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Abstract

Background Understanding the neural basis of behavior requires insight into how different brain systems coordi-
nate with each other. Existing connectomes for various species have highlighted brain systems essential to various
aspects of behavior, yet their application to complex learned behaviors remains limited. Research on vocal learning
in songbirds has extensively focused on the vocal control network, though recent work implicates a variety of circuits
in contributing to important aspects of vocal behavior. Thus, a more comprehensive understanding of brain-wide
connectivity is essential to further assess the totality of circuitry underlying this complex learned behavior.

Results We present the Oscine Structural Connectome for Investigating NEural NETwork ORGanization (OSCINE-
NET.ORG), the first interactive mesoscale connectome for any vocal learner. This comprehensive digital map includes
all known connectivity data, covering major brain superstructures and functional networks. Our analysis reveals

that the songbird brain exhibits small-world properties, with highly connected communities functionally desig-
nated as motor, visual, associative, vocal, social, and auditory. Moreover, there is a small set of significant connections
across these communities, including from social and auditory sub-communities to vocal sub-communities, which
highlight ethologically relevant facets of vocal learning and production. Notably, the vocal community contains

the majority of the canonical vocal control network, as well as a variety of other nodes that are highly interconnected
with it, meriting further evaluation for their inclusion in this network. A subset of nodes forms a "rich broker club,'
highly connected across the brain and forming a small circuit amongst themselves, indicating they may play a key
role in information transfer broadly. Collectively, their bidirectional connectivity with multiple communities indicates
they may act as liaisons across multiple functional circuits for a variety of complex behaviors.

Conclusions OSCINE-NET.ORG offers unprecedented access to detailed songbird connectivity data, promoting
insight into the neural circuits underlying complex behaviors. This data emphasizes the importance of brain-wide
integration in vocal learning, facilitating a potential reevaluation of the canonical vocal control network. Furthermore,
we computationally identify a small, previously unidentified circuit—one which may play an impactful role in brain-
wide coordination of multiple complex behaviors.
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Background

Learned behavior is complex, involving interactions
between multiple brain systems. Understanding how
these circuits coordinate with one another is neces-
sary for understanding the neural basis of behavior. For
instance, barn owls integrate auditory and visual cues to
create a precise spatial map of the environment, a devel-
opmental learning phenomenon that requires anatomical
reorganization and is essential to hunting behavior [1-3].
Pair bonding in prairie voles requires social, limbic, and
cortical circuits, and is partially mediated by hormonal
systems [4, 5]. In rhesus monkeys, a variety of cortical
and subcortical circuits are involved in reward-based
decision-making tasks, integrating sensory, reward, and
memory mechanisms to guide learning [6, 7]. All of these
behaviors rely on the functional integration of multi-
ple brain networks to direct the acquisition of adaptive
motor outputs. Therefore, to understand the neural con-
trol of learning and complex behaviors, it is necessary to
understand the anatomical connectivity of brain-wide
circuitry.

Constructing wiring diagrams and connectomes has
provided valuable insight into brain-wide connectivity
supporting behavior. The fruit fly connectome, FlyWire,
has revealed corollary discharge circuits essential to fly-
ing, which might be common across insects [8—12]. Simi-
larly, the Marmoset Brain Connectivity Atlas has been
used to describe direct, non-reciprocal projections from
auditory areas to the visual cortex in two primate spe-
cies, indicating that early-stage audiovisual integration is
a common trait in primate sensory processing [13]. Uti-
lization of the Allen Mouse Brain Connectivity Atlas has
suggested that functional circuits might be further par-
cellated by their structural inputs, allowing insight into
how segregation and integration within and across cir-
cuits might be essential to drive behaviors [14, 15]. How-
ever, while these tools have enhanced our understanding
of basic brain structures underlying important functional
computations, their usefulness for interrogating com-
plex learned behaviors is still in its infancy. This is due, in
part, to circuit-level investigations often utilizing model
systems where robust, complex behaviors have yet to be
extensively characterized. To fully realize the potential of
connectomics in elucidating the neural basis of behavior,
we should utilize systems for which complex behaviors
have been well-characterized, serving as a strong founda-
tion for further study.

