% flight muscle fraction is sim-
ply too low an estimate. Three-dimensional volu-
metric work has suggested a higher value closer
to 12% or 13% in Archaeopteryx and Microraptor
(Allen et al., 2013; Heers et al., 2016), which is
supported by osteological evidence such as the
larger sternum in Microraptor. Using this higher
estimate, we find 43 of 48 iterations for Microrap-
tor and 14 out of 15 for Archaeopteryx achieve
the necessary lift for flight.

GLIDING FLIGHT

As glide speed is intimately linked with wing
loading, we see a similar pattern of increased
minimal glide speed both across the clades and
with increasing size (table 6, fig. 1). While we
cannot make a clear statement of a speed beyond
that expected from a gliding animal, in similar
environments (i.e., terrestrial tree to tree loco-
motion) glide speed ranges between 5 and 13
ms! across tetrapods (Emerson and Koehl, 1990;



304 BULLETIN AMERICAN MUSEUM OF NATURAL HISTORY NO. 440

TABLE 4
Wing loading and disc loading for fossil paravian specimens

For Microraptor gui IVPP V13352 two different wing area reconstructions were used to capture the range of pub-
lished estimates adopted in previous aerodynamic investigations: area estimates following Chatterjee and Templin
(2007) are indicated by ! and those following Dyke et al. (2013) are indicated by 2. There are several different
mass estimates for the Archaeopteryx specimens studied here. Our analysis involved permutations based on these
previously published values. Values accompanied by 3 correspond to those from Serrano et al. (2017), * for those
from Yalden (1984) and ° following Erickson et al. (2009). Abbreviations: Fl, mass derived from femoral length
estimate; Fc, mass derived from femoral circumference estimate, 3D, mass based on published models.

A. Calculated values for wing loading using the forewing area only (FW) and using forewing + hindwing area (TW)

Taxa Specimen FwW ™ Wing loading FW Wing loading TW
Fl Fc 3D Fl Fc 3D
M. gui BMNHC PH881 0.04 0.06 55.1 41.3 - 36.7 27.6 -
IVPP V13320 0.07 0.11 47.4 57.2 - 31.6 38.1 -
IVPP V13352! 0.09 0.13 143.1 96.9 104.6 96.5 65.3 70.5
IVPP V133522 0.09 0.14 141.7 95.9 54.5 93.2 63.1 35.8
QV1002 0.14 0.20 135.1 89.8 - 90.0 59.9 -
M. zhaoianus CAGS 20-7-004 0.07 0.10 81.6 50.1 - 54.4 33.4 -
IVPP V12330 0.03 0.04 52.2 453 - 34.8 30.2 -
M. hangingi LVH 00263 0.14 0.28 142.5 - 85.5 70.7 - 42.4
Anchiornis BMNHC PH804 0.01 0.01 171.3 203.4 - 114.2 135.6 -
LPM-B00169 0.03 0.04 125.0 194.0 - 83.3 129.4 -
PKUP V1068 0.03 0.05 293.5 172.2 - 195.7 114.8 -
Eosinopteryx YFGP-T5197 0.01 0.02 132.5 340.6 - 88.3 227.1 -
Aurornis YFGP-T5198 0.02 0.04 157.0 214.9 - 104.7 143.3 -
Caihong PMoL-B00175 0.02 0.04 195.8 125.0 - 130.5 83.3 -
Serikornis PMoL-AB00200 0.02 0.04 159.0 131.2 - 106.0 87.5 -
Xiaotingia STM 27-2 0.03 0.05 245.1 257.1 - 163.4 171.4 -
Archaeopteryx Eichsttt 0.02 0.03 - - 74.3 - - 62.0
Berlin* 0.05 0.06 - - 44.9 - - 38.2
Berlin® 0.06 0.07 - - 55.4 - - 46.2
Solnhofen* 0.12 0.15 - - 86.3 - - 71.9
Solnhofen® 0.12 0.15 - - 68.1 - - 56.7

B. Calculated values for disc loading (Nm)

Disc loading
Taxa Specimen Disc
Fl Fc 3D
M. gui BMNHC PH881 0.24 9.8 7.3 -
IVPP V13320 0.37 9.0 10.8 -
IVPP V13352! 0.69 14.1 20.8 13.4
IVPP V133522 0.58 141 208 8.4

QV1002 0.77 239 159 -
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Taxa Specimen Disc Disc loading
Fl Fc 3D
M. zhaoianus CAGS 20-7-004 0.37 15.0 9.1 -
IVPP V12330 0.16 9.3 8.0 -
M. hangingi LVH 0026 0.82 246 - 14.8
Anchiornis BMNHC PH804 0.09 183 214 -
LPM-B00169 0.23 16.1 249 -
PKUP V1068 0.26 39.3 23.2 -
Eosinopteryx YFGP-T5197 0.09 -
Aurornis YFGP-T5198 0.19 193 26.6 -
Caihong PMoL-B00175 0.15 303 195 -
Serikornis PMoL-AB00200 0.19 20.7 169 -
Xiaotingia STM 27-2 0.25 325 343 -
Archaeopteryx Eichstitt® 0.13 - - 13.7
Berlin* 0.28 - - 8.7
Berlin® 0.28 - - 12.0
Solnhofen? 0.48 - - 22.1
Solnhofen® 0.48 - - 13.9

