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Synopsis Birds (Aves) exhibit exceptional and diverse locomotor behaviors, including the exquisite ability to balance
on two feet. How birds so precisely control their movements may be partly explained by a set of intriguing modifications
in their lower spine. These modifications are collectively known as the lumbosacral organ (LSO) and are found in the
fused lumbosacral vertebrae called the synsacrum. They include a set of transverse canal-like recesses in the synsacrum
that align with lateral lobes of the spinal cord, as well as a dorsal groove in the spinal cord that houses an egg-shaped
glycogen body. Based on compelling but primarily observational data, the most recent functional hypotheses for the LSO
consider it to be a secondary balance organ, in which the transverse canals are analogous to the semicircular canals of the
inner ear. If correct, this hypothesis would reshape our understanding of avian locomotion, yet the LSO has been largely
overlooked in the recent literature. Here, we review the current evidence for this hypothesis and then explore a possible
relationship between the LSO and balance-intensive locomotor ecologies. Our comparative morphological dataset con-
sists of micro-computed tomography (u-CT) scans of synsacra from ecologically diverse species. We find that birds that
perch tend to have more prominent transverse canals, suggesting that the LSO is useful for balance-intensive behaviors.
We then identify the crucial outstanding questions about LSO structure and function. The LSO may be a key innovation
that allows independent but coordinated motion of the head and the body, and a full understanding of its function and
evolution will require multiple interdisciplinary research efforts.

Introduction themselves fused to the pelvic bones (Baumel and

Over evolutionary time, land-dwelling vertebrates
have co-opted their limbs to perform a variety of
tasks. Birds (Aves) have accumulated a particularly
impressive set of locomotor specializations, including
bipedalism, flight, and the superb ability to balance
on a perch. To facilitate the use of limbs, the spinal
columns of tetrapods have evolved many morpho-
logical and neural specializations. These include
expansions of the spinal cord that support sensory
processing and motor control of the fore- and hin-
dlimbs and that originate from the brachial and lum-
bar/sacral plexuses, respectively. Birds have a
particularly prominent posterior expansion housed
within the synsacrum (Fig. 1B; Giffin 1990), a
bony fusion of lumbar and sacral vertebrae that are

Witmer 1993). In the avian synsacrum, the vertebral
canal—which houses the spinal cord—greatly
expands in diameter, more so than in other diapsids
(Giftin 1990). This synsacral vertebral canal expan-
sion houses a set of unique anatomical features col-
lectively known as the avian “lumbosacral organ” or
LSO (Figs. 1B and 2).

The LSO is distinct from other parts of the avian
spinal column in both its osteology and its soft tissue
morphology. Specifically, the LSO consists of both a
specialized vertebral canal morphology in the synsa-
crum and a distinctive lumbosacral spinal cord
(Figs. 1 and 2). The synsacral vertebral canal exhibits
a series of transverse recesses along its dorsum
(Necker 1999); these resemble canals in shape, so
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Fig. 1 Birds are hypothesized to have two sets of balance organs, one in the inner ear (A) (common to terrestrial vertebrates) and a
second within the synsacrum (B), termed the lumbosacral organ (LSO). The LSO is housed within an expanded vertebral canal, which
exhibits a set of canal-like recesses (lumbosacral transverse canals [LSTCs]; C).

here we refer to them as lumbosacral transverse
canals (LSTCs). In addition, the spinal cord splits
dorsally, along the sagittal plane, and within this split
rests an ovoid organ of glycogen-rich cells called the
glycogen body (De Gennaro 1982). The spinal cord
in this region is supported by thickened dentate lig-
aments as well as transverse ligaments (Schroeder
and Murray 1987). In addition to the LSTCs, the
splitting of the spinal cord, and the glycogen body,
the LSO also includes a set of accessory lobes that
project laterally from the ventrolateral aspect of the
lumbosacral spinal cord. These accessory lobes are
pairs of spinal cord protrusions that align with the
transverse canals (Necker 1999).

Several hypotheses have been put forward for the
function of the LSO and its various components, but
detailed understanding of this remarkable specializa-
tion remains elusive. For instance, a frequent—and
perhaps the most obvious—functional hypothesis for
the glycogen body is that it is used for energy stor-
age, but this hypothesis is not supported by all ex-
perimental evidence (summarized in De Gennaro
1982). More recently, the LSTCs and accessory lobes
have been interpreted as having a mechanosensory
function (summarized in Necker 2006). Necker
(2006) reasoned that rotations of the body induce
flow of cerebrospinal fluid within the transverse
canals, stimulating neurons of the accessory lobes
(summarized in Necker 2006). This may help birds
maintain balance, although strong electrophysiologi-
cal and behavioral evidence in support of this hy-
pothesis is still needed.