Vocal learning, a complex behavior that is common
among several taxa, has been extensively characterized
on a behavioral level. Among experimental models, the
songbirds are the most thoroughly studied for the neural
underpinnings of vocal learning. Behavioral studies have
extensively documented vocal learning across closely
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related species, and most neurobiological research has
focused on the “vocal control network” HVC (proper
name), Area X (proper name), the dorsolateral nucleus
of the medial thalamus (DLM), the lateral magnocellular
nucleus of the anterior nidopallium (LMAN), the robust
nucleus of the arcopallium (RA), the hypoglossal nucleus
of the twelfth cranial nerve, tracheosyringeal portion
(nXII[ts]), and the syrinx (the songbird vocal muscles).
This network is common to all songbird species, contains
regions and circuits functionally analogous to other vocal
learners such as humans, and directly underlies vocal
learning and production [16—18]. Indeed, much of the
work in defining circuits anatomically has been directed
at nodes in this network. This focused approach, while
highly informative, has made it more difficult in assess-
ing other brain systems more broadly. Yet, it may serve
as the basis for a more comprehensive understanding of
how distributed neural circuits might collaborate to sup-
port and modulate this complex behavior, and in how we
might consider the vocal control network from a brain-
wide perspective.

Indeed, recent research has highlighted the role of
non-vocal brain circuits in influencing the percep-
tion and production of song. The physical environment
impacts the molecular mechanisms of song perception,
for example changing the context of a familiar song by
altering the location of its playback or pairing it with syn-
chronized light flashes reinitiates the genomic response
associated with memory formation, indicating that asso-
ciative learning circuits may be integral to vocal learning
[19-22]. Similarly, the social environment biases both
vocal learning and production, implicating social behav-
ior circuits in the execution of these behaviors [23-27].
Dopaminergic circuits also play a crucial role in helping
match motor output to vocal intent in song production,
and while integrating social feedback about song quality
[27, 28]. Finally, key connections between auditory and
vocal-motor regions change toward the end of the critical
period for vocal learning [29], suggesting age-dependent
changes in how sensory information guides vocal behav-
ior. Emphasizing the significant role of non-canonical
vocal regions in various aspects of vocal learning and
production, these findings necessitate a reevaluation of
how information is received and processed by the vocal
control network. This calls for a holistic understanding
of brain-wide connectivity, particularly in the context of
vocal learning and production.

Here, we present the Oscine Structural Connec-
tome for Investigating NEural NETwork ORGanization
(OSCINE-NET.ORG), a comprehensive interactive digital
map of anatomical connectivity among oscines. A synthe-
sis of all known songbird neuroanatomical connectivity,
this mesoscale connectome is a tool for exploring global
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anatomic network structure and specialized circuitry for
complex behaviors, particularly in the context of vocal
learning and production. Graph theoretical analyses
show the songbird brain is a small-world network, with
groups of nodes forming highly connected communi-
ties. While these communities are well-connected within
themselves by definition, there is differential connectiv-
ity across them, including amongst what we have defined
as the associative, vocal, social, and auditory communi-
ties. We further identify several nodes that form a “rich
broker club” of interconnected nodes with exceptionally
high connectivity to the rest of the brain. Importantly,
this club does not form its own community; its nodes
are spread across multiple communities, and may act as
crucial information relays for the entire network. These
results demonstrate the importance of brain-wide cir-
cuitry pertaining to complex behaviors like vocal learning
and production. They are meant to encourage expansive
thinking about what brain regions might be considered a
part of functional circuits, like the vocal control network.
This work also serves as a reminder that vocal learning
circuitry evolved in the context of other fundamentally
important brain circuitry, reflecting the integrated nature
of brain evolution and function.