Socha et al,, 2015) with higher speeds of 10-20
ms™! in soaring specialists and seabirds (Alers-
tam et al., 1993; Koehl et al.,, 2011). Using the
forewings only at a CL of 1.5 we find glide speed
estimates of less than 10 ms! for most of the
Microraptor and Archaeopteryx reconstructed at
less than 1 kg, while members of the anchiorni-
thines show values ranging from 11.6 to 19 ms-!.
This places the anchiornithines at the upper
range of what is seen in extant gliders. If we use
a CL of 1, this range is increased to between 14.3
and 26 ms! and is comparable to speeds seen in
dynamic seabirds soaring in high-wind condi-
tions (Alerstam et al., 1993) and beyond what is
seen in terrestrial taxa (Socha et al., 2015). As
previously noted, our estimates of hind-wing
influence are likely overstated, but we included
them to mimic the “four winged” scenario that
has been suggested. We find that in this scenario
the minimum glide speeds are significantly
reduced, though are still very high in anchiorni-
thines compared to modern gliders ranging from
10-16.5 ms! under the Microraptor hindwing

model and 11-18 ms™! under the Archaeopteryx
model (under a CL of 1.5 and a hip angle of 45°).
Our estimates are for equilibrium gliding, for the
sake of comparison with powered-flight perfor-
mance characteristics. We note that in living taxa
glides are often short and do not reach an equi-
librium state. However, we also note that with an
animal as large as Microraptor (~1 kg), small
gaps could likely be easily cleared with leaping
alone, making long distance glide performance
more relevant.

We contend that minimum turning radius is
a proxy of the maneuverability of an individual
during gliding flight and was likely highly impor-
tant in navigating forested parts of their habitats
(Wang et al., 2006; Burnham, 2007; Gong et al.,
2012). Given that this exact value would vary
based on multiple parameters, such as the exact
placement and angling of both the hind limbs
and tail (Longrich, 2006), and is notoriously dif-
ficult to model accurately even in extant birds,
whose characteristics often violate some of the
key assumptions of this equation (Warrick et al.,
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TABLE 5

Specific lift values for fossil paravian specimens
Values above 9.8 Nkg! indicate flight capability. Abbreviations: Fl, mass derived from femoral length estimate; Fc,
mass derived from femoral circumference estimate; 3D, mass based on published models.

NO. 440

for Microraptor and Archaeopteryx

A. Specific lift in Nkg! using a flight muscle mass estimate of 10% of total mass muscle mass

Fl Fc 3D

Taxa Specimen

225 250 287 225 250 287 225 250 287
M. gui BMNHC PH881 11.1 12.3 14.1 12.6 14.0 16.1 - - -
M. gui IVPP V13320 11.4 12.7 14.5 10.5 11.7 13.4 - - -
M. gui IVPP V13352 9.3 10.3 11.8 7.8 8.7 10.0 11.7/9.5 13.0/ 14.9/

10.5 12.1
M. gui QV1002 7.3 8.1 9.3 8.8 9.7 11.2 - - -
M. zhaoianus CAGS 20-7-004 9.1 10.1 11.6 11.3 12.6 144 - - -
M. zhaoianus IVPP V12330 11.4 12.7 14.6 12.2 13.5 15.5 - - -
M. hangingi LVH 0026 7.2 8.0 9.2 - - - 9.0 10.1 11.5
Anchiornis BMNHC PH804 8.6 9.5 10.9 8.0 8.9 10.2 - - -
Anchiornis LPM-B00169 8.9 9.9 11.3 7.3 8.2 9.4 - - -
Anchiornis PKUP V1068 6.0 6.7 7.6 7.6 8.4 9.6 - - -
Eosinopteryx YFGP-T5197 9.1 10.1 11.6 6.0 6.7 7.7 - - -
Aurornis YFGP-T5198 8.3 9.2 10.5 7.2 7.9 9.1 - - -
Caihong PMoL-B00175 6.8 7.5 8.7 8.2 9.2 10.5 - - -
Serikornis PMoL-AB00200 8.0 8.9 10.2 8.8 9.7 11.2 - - -
Xiaotingia STM 27-2 6.5 7.2 8.3 6.4 7.1 8.1 - - -
Archaeopteryx Eichstitt - - - - - - 9.6 10.7 12.3
Archaeopteryx Berlin - - - - - - 11.6 12.9 14.8
Archaeopteryx Berlin - - - - - - 10.1 11.2 12.9
Archaeopteryx Solnhofen - - - - - - 7.6 8.5 9.8
Archaeopteryx Solnhofen - - - - - - 9.4 10.4 12.0
B. Specific lift in Nkg! using a flight muscle mass estimate of 13% flight muscle fraction
for Microraptor and Archaeopteryx
Fl Fc 3D
Taxa Specimen
225 250 287 225 250 287 225 250 287