In this paper, we review existing hypotheses of
avian LSO function and present observations to ex-
plore the specific hypothesis that the LSO has a
mechanosensory role in balance control (Necker
2006). A key prediction of this balance organ

hypothesis is that anatomical variation in the LSO
corresponds with locomotor function in birds. The
ability to maintain balance becomes more difficult
with increasing functional requirements, like keeping
the head still to track prey or predators during lo-
comotion. Anatomical adaptations in balance organs
can mitigate functional difficulties related to loco-
motion (e.g., Muller 1994; Spoor et al. 2007; Grohé
et al. 2018).

Using u-CT scans of synsacra representing 44 spe-
cies, 36 families, and 25 orders across Aves, we in-
vestigate a possible relationship between locomotor
lifestyle and LSO morphology. We found osteological
evidence of the LSO (i.e., LSTCs and a vertebral ca-
nal expansion) in all bird species examined. We also
found a trend of more prominent LSTCs in species
that perch. Interpreted in combination with the
existing literature, our data refine the hypothesis of
the LSO’s function as a putative balance organ. We
identify critical knowledge gaps that currently pre-
vent a thorough understanding of the avian LSO and
suggest key opportunities to further elucidate LSO
function with modern tools and approaches.

Hypotheses of LSO function

Over the past century, several lines of research have
posited functional hypotheses for the various ana-
tomical components of the LSO. The most promi-
nent of these suggest a metabolic role for the
glycogen body and a balance/mechanosensory role
for the accessory lobes and LSTCs. Although these
two hypotheses are not necessarily mutually exclu-
sive, they have generally been discussed in the liter-
ature in isolation of one another.
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The glycogen body as a metabolic repository

The cells of the glycogen body are metabolically ac-
tive, but there is no consistent evidence that the gly-
cogen body has a role in body metabolism. The
evidence from starvation-type studies investigating
a potential role of the glycogen body in metabolism
are equivocal. Many (but not all) found a reduction
in glycogen in the liver without an accompanying
loss within the glycogen body (as summarized in
De Gennaro 1982). Notably, enzymatic assays
revealed no presence of glucose-6-phosphatase
(Benzo et al. 1975; Fink et al. 1975), which is an
enzyme necessary for the conversion of glucose-6-
phosphate to free glucose.

While the liver uses glycogen for energy storage,
with subsequent transport of glucose to other parts
of the body for glycolytic conversion, the absence of
glucose-6-phosphatase in the glycogen body suggests
it does not share this function. Alternative metabolic
roles have been posed for the glycogen body. These
include that it secretes glycogen directly into cere-
brospinal fluid (Azcoitia et al. 1985); assists in lipid
production, perhaps for myelination (Benzo et al.
1975); or that it provides lactate or pyruvate, rather
than glycogen and glucose, as energy sources (Dezza
et al. 1970; Fink et al. 1975).

A mechanosensory function for the LSO

Several related biomechanical and neurophysiological
mechanisms have been suggested for a potential
mechanosensory role of the LSO. Schroeder and
Murray (1987) suggested multiple ways in which lo-
comotor movements might be transmitted to sensory
neurons in the accessory lobes of the LSO: through
tension in the dentate ligaments or meninges or
through motion of the cerebrospinal fluid. Necker
(2006) elaborated upon a cerebrospinal fluid-related
mechanosensory role for the LSO by analogizing the
LSO with the vestibular region of the inner ear. In
the LSO, the LSTCs are formed by the dorsal canals
in the synsacrum and closed off by the arachnoid
membranes, forming proper canals that are analo-
gous to the semicircular canals of the inner ear.
According to the hypothesis, as the body experiences
angular acceleration in the roll direction (i.e., around
the longitudinal axis of the spinal cord) cerebrospi-
nal fluid motion in these canals stimulates neurons
in the accessory lobes.

Evidence supporting the mechanosensory hypoth-
esis promulgated by Necker comes from neuroana-
tomical, physiological, and behavioral studies. If the
neurons in the accessory lobes function as suggested,
they must be capable of (1) sensing cerebrospinal

fluid motion in the LSTCs and (2) transmitting
that sensory information to motor control systems.
Rosenberg and Necker (2002) found dendritic pro-
jections of the accessory lobe neurons that extend
into fluid-filled lacunae, analogous to the stereocilia
of inner ear hair cells. Cells in the accessory lobes
have neuronal-type voltage-gated sodium channels
(Yamanaka et al. 2008; Matsushita et al. 2018), indi-
cating the presence of neurons that can generate ac-
tion potentials and are thus capable of acting as
Necker suggests. In addition, there is evidence that
implicates GABA (Yamanaka et al. 2012), glutamate
(Yamanaka et al. 2013), and acetylcholine (Takahashi
et al. 2015) in accessory lobe neuron function.
However, no specific transduction mechanism has
been identified (as noted by Matsushita et al
2018). Necker (1997) traced the accessory lobe neu-
ron axons to the contralateral lamina VIII of the
spinal cord, which is implicated in mammals in
left-right limb coordination (Harrison et al. 1986).
This connection suggests that the accessory lobes
may play a role in lower limb reflexes.