Methods

Creation of the database and interactive website

The workflow used to generate the dataset is outlined in
Fig. 1. We first collected literature that discussed con-
nectivity data in any songbird brain, making no exclusion
based on age, sex, or species. We did this in three ways.
First, we utilized publically available citation databases
Scopus, PubMed, and Google Scholar, using broad key

»” o«

search terms (e.g., “oscine’, “songbird’, “tracer’, “connec-
tion’;, “circuit’, etc., and their combinations) to compile
the available literature. Second, we used similar search
terms in search engines such as Google Images to find
published cartoons and diagrams of songbird brain cir-
cuits, and if their citations were missing from our litera-
ture list, they were added. Third, we did a more targeted
search on individual author pages in Scopus, PubMed,
and Google Scholar for well-known avian neuroanato-
mists, again adding in any missing literature to our list.
Finally, using the revised avian nomenclature [30], we
did an additional targeted search for regions that have
had multiple common or accepted names throughout the
years, using current and previous versions of acronyms,
full common names, and full Latin names as additional
search terms, again adding any missing literature to our
list.

We included studies that describe anatomical con-
nections (i.e., excluding solely functional data, such as
functional magnetic resonance imaging) in all pallial and

Page 3 of 22

subpallial superstructures of the songbird brain, as well
as the periphery. We excluded data at the node level for
multiple reasons:

Migratory-specific nodes, as they are present in only
a subset of all songbirds.

Peripheral ganglia, as they primarily shuttle sensory
and motor signals between the periphery and the
brain. Instead, connections that flow through gan-
glia were preserved as direct connections between
the central and peripheral structure.

Vague or undefined nodes, such as those with
unclear boundaries or only descriptions of approxi-
mate positions within a superstructure. This cri-
terion was also applied to nodes named in non-
songbird species when their equivalence to songbird
nodes was unclear.

Unadopted subdivisions of nodes—subdivisions that
have been proposed in the literature but have yet to
be adopted by subsequent studies—were not subdi-
vided. Adopted subdivisions were condensed when
separation would have forced removal of a substan-
tial amount of data under the Vague category, as
earlier publications did not recognize these potential
subdivisions.

Using the collected data, we defined a list of nodes
(brain regions or peripheral structures) and their super-
structure (e.g., brainstem, nidopallium, etc.), using the
revised avian nomenclature as an initial guide [30]. We
compiled anatomical connectivity data for these nodes,
making no distinction between nodes in the left or right
hemisphere. We excluded data at the connection level for
multiple reasons:

Variable data, due to a lack of confidence in the bio-
logical status of these connections, including cases
in which connections were found in only a subset of
individuals, or when the authors expressed uncer-
tainty about their data.

Internal comnnectivity, or the connections within a
brain region (node), are not informative to mes-
oscale connectivity. This criterion was also applied
to contralateral connections of the same node.
Theorized connections, or those assumed to be pre-
sent in songbirds due to evolutionary conservation
across taxa but for which no anatomical data exists.
Nodes with no reported anatomical connections, or
nodes defined on cytoarchitectural or neurochemical
grounds, but with no reported anatomical connec-
tivity.

All data that passed the node-level and connection-
level bottlenecks were compiled before further visu-
alization and analysis, and are appended as Additional
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Fig. 1 Curation and Visualization of the Oscine Structural Connectome for Investigating NEural NETwork ORGanization (OSCINE-NET.ORG). Nodes
and connections were trimmed from the present dataset at two exclusion bottlenecks (described in Methods). a The homepage of the anatomical
connections map contains a general description panel that introduces the map and provides a link to a continuously updated Google Sheet of all
connections, as well as b buttons to focus on nodes from select functional networks or ¢ brain superstructures. d The connections to and from

an individual node can be highlighted and navigated by level of connection using the focus buttons. Defined brain regions and widely used
subdivisions are displayed as individual nodes (circles), color-coded by superstructure. Nodes are placed approximately within each superstructure,
condensed onto a single sagittal plane. Anatomical connections are represented by gray arrows, which can be clicked on to view citation
information in the side panel

file 1. Data was in no way scaled based on the number
of times it appeared in our compiled list; that is, a con-
nection that has been independently verified across 10
separate studies was not weighted any differently than a
connection that has only been reported once.