M. gui BMNHC PH881 128 143 16.4 14.6 16.2 18.6 - - -
M. gui IVPP V13320 13.2 14.7 16.8 12.2 13.5 15.6 - - -
M. gui IVPP V13352 10.7 11.9 13.7 9.1 10.1 11.6 1131'.50/ 115201/ 11120/
M. gui QV1002 8.5 9.4 10.8 10.2 11.3 12.9 - - -
M. zhaoianus CAGS 20-7-004 10.6 11.7 13.5 13.1 14.6 16.7 - - -
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TABLE 5 continued
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M. zhaoianus IVPP V12330 13.2 14.7 16.9 14.1 15.6 18.0 - - -

M. hangqingi LVH 0026 8.4 9.3 10.7 - - 10.5 11.6 13.4
Archaeopteryx Eichstatt - - - - - 11.2 124 14.3
Archaeopteryx Berlin - - - - - 13.5 15.0 17.2
Archaeopteryx Berlin - - - - - 11.7 13.0 14.9
Archaeopteryx Solnhofen - - - - - 8.9 9.8 11.3
Archaeopteryx Solnhofen - - - - - 10.9 12.1 13.9

TABLE 6

Minimum glide speed for fossil paravians under coefficient of lift reconstructions of 1.0 and 1.5
Abbreviations: CL, coefficient of lift; Fl, mass derived from femoral length estimate; Fc, mass derived from femo-
ral circumference estimate; 3D, mass based on published models. Minimum glide speed (= stall speed) in ms™.
Estimates following Chatterjee and Templin (2007) are indicated by ! and those following Dyke et al. (2013) by 2.

Taxa Specimen c=1s =10

Fl Fc 3D Fl Fc 3D
M. gui BMNHC PH881 7.7 6.7 - 9.5 8.2 -
M. gui IVPP V13320 7.2 7.9 - 8.8 9.6 -
M. gui IVPP V13352 11.6 9.4 10.7 14.1 11.5 13.1!
M. gui IVPP V13352 11.6 9.4 7.7 14.1 115 9.42
M. gui QV1002 12.1 9.9 - 14.9 12.1 -
M. zhaoianus CAGS 20-7-004 9.4 7.3 - 11.5 9.0 -
M. zhaoianus IVPP V12330 7.6 7.1 - 9.3 8.6 -
M. hangingi LVH 0026 12.1 - 14.9 9.9 12.1
Anchiornis BMNHC PH804 13.8 14.9 - 16.9 18.2 -
Anchiornis LPM-B00169 11.6 14.5 . 14.3 17.7 -
Anchiornis PKUP V1068 17.9 13.7 - 21.9 16.8 -
Eosinopteryx YFGP-T5197 12.0 19.2 - 14.7 23.6 -
Aurornis YFGP-T5198 13.1 15.4 - 16.0 18.8 -
Caihong PMoL-B00175 14.6 11.7 - 17.9 14.4 -
Serikornis PMoL-AB00200 13.2 11.9 - 16.1 14.6 -
Xiaotingia STM 27-2 16.3 16.7 - 20.0 20.5 -
Archaeopteryx Eichstitt - - 9.0 - - 11.0
Archaeopteryx Berlin - - 7.0 - - 8.6
Archaeopteryx Berlin - - 7.8 - - 9.6
Archaeopteryx Solnhofen - - 9.7 - - 119
Archaeopteryx Solnhofen - - 7.7 - - 9.4
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FIG. 1. Minimum glide speed (= stall speed) at CL = 1.5 for Microraptor specimens compared with those for
anchiornithine specimens. Red bars represent masses from femoral length estimates, blue from femoral cir-
cumference. Note the higher average score, especially at comparable size classes for anchiornithines. Illustra-

tion used with the permission of Scott Hartman.

2002), we advocate using our values as relative
scores rather than absolute values. Looking at the
data we see that Microraptor specimens of simi-
lar size have a turning radius significantly smaller
than anchiornithines, but similar to that of
Archaeopteryx. For example, Microraptor speci-
men BMNHC PH881 shows a turning radius
between 20% and 31% of that seen in the similar-
sized Anchiornis specimen BMNHC PH804 and
55%—75% of that seen in the Eichstitt Archaeop-
teryx specimen (table 7). This comparatively
smaller turning radius in Microraptor is observed
even at larger size classes, e.g., the M. gui type
specimen (IVPP V13352), as all mass estimates
display values that are half those seen in the sim-
ilar-sized anchiornithine Xiaotingia and are
below those seen in any anchiornithine specimen

regardless of size. This level of reduction implies
significantly lower levels of maneuverability in
anchiornithines than in Microraptor that, when
coupled with their higher glide speed, would
make maneuvering very difficult and inefficient.