Necker et al. (2000) conducted LSO specific be-
havioral experiments in pigeons. As summarized by
Necker (2006), they removed the dorsal bone of the
synsacrum in the LSO region, thereby removing the
cerebrospinal fluid and presumably preventing the
stimulation of accessory lobe neurons. They reported
that experimental birds could fly but had difficulty
perching or walking. These behaviors were particu-
larly disturbed in masked birds, as these birds could
not use vision to compensate for their lack of
balance-sensing. Interestingly, these birds appeared
to try to regain balance using flight-specific reflexes
instead of bipedal locomotion-specific reflexes (i.e.,
extending wing on the same side of the body rather
than the opposite; Necker et al. 2000; Necker 2006).
Although these qualitative behavioral observations
are consistent with a connection between cerebrospi-
nal fluid and locomotion, the experiments used only
a small number of individuals and do not reveal a
mechanism by which the cerebrospinal fluid might
interact with neurons in the spinal cord. Additional
behavioral and physiological tests of the LSO balance
organ hypothesis are required that include
rigorously-defined experimental trials with quantita-
tive assays, full controls, and replication.

There is also some indirect evidence for a role of
the LSO in balance or bipedal locomotion. In a de-
velopmental study, Necker (2005) found that re-
cently hatched, precocial chicks had more
developed LSOs than more altricial pigeons, which
might help chicks balance soon after hatching.
Urbina-Meléndez et al. (2018) used a robotics



approach and found that accelerometers located at
the “hip” of a standing bird-like robot in addition to
sensors at the “head” improved estimation of foot
acceleration, which supports the idea that the LSO
might help with balance.

Mechanosensation in vertebrate spinal cords

Although more evidence is still required to defini-
tively determine mechanosensation in the avian LSO,
vertebrates are known to have mechanosensory neu-
rons in their spinal cords that detect local mechan-
ical stimuli. Lamprey spinal cords have a class of
neurons along their lateral sides called “edge
cells”—stretch receptors that respond to local strain
deformation of the spinal cord (Grillner et al. 1984).
These edge cells are not, however, known in other
vertebrates (Henderson et al. 2019), although cells
with morphologies suggestive of mechanoreception
have been reported in the lateral margin of the spinal
cords in some other species (e.g., reptiles, Schroeder
1986; and amphibians, Schroeder and Egar 1990).

Another set of sensory neurons referred to as
“cerebrospinal fluid-contacting neurons,” or CSF-
cNs, are found across vertebrates (Kolmer 1921;
Agduhr 1922; Orts-Del’Immagine and Wyart 2017).
CSF-cNs contact the cerebrospinal fluid in the cen-
tral canal of the spinal cord. In zebrafish, they are
incorporated into a spinal central pattern generator
(Wyart et al. 2009) and have been shown to respond
to bending of the spinal cord (Bohm et al. 2016).
Further research on mechanosensory inputs to the
vertebrate spinal cord are summarized in a recent
review by Henderson et al. (2019).

A comparative approach to understanding the LSO

Existing research studies are consistent with a role
for the LSO in mechanosensation, particularly in re-
sponse to body rotation in order to maintain bal-
ance. However, conclusive experimental studies are
still lacking. Surprisingly, the LSO has received rela-
tively little recent attention, despite the potentially
critical role of the LSO in understanding avian loco-
motion and widespread interest in the mechanical
and neural basis of sensorimotor control. One useful
strategy for advancing understanding of the LSO is a
comparative approach. The morphological and eco-
logical diversity in Aves presents an opportunity for
testing whether elaborated LSO morphology corre-
sponds with balance-intensive locomotor strategies.
How the LSO varies among avian species is largely
unknown. Previous descriptions of LSTC variation
among birds made largely qualitative comparisons
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(Imhof 1904; Jelgersma 1951; Necker 2006). Necker
(2006) concluded that these canals were relatively
similar in most species examined, although he noted
shallower LSTCs in a bird that almost exclusively
flies (Apus apus, common swift) and deeper LSTCs
in a bird that exclusively walks (Struthio camelus,
ostrich). Methods for making high-resolution, quan-
titative observations of the internal structure of the
vertebral canal have recently become commonplace
(i.e., computed tomography X-ray scanning or CT
scans). Here we expand upon previous work by
compiling a dataset of measurements of the synsacral
vertebral canal that houses and forms part of the
LSO. Using these data, we quantitatively explore
the morphological disparity of the LSO across
Aves, particularly in the context of diversity in loco-
motor ecology.