approximate location within

The database was visualized using a freely available online
tool [31], and an interactive version of the map is accessible
at OSCINE-NET.ORG. The brain is represented as a sin-
gle compressed sagittal plane, with nodes placed at their

the brain. Nodes are color-

coded based on their superstructure membership, and
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connections between nodes are indicated with a directed
arrow. Description panels for each connection include ref-
erence citations and descriptive information for each study
(e.g., species, sex, age, etc.), and description panels for each
node include the unabbreviated node name. Further infor-
mation on tool navigation, use of this tool, and a link to the
underlying database can be found in the website’s naviga-
tion guide.

Global and node-level analyses

To analyze this database, we first constructed an adjacency
matrix corresponding to the unweighted directed graph.
Each entry was assigned a value of 1 where we find evi-
dence of connectivity between pairs of nodes in our data-
set, or 0 where we find no evidence of connectivity. This
matrix, containing 187 nodes and 1107 connections, was
used for further global- and node-level analyses. Analyses
were computed using the NetworkX package in Python
unless stated otherwise [32].

Small-world analysis

To ask whether most nodes can be reached through a
relatively short number of connections, we assessed the
small-world properties of this network. We first calculated
average path length (the distance between two nodes; \)
and clustering coeflicient (how likely a node’s neighbors are
to be connected to each other, forming tightly knit groups;
y) for our network. We then constructed random graphs
using two methods. The first method used the Erdés—Rényi
model [33] to create random directed graphs with the same
number of nodes and connections as our network. The sec-
ond method employed the directed configuration model
[34] to preserve our original network’s in-degree and out-
degree sequences (where "degree" refers to the number of
incoming and outgoing connections for each node, respec-
tively). We calculated average path length and clustering
coefficient from these two methods, averaged over 1000
iterations each, for further analyses.

We used these random models to create two indi-
ces. The small-world index (o) is defined as the ratio of
the average clustering coefficient of the original and the
Erdés—Rényi model random network, divided by the
ratio of the average path length of the original and the
random network. The small world index for the degree-
preserving directed configuration model random net-
work (o,,) is similarly defined:

_ v/vr P ¥/ Vrio
3 2o

W7

where y is the clustering coefficient of the network, and
A is the average path length; y, and A, are the cluster-
ing coefficient and average path length, respectively, of
a random network; and y,,, and A,,, are the clustering
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coefficient and average path length of a degree-preserv-
ing random network. Z-scores were used to measure the
significance of the differences.

Assortativity

To assess assortativity—the tendency for nodes to con-
nect to other nodes of the same degree —we calculated
the degree assortativity coefficient as the Pearson corre-
lation between the degrees of connected nodes [35]:

_ Zwk(ex — gjq1)
%
where ¢ is the joint probability distribution of the
degrees of two, randomly chosen, connected nodes, g;
and g are the degree distributions, and o, is the stand-
ard deviation of the degree distribution.

Community detection and analysis
To identify densely connected groups of nodes within the
network, we used the RBConfigurationVertexPartition
version of the Leiden algorithm for community detection
using the leidenalg Python package [36]. This algorithm
is suitable for unweighted directed graphs, such as ours,
and guarantees connected communities. In addition, it
maximizes a quality function to determine optimal mod-
ularity, a measure of the strength of division of a network
into subgraphs—in other words, it determines how well
nodes are grouped into communities within a network.

We ran the Leiden algorithm over 1000 iterations, each
with a different random seed. We calculated the Adjusted
Mutual Information [37] score between every pair of
communities across all random iterations. The seed with
the highest average Adjusted Mutual Information score
represented the most stable community structure. Using
the most stable seed, we re-ran the Leiden algorithm to
obtain the representative community delineations. To
validate the representative community delineations, we
plotted the distribution of community counts across all
resolutions (a parameter that affects size of communities)
in increments of 0.05 from 0.5 to 1.5 over 100 iterations
to find the resolution value that tends to produce the
mean number of communities detected, then re-ran the
most stable seed at that resolution.