PowERED FLIGHT AND TAKEOFF

Unlike gliding, flapping-based takeoft methods
require a significantly lower—often around 50%
lower—minimal speed to achieve lift values suffi-
cient to support the body (table 8). Again we see a
pattern of increased takeoff velocity needed at
larger sizes among Microraptor specimens, but the
pattern is less clear in the other two clades. Interest-
ingly in Archaeopteryx the highest required speed
is found in the Eichstdtt specimen, the smallest in
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TABLE 7

Banking radius estimates for fossil paravians based on the criteria of Longrich (2006)

Abbreviations: Fl, mass derived from femoral length estimate; Fc, mass derived from femoral circumference esti-
mate; 3D, mass based on published models. Radii in °. Estimates following Chatterjee and Templin (2007) are
indicated by ! and those following Dyke et al. (2013) by 2.

Taxa Specimen Fl Fc 3D
M. gui BMNHC PH881 7.1 5.3 -
M. gui IVPP V13320 7.3 6.1 -
M. gui IVPP V13352 15.5 10.5 13.41
M. gui IVPP V13352 15.5 10.5 7.0
M. gui QV1002 17.4 11.5 -
M. zhaoianus CAGS 20-7-004 10.4 6.4 -
M. zhaoianus IVPP V12330 6.8 5.9 -
M. hanqingi LVH 0026 11.0 18.3
Anchiornis BMNHC PH804 223 26.1 -
Anchiornis LPM-B00169 16.0 24.7 -
Anchiornis PKUP V1068 37.6 22.2 -
Eosinopteryx YFGP-T5197 16.9 43.6 -
Aurornis YFGP-T5198 20.1 27.8 -
Caihong PMoL-B00175 25.3 16.2 -
Serikornis PMoL-AB00200 20.5 16.7 -
Xiaotingia STM 27-2 31.3 33.0 -
Archaeopteryx Eichsttt - - 9.5
Archaeopteryx Berlin - - 5.8
Archaeopteryx Berlin - - 7.2
Archaeopteryx Solnhofen - - 11.0

our dataset, while the lowest values are in the mid-
sized Berlin specimen. The subclass of small
Microraptor specimens show the lowest minimum
takeoff speed of any taxon. The similar sized Eich-
stitt Archaeopteryx has values 140%-220% higher
and comparable anchiornithines have speeds
220%-450% greater than Microraptor. In fact,
across Microraptor specimens we see relatively low
minimal speed values, with the highest for the 2 kg
reconstruction of LVH 0026 (8.3 ms™!) still below
the lowest value seen in any anchiornithine.

We compared these values to estimates of max-
imum sprint speed based on either reconstruc-
tions from Froude number (Pontzer et al., 2009)
or body mass (Hirt et al., 2017) to see whether
they were achievable from an unaided terrestrial

run (fig. 2). We chose Froude numbers of 10 and
15 to mimic sprint speed capacity. While these
numbers are high they are within the range seen
in extant terrestrial birds and previously estimated
for theropod dinosaurs (Hutchinson and Garcia,
2002; Sellers and Manning, 2007). These values
are realistic even for small-bodied taxa such as
those examined here, as modern roadrunners
(Geococcyx californianus) have been recorded run-
ning at 5.3-6.7 ms’! (Stewart, 1958), which at a
hip height of around 0.16 m (Halsey, 2013) gives
Froude values of 18-28. Using Froude values we
find that 12 of 16 permutations of Microraptor
achieve running speeds greater than minimum
takeoff values, as do all cases using Hirt et al’s
(2017) body-mass estimates for top speed. The
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TABLE 8

Minimum speed required for takeoff based under a powered flapping regime
Note that for the anchiornithines all minimum values are higher than the maximum potential sprint speed using
either a Froude number (Fr) or body mass based running speed estimate. See text for description. Estimates
following Chatterjee and Templin (2007) are indicated by ! and those following Dyke et al. (2013) by 2.
Abbreviations: Fl, mass derived from femoral length estimate; Fc, mass derived from femoral
circumference estimate; 3D, mass based on published models. Speeds in ms™.