Comparative exploration of LSO osteology
Methods

We sampled synsacra from 44 species of 25 orders from
extant Aves. The majority of synsacra in our sample
came from skeletal preparations of museum specimens,
but two (Taeniopygia guttata and Zonotrichia leucophrys)
were fluid-preserved specimens from laboratory colonies.
For most species our sample consisted of one specimen,
but for five species (Apus pacificus, Colius striatus,
Colaptes auratus, Hemiprocne mystacea, and Progne subis)
our sample consisted of five or six specimens. These
multiple samples allowed us to assess the extent of in-
traspecific variation relative to interspecific variation in
synsacral vertebral canal osteology. A list of all museum
specimens used in this study is provided in the
Supplementary Material.

We CT scanned the synsacra on either a Skyscan
1172 or 1173 (Bruker) or an NSI X5000 (North Star
Imaging). For all species, we calculated two dimen-
sionless metrics that we used to compare the mor-
phology of the synsacral vertebral canal across
species. Both metrics are based on a series of
cross-sectional areas of the vertebral canal that cor-
respond with each LSTC and inter-LSTC (intercanal)
space (Fig. 2). Because the LSTCs are neither per-
fectly transverse nor orthogonal to the longitudinal
axis of the vertebral canal, we used the CT scan
viewing software Dataviewer (Bruker) to generate
cross-section images that align with the LSTCs
(Fig. 3). The LSTCs differ in the angle they make
relative to the longitudinal axis of the vertebral canal,
so the cross-sections differed as well. For consistency,
the sets of cross-sectional images for all species were
all generated by the same researcher. Then, we used a
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Fig. 2 A contrast-enhanced CT scan demonstrates the soft tissue morphology of the avian LSO and the space within the LSTCs. A
parasagittal section (A) shows the LSTCs and the expansion in the vertebral canal for the glycogen body. A corresponding lateral view
of a 3D model from the CT scan demonstrates the accessory lobes (B). A horizontal section (C) and the corresponding dorsal view of
the soft tissue in the model (D) show the glycogen body within the dorsal groove of the spinal cord. Ridges evident in a dorsal view of
the endocast of the vertebral canal (E) result from the LSTCs. A transverse section of the third canal from the anterior end (F) is

paired with labeled soft tissue elements (G).

fill function in Image] (v. 2.0.0-rc-69/1.52p) to cal-
culate the cross-sectional area for each image. This
procedure sometimes required manually closing gaps
in the cross-section image created by the spinal
nerve-root foramina.

The first metric we calculated, the “LSTC prom-
inence”, is a measure of the size of the LSTCs rela-
tive to the primary vertebral canal. To calculate the
LSTC prominence, we first calculated a dimension-
less ratio of each cross-sectional area of that area to
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Fig. 3 The measure of LSTC prominence is calculated from a series of cross-sectional areas from the vertebral canal. The diagram of
the parasagittal section (A) illustrates how we selected cross-sections approximately perpendicular to the long axis of the vertebral
canal. The labeled sections are examples corresponding with the formula for the dimensionless ratio calculation provided in the text.
The transverse section diagrams (B) illustrate the cross-sectional areas of the vertebral canal for canal and intercanal sections. A plot of
the cross-sectional areas is provided in (C), with a dashed line representing the running mean. A plot of the corresponding ratios is in
(D). The LSTC prominence metric is defined as the standard deviation of these ratios.

itself and the areas immediately anterior and poste-
rior (see Fig. 3C, D) as follows:

3A,

R, = .
An—l + An + An-H

If LSTC recesses are absent, as they are in parts
of the avian vertebral canal outside the synsacrum,
then this ratio R,, would be close to unity (1) for all
n. The running mean was calculated using the
“movmean” function in Matlab R2019b, which

calculates a mean over a defined window of neigh-
boring points (in this case, 3). The first and last
points (in this case, n=1 and n=11) have a win-
dow that falls outside of the range, so the mean at
those positions is calculated using only A, and ei-
ther A,,; or A, ;, respectively. To summarize
across several adjacent segments, we then calculated
the standard deviation of the set of ratios calculated
for each synsacrum, so that the LSTC prominence is
defined as the standard deviation of R, values.
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For many species, it was difficult to distinguish
the first and last canal, as the canal depth decreases
toward the anterior and posterior ends of the LSO
region such that the final recess may not reasonably
be considered a canal. Consequently, we constrained
the number of canals considered in the LSTC prom-
inence calculation to 5, for a total of 11 cross-
sectional areas: the maximum area (near the middle
of the LSO region) and five sections each in the
anterior and posterior directions (Fig. 3).