The modularity optimized by the RBConfigurationVer-
texPartition version of the Leiden algorithm is given by:

kik;
Q=3 (Ai,' = yz’n;>5<c,», )
i

where A;; is the adjacency matrix, k; and k; are the degrees
of nodes i and j, m is the total number of connections, y is
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the resolution parameter, and (c; ¢;) is equal to 1 if nodes
i and j are in the same community, and 0 otherwise.

Sub-community detection and analysis

We detected sub-communities within each community
delineation by applying the RBConfigurationVertexPar-
tition version of the Leiden algorithm recursively, with
a sub-resolution parameter of 0.75, constructing sub-
communities for each community. We generated a null
model to assess sub-community connectivity with other
sub-communities, excluding self-self connections. We
normalized counts to the product of the size of each
sub-community pair, shuffled over 1000 iterations while
maintaining the total number of connections across the
subset matrix, and determined significance with permu-
tation tests in R (v3.6.2).

Centrality metrics

Centrality metrics, such as degree and betweenness
centrality, are fundamental methods for quantifying the
importance or influence of individual nodes in a net-
work [38]. Degree is the sum of total inputs to a single
node (in-degree) and total outputs of the same node
(out-degree); more simply, it is the total number of con-
nections a node makes. We quantified degree centrality
as each node’s degree divided by the maximum possible
degree for this network:

where deg(v) is the total degree of node v, and N is the
total number of nodes.

Betweenness centrality is the frequency at which a
node lies on the shortest path between two nodes, or its
capacity to serve as a “bridge” between two nodes:

Ca(v) = Z o (s, tlv)

steV o(s,t)

where ofs, t) is the total number of shortest paths from
node s to node ¢, ofs, t|v) is the number of those paths
passing through node v, and V is the set of nodes in the
graph.

Principal component analysis was performed on the
degree centrality, betweenness centrality, closeness cen-
trality, and clustering coefficient. Scree plots of eigenval-
ues were generated and loadings extracted to determine
percent variance explained. Elbow plots were generated
using within-cluster sum of squares, and k-means clus-
tering was applied for visual representation of clusters.
Scatterplots were generated for the two centrality met-
rics that explained the greatest percent variance, by plot-
ting degree centrality against betweenness centrality. As

Page 6 of 22

a more intuitive alternative, we have presented a plot of
degree against betweenness centrality, which is identical.

Rich club coefficient analysis

We used the rich club coefficient analysis to discern
whether nodes with high centrality tend to be more
densely interconnected among themselves than expected
by chance [39]. The rich club coefficient for a directed
graph is given by:

E>k

K=k
¢( ) N>k(N>k -1

where ¢(k) is the rich club coefficient for nodes with
degree greater than k, E,; is the number of connections
among the nodes with degree greater than k, and N_; is
the number of nodes with degree greater than k.

First, each degree served as an arbitrary degree thresh-
old (k), starting from 1 (the minimum degree for a node
in the network) to the maximum degree for a node in
the network (past which the degree size would be unex-
pected in a random network). Then, the rich club coef-
ficient was calculated by isolating nodes with degree
past that arbitrary threshold, and normalized to the total
number of possible connections between those nodes.
For each degree threshold, we created 1000 random
graphs using a directed configuration model to compute
the mean and standard deviation of the rich club coeffi-
cients for the random graphs. A given degree threshold
k justifies membership in the “rich club” if the observed
rich club coefficient is more than one standard deviation
above the mean of the random graphs. Nodes that are
part of the rich club are, therefore, both nodes with many
connections (“rich”), and tend to form a highly intercon-
nected group within themselves (“club”).