Flapping takeoft speed Running speed Speed based on Hirt et al. (2017)
Taxa Specimen

Fl Fc 3D Fr=10 Fr=15 Fl Fc 3D
M. gui BMNHC PH881 4.1 2.8 - 4.0 4.9 4.9 4.5 -
M. gui IVPP V13320 3.0 3.8 - 4.3 52 5.4 5.6 -
M. gui IVPP V13352 7.5 5.1 6.1 5.3 6.5 7.6 6.9 7.0
M. gui IVPP V13352 7.5 5.1 2.9 53 6.5 7.6 6.9 5.92
M. gui QV1002 8.1 5.4 - 5.7 6.9 8.4 7.5 -
M. zhaoianus CAGS 20-7-004 5.6 3.2 - 4.2 5.1 6.1 5.4 -
M. zhaoianus IVPP V12330 4.2 3.6 - 3.9 4.7 4.3 4.2 -
M. hangingi LVH 0026 8.3 - 5.0 5.6 6.9 7.5 - 8.5
Anchiornis BMNHC PH804 11.3 12.5 - 4.0 4.9 4.4 4.6 -
Anchiornis LPM-B00169 8.4 11.5 - 4.7 5.8 5.5 6.2 -
Anchiornis PKUP V1068 15.1 10.6 - 5.1 6.2 7.2 6.2 -
Eosinopteryx YFGP-T5197 9.5 17.2 - 3.9 4.8 4.2 5.4 -
Aurornis YFGP-T5198 10.1 12.6 - 4.4 5.4 5.5 6.0 -
Caihong PMoL-B00175 12.1 8.9 - 4.5 55 5.8 52 -
Serikornis PMoL-AB00200 10.3 8.8 - 4.6 5.6 5.6 5.3 -
Xiaotingia STM 27-2 13.5 14.0 - - - 6.7 6.8 -
Archaeopteryx Eichstatt - - 6.1 34 4.2 - - 4.5
Archaeopteryx Berlin - - 3.1 3.9 4.8 - - 4.9
Archaeopteryx Berlin - - 4.1 3.9 4.8 - - 5.4
Archaeopteryx Solnhofen - - 6.0 4.5 5.5 - - 7.2
Archaeopteryx Solnhofen - - 3.6 4.5 5.5 - - 6.4

four reconstructions that do not all rely on body-
mass reconstructions taken using femoral length
produce values 40%-70% greater than the value
for other metrics using the same specimen and
may be considered overestimations based on
known elongation of the femur in this taxon
(Dececchi and Larsson, 2013). Among Archaeop-
teryx representatives, the smallest specimen (Eich-
stitt) fails to achieve sufficient speed through
running under either scenario as does the largest
specimen under its heaviest reconstruction using

Froude values. No anchiornithine achieves a run-
ning speed within 2 ms? of the minimal value
needed to achieve takeoff.

As running speed relies solely on thrust gener-
ated by the hind limbs, we also ran reconstruc-
tions to account for the possibility that
flap-generated thrust during the run could over-
come the barrier of getting airborne (Burgers and
Chiappe, 1999). We find among Microraptor spec-
imens that only the largest mass estimates for the
largest specimens under the 50° flap angle fail to
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TABLE 9

Takeoff potential through flap running based on the criteria of Burgers and Chiappe (1999) under several
potential coefficient of lift values and flap angles
Coefficient of lift (CL) values used: 2.0 and 1.5. Flap angles (FA) used: 50° and 70°. A run was considered a suc-
cess if it achieved a body weight (bw) support value of above 100% of mass in 10 seconds or less. Estimates
following Chatterjee and Templin (2007) are indicated by ! and those following Dyke et al. (2013) by 2.
Abbreviations: Gr, grounded, not able to achieve support of 1.0 bw or above; TO, achieved values above 1.0 bw;
Fl, mass derived from femoral length estimate; Fc, mass derived from femoral circumference estimate; 3D, mass
based on published models.