The second metric we calculated is a measure of
the expansion of the LSO region that houses the
glycogen body relative to the cross-sectional area of
the spinal cord. We termed this the “expansion
ratio.” Specifically, the expansion ratio is the maxi-
mum of the running mean calculated for the LSTC
prominence metric divided by the mean of the most
anterior cross-sectional area and the most posterior.
Because we use the running mean, the expansion
ratio is not influenced by transverse canal
prominence.

Although selecting the cross-sectional areas is
somewhat arbitrary, the LSTC prominence calcula-
tion is inherently robust to random, unbiased error
in cross-sectional area measurements. In addition,
we are using both calculated metrics, rather than
absolute values, to consider morphological trends,
so our interpretations of our results should not be
affected by unbiased measurement error. Finally, for
a subset of species across the morphospace, we gen-
erated endocasts of the vertebral canal using Mimics
v.22 (Materialise) so that we could visualize three-
dimensional (3D) morphological variation in the
endocasts.

We analyzed our computed metrics visually, using
the packages ape (Paradis and Schliep 2019), geiger
(Harmon et al. 2008), ggtree (Yu et al. 2017, 2018),
treeio (Wang et al. 2020), ggplor2 (Wickham 2016),
egg (Auguié 2019), cowplot (Wilke 2019), and dplyr
(Wickham et al. 2019) in R version 3.6.2 (R Core
Team 2019) to compare the LSTC prominence and
expansion ratio metrics across birds with different
locomotor lifestyles. We also used a genus-level phy-
logeny of Aves from Cooney et al. (2017) based on
Jetz et al. (2012) and Prum et al. (2015) to visualize
phylogenetic variation in locomotor lifestyle and
LSTC prominence. To define locomotor lifestyle/
mode for each species, we assigned each species a
binary “yes/no” value to “terrestrial” and “perching”
locomotor categories. Supplementary Table S2 pro-
vides this information as well as binary categoriza-
tions for “fly,” “float,” and “dive” locomotor
categories. We used the recent editions of the
Handbook of the Birds of the World (del Hoyo

2019) and the Birds of North America
(Rodewald 2015) as well as our own collective
knowledge to determine these categories. We based
our assignments not on whether or not the species is
capable of any particular locomotor mode, but
whether or not the locomotor mode is critical to
their overall lifestyle. Some species were more diffi-
cult to classify than others. For example, we classified
C. striatus, the spectacled mousebird, as “perching,”
(which we define as balancing on a branch or other
elevated, narrow object) although it might more ac-
curately be described as “clinging” (hanging from the
side of an object). “Terrestrial” refers specifically to
terrestrial bipedality. Although these classifications
are rudimentary and somewhat subjective, our goal
was not to use them for hypothesis testing but rather
for visual detection of general trends in LSO osteo-
logical morphology. To confirm visually-identified
trends, we performed two-sample, two-sided
Kolmogorov—Smirnov tests of our metrics using
the “ks.test” function in the R stats package. These
tests do not account for phylogenetic nonindepend-
ence of the species in our sample (see Felsenstein
1985), and we emphasize again that we use them
not to test an explicit hypothesis, but rather to ex-
plore a broadly sampled, quantitative dataset of LSO
morphology, which is lacking from the existing
literature.

We also conducted an exploration of the LSO soft
tissue anatomy in two species of passerines present
in laboratory colonies at the University of
Washington: Z. leucophrys, the white-crowned spar-
row, and T. guttata, the zebra finch. The samples
were incidental tissue byproducts of other experi-
ments. Our primary interest was confirming the
presence of unfilled space in the LSTCs for cerebro-
spinal fluid to flow. Some evidence for this has been
shown histologically (Necker 2006), but we used an
alternative method, diffusible-iodine contrast-en-
hanced CT scanning (diceCT; Gignac et al. 2016),
to assess the extent of the tissue-filled space within
the lumbosacral vertebral canal. We dissected the
synsacrum from one specimen of each of the two
species and placed it in a 3% w/v I,KI solution for
4 days, scanned it in a Skyscan 1172 u-CT scanner
(Bruker), replaced it in the solution, and then
rescanned it after 11 total days.

et al.