Results

The first publicly available mesoscale connectome for any
vocal learner

The Oscine Structural Connectome for Investigating
NEural NETwork ORGanization (OSCINE-NET.ORG)
is a public access database of anatomical connectiv-
ity across the songbird brain. OSCINE-NET.ORG is an
interactive connectome of the songbird brain, and cov-
ers a range of brain superstructures, functional networks,
and peripheral systems (Fig. 1). The database summarizes
the entire connectivity dataset analyzed here, consisting
of 187 nodes and 1107 connections (as of July 26, 2024).
The database, which will be continually updated as new
data are published, is accessible via a maintained spread-
sheet that is linked in the Navigation Guide and home-
page description panel (Fig. la). The data used to run
the graph theoretical analyses presented in this paper is
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available as a supplement (Additional File 1), as is a full
list of works cited in the database (Additional file 2).

The database includes connectivity data from 14
oscine songbird species (Table 1). Connections in zebra
finches represent 78.7% of the data (1286 out of 1634
entries), with contributions from other species rang-
ing from 0.12% to 4.35% of entries. The number of

Table 1 Species representation of entries in the compiled

database

Species Number of entries
Bengalese Finch (Lonchura striata domestica) 47 (2.88%)
Black-Capped Chickadee (Poecile atricapillus) 26 (1.59%)
Canary (Serinus canaria) 71 (4.35%)
Carrion Crow (Corvus corone) 27 (1.65%)
Eurasian Blackcap (Sylvia atricapilla) 12 (0.73%)
European Starling (Sturnus vulgaris) 59 (3.61%)
Garden Warbler (Sylvia borin) 6 (0.98%)
Greenfinch (Chloris chloris) 24 (1.47%)
Hawfinch (Coccothraustes coccothraustes) 2 (0.12%)
House Finch (Haemorhous mexicanus) 39 (2.39%)
House Sparrow (Passer domesticus) 6 (0.37%)
Jackdaw (Corvus monedula) 5(0.31%)
Java Sparrow (Padda oryzivora) 2 (0.12%)
Zebra Finch (Taeniopygia guttata) 1286 (78.7%)
Total 1634

Number of entries per species, and the percent of entries in the database they
represent

Table 2 Distribution of studies focused on specific nodes
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supporting citation entries for each connection ranges
from 1 to 16, with 73.5% (815 out of 1107) of connec-
tions supported by a single study. For connections sup-
ported by a single study, 77.8% (634 out of 815) of those
studies were in zebra finches. Similarly, the compiled
dataset is primarily from studies in adult males; 10.5%
(117/1107) of connections in this database are from
females.

When considering nodes that have been the subject
of circuit mapping studies (Table 2), there has been a
biased interest in the vocal control network. HVC,
Area X, and RA are the top three most-reported injec-
tion sites with, respectively, 19, 18, and 17 independ-
ent studies focused on these nodes. This undoubtedly
biases our database and subsequent analyses, where
for instance many nodes in the vocal control network
might be considered relatively completely described
in terms of their brain-wide connections. In contrast,
41.2% (77/187) of included nodes in our database have
never been the focus of a circuit mapping study. This
leaves many gaps in our knowledge and database, where
reported connectivity of these nodes is solely reliant on
studies focused on other nodes and undoubtedly does
not describe the totality of their brain-wide connec-
tions. The skew of these data represents the objective
breadth of published anatomical connectivity studies in
songbirds, and not a subjective choice of focus in our
data collection or reporting.

Number Node

of studies

19 HVC

18 Area X

17 RA

12 LMAN, NCL

9 Uva

7 DLHp, VP, VTA

6 Al, HA (Rostral), NCM

5 DLM, DMHp, MSt, NIf, NIL, RAm

4 AlV, Av, Cu, HA (Caudal), LLV, LM, MLd, NFL, OT, Retina RGCs, SN

3 Bas, CLM, CuE, DCN, DM, G, ICo, LLI, LoC, MMAN, NA, nBOR, NL, nXII(ts), OCb, PAm, PrV, RA Cup, RVL, VbC

2 CG, CSt, DIVA, DMP, DT (CbN), E, GP, HVC Shelf, L2b, LLD, LSt, NAc, NM, nTTDi, Ov (Core), Ov (Shell), PVN, Rt, SO, SpM, Upper Jaw, VHp