CL =2, FA =70° CL =2, FA =50° CL =15, FA =70° CL = 1.5, FA =50°
Taxa Specimen

Fl Fc 3D Fl Fc 3D Fl Fc 3D Fl Fc 3D
M. gui BMNHC PH881 TO TO - TO TO - TO TO - TO TO -
M. gui IVPP V13320 TO TO - TO TO - TO TO - TO TO -
M. gui IVPP V13352 TO TO TO TO TO TO TO TO TO TO TO  Gr!
M. gui IVPP V13352 TO TO TO TO TO TO TO TO TO TO TO TO?
M. gui QV1002 TO TO - Gr TO - Gr TO - Gr TO -
M. zhaoianus ~ CAGS 20-7-004 TO TO - TO TO - TO TO - TO TO -
M. zhaoianus ~ TVPP V12330 TO TO - TO TO - TO TO - TO TO -
M. hangingi LVH 0026 TO - TO Gr - TO  Gr - TO Gr - TO
Anchiornis BMNHC PH804 Gr Gr - Gr Gr - Gr Gr - Gr Gr -
Anchiornis LPM-B00169 TO Gr - Gr Gr - Gr Gr - Gr Gr -
Anchiornis PKUP V1068 Gr Gr - Gr Gr - Gr Gr - Gr Gr -
Eosinopteryx YFGP-T5197 TO Gr - Gr Gr - Gr Gr - Gr Gr -
Aurornis YFGP-T5198 Gr Gr = Gr Gr - Gr Gr B Gr Gr -
Caihong PMoL-B00175 Gr TO - Gr TO - Gr TO - Gr TO -
Serikornis PMoL-AB00200 Gr TO - Gr Gr - Gr Gr - Gr Gr -
Xiaotingia STM 27-2 Gr Gr - Gr Gr - Gr Gr - Gr Gr -
Archaeopteryx  Eichstitt - - TO - - TO - - TO - - TO
Archaeopteryx  Berlin - - TO - - TO - - TO - - TO
Archaeopteryx  Berlin - - TO - - TO - - TO - - Gr
Archaeopteryx  Solnhofen - - TO - - TO - - TO - - TO
Archaeopteryx  Solnhofen - - TO - - TO - - TO - - TO

takeoff (table 9), with those specimens having  reconstruction, but succeeds under all others, as

body weights supporting lift values well above 1
under all other permutations. Under all scenarios,
the smaller specimens achieve lift off. The Soln-
hofen Archaeopteryx fails to achieve sufficient
body support under the CL 1.5 and 50° flap angle

do the Berlin and Eichstitt individuals in all ver-
sions. In contrast, the anchiornithines (Eosinop-
teryx, Caihong, Serikiornis, and Anchiornis
specimen LPM-B00169) that achieve takeoff
capacity do so only under the least stringent per-
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mutation (CL = 2, 70° flap angle), using the lower
mass estimates with the highest body weight sup-
port value shown after 10 seconds at only 67% of
that needed to achieve takeoft. No anchiornithines
show this capacity with a CL of 1.5, a value that is
similar to that seen in modern avians.

DISCUSSION

By looking at these three similar-sized small
bodied paravians close to the origins of birds, each
with a similar bauplan of elongated forelimbs and
long pennaceous feathered fore- and hind limbs,
we get a sense of how flight potential extends
across this region of the phylogeny. Often all three
have been lumped together as “four-winged”
dinosaurs, under the assumption that they show
similar ecological and behavioral strategies (Dyke
etal, 2013; Xu et al.,, 2014). What is apparent from
our data is that there is a distinct difference in
flight capacity that may not be immediately dis-
cernable from simple linear osteological measure-
ments alone. While any single value may be
considered insufficient to draw larger conclusions
on an integrated function such as flight, the com-
bined data of these various methods of recon-
struction paint a picture of significantly different
aerodynamic capabilities among similar-sized
paravian lineages.

We find some intriguing patterns across size
classes within each of our clades. The first is
there is little constant size-related change within
the anchiornithines for any of our factors
related to flight potential. We view this as per-
haps an indication that the wings were not used
for flight, as there seems to be little compensa-
tion for the rapid increase in mass that would
be expected in a creature that needs to over-
come gravity at larger and larger sizes. This lack
of compensation is especially relevant as several
of these markers such as specific lift and takeoft
speed are beyond the range seen in modern
volant taxa even at small sizes, where wing size
may be able to overcome reduced muscle frac-
tion for wing-assisted locomotion (Dececchi et
al., 2016; Heers et al., 2018). In addition, this
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clade shows a combination of high wing load-
ings concurrent with high disc loadings. The
former suggests high-speed and nonmaneuver-
able wings, as anchiornithines possess values
that are higher than those seen in modern glid-
ing animals (Thorington and Heaney, 1981;
McGuire and Dudley, 2011; Socha et al., 2015).
The latter are more in line with what we see in
short-winged burst fliers (Tobalske and Dial,
2000) whose wings are energetically inefficient
and require more power input to perform flight,
but these insufficiencies can be overcome with
larger wing muscle fractions and emarginated
wing feathers (Tobalske and Dial, 2000; van
Oorschot et al., 2017). Neither of those com-
pensatory features are found in anchiornithines
(Pei et al., 2017). Anchiornithines’ combination
of wing features, poorly designed for gliding or
powered flight, is not compatible with the
reconstruction of a clade that regularly used
volant modes of transport: this clade had wings
(including or excluding the hind limbs), but
they were poorly designed for passive gliding
(high glide speeds, high wing and disk loadings,
and poor turn radii) and they lacked signs of
strong short- or burst-flight capabilities (large
muscle volumes with high power outputs) while
they had symmetrical wing feathers (Hu et al,,
2009; Saitta et al., 2018) that reduce aerody-
namic efficiency further still (Feo et al., 2015).
The combined weight of these data suggest that
the “wings” of anchiornithines were not used in
flight, though they could have had some aero-
dynamic role in other types of terrestrial behav-
ior such as WAIR or leap assistance (Heers et
al., 2014; Dececchi et al., 2016).