Results and discussion

We found osteological evidence of the LSO in the
synsacra from all species we examined. Further, the
morphology of the vertebral canal varied consider-
ably among species, and this variation was evident
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Fig. 4 The morphology of the synsacral vertebral canal varies across bird species. These are sagittal and parasagittal sections from u-
CT scans of the synsacra of three bird species paired with lateral and dorsal views of the corresponding vertebral canal endocasts.
Although A. pacificus and S. humboldti have similar values for the metrics we calculated, the shape of their endocasts differ, particularly
in the orientation of the LSTCs (see dorsal views of endocasts). We calculated much higher values of both metrics for P. strigoides than
for the other two species shown here, and the endocast of P. strigoides exhibits correspondingly visually prominent LSTCs and central

expansion.

both visually in CT scan sections and endocasts
(Fig. 4) and in our calculated metrics (Fig. 5).
Notable variation exists across species in the propor-
tion of the synsacral length taken up by the LSTC
region and in the number of LSTCs (e.g., Spheniscus
humboldti versus Podargus strigoides in Fig. 4). We
occasionally found it difficult to determine the num-
ber of LSTCs and the extent of the LSTC region, as
some species did not exhibit an obvious first or last

canal. The orientation of the LSTCs relative to the
longitudinal axis of the synsacral vertebral canal
varies both across species and within an individual
(see dorsal views in Fig. 4). If these canals serve as
part of a rotational accelerometer, as Necker (2006)
suggested, then this variation in canal orientation
might allow sensing of motion in different direc-
tions. The shape of the canals also varies (see para-
sagittal views in Fig. 4). Some canals are expanded
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Fig. 5 The LSTC prominence and expansion ratio of vertebral canal region of the LSO across 44 bird species does not clearly
correspond with terrestrial locomotion, although there is a trend of increased canal prominence in birds that perch. The scatterplots in
(A) and (B) form a morphospace based on canal prominence and expansion ratio. Each point represents one species, colored by
whether or not they are terrestrial or perching, respectively. (C) and (D) plot the corresponding cumulative density functions for LSTC
prominence, while (E) and (F) are the corresponding histograms for LSTC prominence. Kolmogorov—Smirnov tests confirm a trend of
more prominent LSTCs in perching versus non-perching species (D =0.556, P=0.003) but not terrestrial versus non-terrestrial

(D=023, P=0.286).

dorsally and then constrict near the vertebral canal,
forming a balloon- or mushroom-like shape. The
functional significance of this shape variation is
unclear. The constrictions may allow the arachnoid
membranes to form a more defined canal that opti-
mizes the flow of cerebrospinal fluid toward the ac-
cessory lobes.

The bird species in our sample occupy a large area
of the morphospace defined by our computed met-
rics (Fig. 5; n=44; LSTC prominence: mean = 0.156,
median = 0.157, SD = 0.054; expansion ratio: mean-
=4.173, median = 3.904, SD = 1.204). In both of our

locomotor mode comparisons, we found overlap be-
tween the two groups; in other words, the distribu-
tions of expansion ratios and LSTC prominences
overlapped between birds that exhibit terrestrial lo-
comotion and those that do not, and between birds
that perch and those that do not perch. Summary
statistics for these locomotor groups are provided in
Supplementary Table S1.

Thus, LSO osteological morphology does not
clearly correspond with either perching or terrestrial
locomotor modes. However, we did find a trend to-
ward more prominent LSTCs in birds that perch
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versus birds that do not perch, as indicated by the
shift in the cumulative density function and histo-
gram plots (Fig. 5D, F). Kolmogorov—Smirnov tests
confirmed this trend (LSTC prominence, perching
versus non-perching: D=0.556, P=0.003; terrestrial
versus non-terrestrial: D=0.3, P=0.286). We did
not find a similar trend for the expansion ratio
(perching  versus  non-perching:  D=0.216,
P=0.657; terrestrial versus non-terrestrial:
D=0.262, P=0.448). We also found that higher
LSTC prominence values are convergent across the
avian phylogeny (Fig. 6), suggesting that phylogeny
alone does not explain the variation in LSO osteo-
logical morphology.

For some bird species, we measured notably high
values of our computed metrics. Pharomachrus
mocinno (resplendent quetzal) and P. strigoides
(tawny frogmouth) both exhibit more prominent
LSTCs (Figs. 5 and 6) relative to the expansion in
the vertebral canal. Both are perching species that
rarely move about the ground bipedally; however,
other species in our sample fit these criteria yet do
not have such elaborated synsacral vertebral canal
morphologies. Phoenicopterus chilensis (Chilean fla-
mingo) exhibits an anomalously high expansion ra-
tio. Flamingos are noteworthy not only for long legs
and balancing on one foot, but also for their feeding
habit, which requires them to lower and swing their

head through the water while keeping their torso
stable. Spoonbills exhibit a similar behavior (Rico-
Guevara et al. 2019), and it would be interesting to
compare their LSO morphology with that of flamin-
gos. Perching and balancing on one foot may be the
types of balance-intensive behaviors partially enabled
by exaggerated LSO morphology.

Measurements of LSTC prominence and expan-
sion ratio in species for which we had multiple sam-
ples demonstrate that intraspecific variation in LSO
osteological morphology is reasonably small com-
pared with interspecific variation, validating the use
of these metrics in interspecific studies (Fig. 7).
Intraspecific morphological consistency also supports
a functional role for this morphology. One contrast-
ing pair within these five species might be particu-
larly illustrative of a locomotor ecology signal in LSO
osteology. Apus pacificus, the Pacific swift, exhibits
the quintessentially aerial lifestyle of swifts
(Apodidae) and is unable to perch or move biped-
ally. In contrast, H. mystacea, the moustached trees-
wift of the sister family Hemiprocnidae, has a
modified tarsus such that it can perch. A. pacificus
and H. mystacea occupy non-overlapping parts of
this morphospace, with H. mystacea exhibiting
more exaggerated morphological characteristics.

Overall, the metrics we developed for exploring
LSO osteological morphology are wuseful for
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differentiating LSO morphotypes. We also found
that the LSTC prominence metric was useful for un-
derstanding a possible relationship between locomo-
tor ecology and the morphology of the LSO vertebral
canal. We note again, however, the limitations of our
sample size (including the lack of the flightless rat-
ites) given the extreme diversity and number of
avian species, the difficulty in assigning locomotor
modes, and the lack of a phylogenetic analysis. In
addition, our metrics are limited in their ability to
fully describe the 3D morphology of the vertebral
canal space, such as the orientation and shape of
the LSTCs. For instance, Jelgersma (1951) qualita-
tively described variation among species in the size
of the bony gaps between LSTCs, which is not cap-
tured by either of our metrics. A future comparative
analysis using 3D morphometric methods (e.g., alpha
shapes, Gardiner et al. 2018; SPHARM, Styner et al.
2006; Shen et al. 2009) may be an instructive eco-
morphological investigation.

The soft tissue assessments using diceCT revealed
the soft tissue morphology of the passerine LSO as
similar to the morphology described for other bird
species by previous researchers using histology and
dissections (e.g., Necker 2006). The method verified
the presence of space for cerebrospinal fluid within
the LSTCs and around the glycogen body (Fig. 2).
Although immersion in I,KI solution can cause
shrinkage, sections parallel to the sagittal and coro-
nal planes in Z. leucophrys demonstrated that the
spinal cord to the anterior and posterior of the
LSO area almost completely fills the vertebral canal
even after 11days in solution, indicating minimal
shrinkage in our preparation (Fig. 2C). In the scans
of T. guttata, the LSTCs and area around the

glycogen body were free of soft tissue as in the Z.
leucophrys scans, although there was potentially some
shrinkage in the anterior portion of the spinal cord
(Supplementary Fig. S1).

Summary and future research

We constructed a comparative dataset that demon-
strates the ubiquity of a specialized lumbosacral ver-
tebral canal morphology across Aves, indicating that
most—if not all—extant bird species possess an LSO.
Based on a series of anatomical, physiological, and
behavioral studies, Necker (2006) proposed that the
LSO allows birds to sense body position distinctly
from head position and thus perform two distinct
locomotor functions: flying and “ground contact”
(Rosenberg and Necker 2002). Our quantitative
comparative data allow us to refine the locomotor
function aspect of this hypothesis. Specifically, we
did not find a connection between a terrestrial life-
style and LSO osteological traits. We did find a trend
toward more exaggerated LSO osteological traits in
birds with a perching lifestyle, although the set of
species that perch does overlap in trait space with
the non-perching set.

We find Necker’s hypothesis that the LSO sup-
ports multiple, distinct locomotor modules compel-
ling, and, our observations suggest the LSO may
have a specific role in highly balance-intensive
behaviors as evidenced by its exaggerated morphol-
ogy in perching birds. Perching may be a locomotor
behavior worthy of more detailed study in the con-
text of the LSO, as might other hindlimb-based, bal-
ance-intensive, locomotor modes (e.g., balancing on
one foot like flamingos). We note, though, that our
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classification of terrestrial bipedalism encompasses a
number of different locomotor modes, including
hopping and alternating strides, and may not fully
capture the terrestrial performance measure most
relevant to LSO function.