While we cannot rule out some gliding capa-
bility in anchiornithines, the high wing loadings,
high minimum glide speeds, and larger turning
radii compared to the other clades do not suggest
very strong aerial mobility in this group, if it was
possible. While wing-loading values are below
the maximal level seen in flying animals, it
should be noted that nonvolant hatchling-aged
birds can also show wing-loading values below
245 Nm (Austin and Ricklefs, 1977; Wright et
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al., 2006; Sprague and Breuner, 2010; Heers and
Dial, 2015). Also, given that the osteological sig-
nals in this clade are inconsistent with a recon-
struction of arboreality such as long distal limbs,
low claw curvature, and lack of ankle or hip flex-
ibility, one can further argue against gliding as a
locomotion strategy in this group (Dececchi and
Larsson, 2011; Lefévre et al., 2017). This, coupled
with the low support for any ground-based take-
off capacity, makes flight highly unlikely. We
only see 21% of permutations achieve minimal
specific lift levels in this clade, with no cases of
running speed sufficient to achieve minimal
takeoff speed and only 6% of cases, all under the
most lenient conditions with a CL higher than
modern bird wings, where flap running produces
sufficient thrust to achieve takeoff. In no speci-
men, at any size class, are constant and consistent
signs of flight potential shown in the clade.

We see very different patterns in the Microrap-
tor and Archaeopteryx as both show characteristic
metrics expected of animals that were aerial,
though not necessarily identical patterns. Within
Microraptor specimens we see a clear decrease in
flight potential, including higher loadings, lower
specific lift values, higher minimal speeds (under
powered or passive gliding scenarios) and less
success at flap running as we increase body size.
This becomes especially apparent if we use femo-
ral length as a proxy for size (though see Dececchi
and Larsson, 2013, for evidence that this may not
be an accurate proxy for this group, as under some
permutations it moves the larger individuals from
volant to flightless). While we understand the
methods used here have limitations in their use of
scaling and estimates for reconstructing wing
area, thus introducing some uncertainty in the
observed pattern, our results suggest that ontog-
eny may have a role to play in flight capacity in
this clade. While none of the specimens examined
here are considered to be very young juveniles, we
capture 10-fold body-size changes that likely took
several years to achieve (Erickson et al., 2009).
Therefore, at each stage in our continuum there
would be a prolonged exposure to selective pres-
sures on wing parameters. This finding of propor-
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tionally larger and more aerodynamically effective
wings in juveniles is similar to what is seen in
some modern birds where there is a delay in mus-
cle growth that is compensated for by wing area
(Heers et al., 2018). The finding of juveniles out-
pacing adults in or even being the major exploit-
ers of aerial locomotion would not be a completely
novel finding as juvenile flight capacity that is
reduced or lost in adults has previously been pro-
posed in another paravian Deinonychus (Parson
and Parson, 2015) and is seen in extant avians
across locomotion strategy (Heers et al., 2011;
Heers and Dial, 2015).

In contrast to what is seen in Microraptor, in
Archaeopteryx we see an n-shaped curve with
optimality at the midsize range and similar levels
seen at smaller and larger sizes. This is similar to
what is seen in some modern birds such as chu-
kars, where early fledglings to subadults show
lower wing loadings than either prefledglings or
mature adults (Jackson et al., 2009). What is
potentially different in the case of the chukar is
that while adults have lower wing loadings and
wing areas than fledglings and subadults, they
have larger flight muscle fractions, which may
overcome this difference (Dececchi et al., 2016).
We have little evidence that this occured in
Archaeopteryx, but if so it would suggest that
perhaps among the earliest flying members of
Avialae the pressure to gain larger wings out-
paced the evolution of larger muscles. This is a
pattern that is seen in the ontogeny of some
modern avians (Heers et al., 2014, 2016). What
is interesting is that while the pattern of propor-
tionally larger wings appears early in the ontog-
eny of Microraptor compared with a delayed
peak in Archaeopteryx, both seem to show this
“wings first” approach, suggesting that the tradi-
tional focus on large pectoral muscles as prereq-
uisites for flight may be incorrect. Perhaps the
major consideration is gaining sufficient wing
area to achieve full body weight support, with
muscle mass increase becoming more important
both as size increased ontogenetically and as
flight became more a canalized and centralized
life-history trait phylogenetically.
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CONCLUSIONS