The existence of the LSO across Aves highlights
several gaps in our understanding of avian neural
and locomotor systems. Advancing understanding
of LSO function will require simultaneous investiga-
tions at the organismal, organ, and cellular levels.
One limitation of this current study is our categori-
zation of locomotor lifestyle. Because most birds are
capable of performing many locomotor functions, a
binary categorization of most prominent locomotor
traits of a species based on descriptive data is ulti-
mately subjective. The development of robust, quan-
titative ~ metrics  for  determining  balance
performance—ideally measured in a variety of taxa
across Aves—would greatly assist future studies of
avian locomotor function, including phylogenetic
hypothesis tests of the impact of the LSO on organ-
ismal function. Gaining a detailed understanding of
how the avian body moves relative to the head in a
variety of locomotor maneuvers may also be insight-
ful, as the LSO may not specifically enable ground-
based locomotion. In flight and on the ground, birds
maintain exquisite head stability while the body
accelerates (Erichsen et al. 1989; Katzir et al. 2001;
Warrick et al. 2002).

In addition to its putative role in locomotor be-
havior, perhaps the most conspicuous gap in our
understanding of the LSO is the lack of experimental
evidence for proximal mechanisms, in particular how
it may transduce and encode acceleration.
Fortunately, experimental techniques have advanced
considerably since the bulk of published LSO re-
search was completed. After discovering the LSTCs,
Necker submitted that the LSTCs and the accessory
lobes are the lumbosacral equivalent of the semicir-
cular canals of the inner ear, acting to sense rota-
tional motion while the dentate ligament stabilizes
the spinal cord (as described in Necker [2006] and
citations therein). However, this explanation fails to
account for the presence of the glycogen body, and
the soft tissue elements of the LSO may act in con-
cert to sense acceleration forces (as has also been
noted in abstracts by Wold and Daley [2019] and
Kamska et al. [2020]).

We suggest that the accessory lobes, LSTCs, and
cerebrospinal fluid might act as a primarily rota-
tional accelerometer while the motion of the glyco-
gen body relative to that of the spinal cord acts as a
translational accelerometer. Although mechanosen-
sory neurons have been identified in the vertebrate
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spinal cord and shown to have locomotor function
(Agduhr 1922; Wyart et al. 2009), the avian spinal
cord at the LSO remains mysterious. Determining
the locations and identities of mechanosensory cells
of the spinal cord and their responses to the relevant
mechanical stimuli, including cerebrospinal fluid
motion and tissue vibration, will help distinguish
these hypotheses. Further, the putative neural cir-
cuitry of the LSO may function locally within the
spinal cord and/or project to the cerebellum, which
is known to receive balance information from the
inner ear and contribute to calibration and coordi-
nation of movement (Kandel et al. 2000). It is im-
portant, however, to note that all hypotheses of LSO
function lack conclusive evidence, and many should
still be considered until some of these knowledge
gaps are filled.

It would be difficult to understate the implications
of elucidating LSO function for understanding the
evolution of extant birds. Most birds spend a minor-
ity of their time in the air; thus, legs and their use
are an essential component of modern avian mor-
phological and ecological diversity (Zeffer et al. 2003;
Abourachid and Hofling 2012). Gatesy and Dial
(1996) proposed that the evolution of multiple
“locomotor modules” (i.e., an aerial, forelimb-based
module that is decoupled from the ancestral
hindlimb-based module) contributed to the ecologi-
cal diversity and evolutionary success of modern
Aves, in part by enabling the diversification of avian
hindlimbs (Gatesy and Dial 1996; Gatesy and
Middleton 1997). The hypothesized role of the LSO
as a secondary balance organ would increase neural
modularity and allow distinct but coordinated stabi-
lization of the avian body and the head, facilitating
the evolution of the multiple locomotor modules
proposed by Gatesy and Dial (1996). A curious anal-
ogy can be made with gyroscopic sensing in flying
insects, which also exhibit superb head stabilization
behavior. Flying insects have multiple organs that
support gyroscopic sensing and balance: the wings
and/or halteres at the thorax, and the antennae on
the head (Sane et al. 2007; Dickerson et al. 2014,
2019; Rauscher and Fox 2018). If a mechanosensory
function for the LSO is conclusively demonstrated,
then it could be a key innovation for Aves as well as
a trait that enabled the evolution of flight and/or
exquisite bipedal performance, including perching.

Data accessibility

Raw LSTC area data, Matlab code, calculated metric
data for creating figures, and R code are provided as
Supplementary Materials.
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