We find that despite the generalized paravian
bauplan and the shared feature of elongated hind
limbs giving them a “four-winged” appearance
similar to proposed models of flight origins
(Beebe, 1915; Xu et al., 2003, 2014), our data
strongly suggest that anchiornithines were not
using their wings as an aerodynamic flight sur-
face as they lack the features required to effi-
ciently behave as either a gliding or a powered
flapping structure. Such poor aerodynamic per-
formance cannot be explained by a lack of selec-
tion in a vacant niche space because Anchiornis
lived in the presence of better-performing glid-
ing mammals (Meng et al., 2006, 2017; Luo et al.,
2017) and powered-flying pterosaurs. If Anchior-
nis or its sister lineages were attempting to use
their feathered limbs to fly, they were too awk-
ward to catch prey or avoid becoming prey on
the wing, lacked the ability to achieve precision
landing or crash avoidance, and their nonarbo-
real body plan would have made climbing to a
sufficient height difficult, moving among
branches to launch dangerous, and landing from
a glide near impossible. This does not preclude
them from using their wings for some aerody-
namic functions such as WAIR, flap running, or
leaping (Dececchi et al., 2016), but this along
with hind-limb structure and proportions
(Dececchi and Larsson, 2011; 2013) argues for a
terrestrial, nonvolant life history for this clade.

The lack of signs of flight among the most
ancient members of the paravians does not mean
that their feathered limbs did not have had some
functional significance. They may have facilitated
ground-based behaviors such as WAIR or
increased leaping distance as suggested previ-
ously (Dececchi et al.,, 2016). In addition, we
know that they possessed striking coloration,
even iridescence, and frond-shaped tails (Li et
al., 2010; Hu et al., 2018), suggesting that display
was a likely major life-history trait. If we restrict
anchiornithines from flight capability, we see
similarities in the potential for wing use primar-
ily or in conjunction with terrestrial flapping-

based locomotion strategies, for display or
signaling behaviors as proposed for other feath-
ered theropods (Pittman et al., 2013; Person et
al,, 2014; Xing et al., 2016; Hu et al., 2018). Com-
bined with developmental work suggesting that
hind-limb feathers may have evolved due to con-
straints to evolve large forelimb feathers
(Domyan et al., 2016), evidence suggests the ori-
gins of the “four-winged” state lies not in the air,
but on the ground.

As early-diverging avialans predating the old-
est-known Archaeopteryx specimen (see Pittman
et al., chapter 1), our anchiornithine results sug-
gest that flight was not present in the paravian
common ancestor. While this conclusion is par-
tially dependent on the phylogenetic hypothesis
used to reconstruct the ancestral state, it is rein-
forced by other work showing little evidence of
flight capability in troodontids, some of which
also had elongate hind-limb feathers (Xu et al.,
2017), and in most dromaeosaurids (Dececchi et
al,, 2016; Hartman et al., 2019; Pei et al., in press).
Thus, regardless of whether anchiornithines were
early-diverging troodontids (Hu et al., 2009), sis-
ter to both troodontids and dromaeosaurids (Hu
et al,, 2018), or early-diverging members of the
avialans (Foth and Rauhut, 2017; Cau, 2018;
Rauhut et al., 2019), the conclusion remains con-
sistent. The only possible configuration that allows
for a single origin in the literature is if microrap-
torines are not members of the Dromaeosauridae,
but a separate, later-diverging clade (Agnolin and
Novas, 2013; Agnolin et al., 2019). Yet, even in this
case, flight capacity is lacking in the larger, earlier-
diverging members of this group such as Tiany-
uraptor and Zhenyuanlong (Pei et al., in press) and
achieved only in the Microraptor species complex
itself (Dececchi et al., 2016; Pei et al., in press),
suggesting it is not an ancestral trait for this lin-
eage nor plesiomorphic for Averaptora (Agnolin
and Novas, 2013). The different pattern of optimi-
zation of flight-related characters also suggests dif-
ferent strategies to achieve volancy in Microraptor
and Archaeopteryx, while their hind-limb metrics
suggest perhaps different ecological roles for each
(Dececchi and Larsson, 2013; Pei et al., in press).
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This strongly supports the contention that flight
capacity and potentially powered flight itself arose
convergently in at least two distinct paravian lin-
eages, first in birds minimally 150 million years
ago, then in the microraptorines 20-30 million
years later. If true, this finding leads to new ave-
nues of investigation that look at the place of each
taxon within its ecosystem, in regards to both its
terrestrial and aerial interactions. It also gives us a
greater glimpse into the requirements for achiev-
ing flight from a theropod body, with both the
convergent and the unique solutions to the physi-
cal problems of aerial travel giving us valuable
information on what it takes to fly. These findings
also help reinforce the notion that the nonavialan
theropod to bird transition was not a simple linear
path and that the behavioral and ecological roles
of players on both sides of the transition were
likely diverse. We see clearly that among members
of the Deinonychosauria developing flight worthi-
ness was only one of multiple trends in niche
expansion in this clade (Turner et al., 2011; Li
and Brusatte, 2015; Cau et al.,, 2017; Xu et al,
2017; Torices et al., 2018) and complex in a way
not previously appreciated.
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