1 Air Sacs, Cloacal Muscles, CMM, Expiratory Muscles, GLv, Hyoid, ILM, Inspiratory Muscles, Ipc, L1, L23, L3, Larynx, LHb, Lower Eyelid, Lower
Jaw, Lungs, MV, MVIld, MVL, NIM, NR, nTS, nTTD¢, nTTDo, paraHVC, PBvI, Pineal Gland, PL, POM, RPcvm, SC, SC, STN, Syrinx, TnA, Tongue, VeS,
VMH, Wing

0 A8, AA, AD, AH, ALp, AM, BSTL, BSTM, CDL, Cochlea, D, DIP, DLA, DLL, DLP, DMA, EM, Ep, FLM, FRL, FRM, HD, HI, IC, IHA, Imc, IMM, 10, ION,

I0S, IPS, LHy, LPC, LS, MD, MHb, MS, MVIlv, nA, NDB, Neck, NFM, nHpC, nlll, nlV, niXr, nTOv, nX, nXIl(l), OTu, PLL, PM, POA, PoA, PPC, PPT, PT, R,
Retina DGCs, RPcdl, RPgc, RS, SCN, SHb, Slu, SON, sP, SpA, SPC, SpL, SPT, SRt, SSp, Tu, VeD, Vel, VeM

We report the total number of citations in our dataset where each node was the focus of the study (e.g., tracer injection directly into that node to map its
connectivity). Nodes are organized in alphabetical order within each row. Full names of node abbreviations can be found in the Abbreviations
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The songbird brain is a small-world network, organized
into tightly-clustered communities

This network has a clustering coefficient of 0.25, signifi-
cantly higher than that of random networks (y,=0.03,
z-score=109.32, p<0.001) and degree-preserving ran-
dom networks (y,;,,=0.08, z-score =26.08, p<0.001). The
average path length (A) of 3.14 is significantly higher than
the average path length for degree-preserving random
networks (A,;,=3.05, z-score=3.11, p=0.002), but not
for random networks (A\,=3.13, z-score 1.04, p=0.29).
The small-world index (o) of 2.67 and the normalized
small-world index (o;,) of 2.94 confirm the network’s
small-world nature, emphasizing its efficient balance
of local clustering and global integration. For the nor-
malized small-world index (o;,), these values are higher
than corresponding significant indices for macaque cor-
tex (0,,=1.7050), cat cortex (o;,=1.3027), and pigeon
pallium (o,,=1.4004) [40, 41]. While the Allen Insti-
tute mesoscale connectome of the mouse did not quan-
tify this specific metric, they report similar small-world
properties in their network [14]. Thus, similar to other
vertebrate mesoscale connectomes, the songbird brain
also has small-world properties.

The assortativity coefficient of the network is r=—0.13.
Negative assortativity indicates disassortative mixing
[35], or a bias in favor of connections between nodes dis-
similar in degree. This is true for networks with a small
number of highly connected hubs and a large number
of low-degree nodes. Negative assortativity is common
in biological networks [42, 43], including in a mesoscale
connectome of the pigeon, a non-songbird [41].

To identify communities with shared connectivity
patterns, we utilized the Leiden algorithm for modu-
larity-based community detection. Our methods yield
a consensus matrix of 6 communities, (Fig. 2), near the
average of 6.33, detected over 1000 random iterations.
Each community has two or three sub-communities. The
full list of communities, sub-communities, and nodes is
presented in Table 3, and nodes are organized in the same
manner as in the matrix, listed by sub-community nested
within their primary community. Nodes are organized
within each sub-community by descending number of
total connections. Full names of nodes are available in the
Abbreviations.

By definition, communities are groups of nodes that
are highly connected within themselves. Many of the
nodes in each community have well-known functional
roles, which strongly support the following designa-
tions: 1) motor, 2) visual, 3) associative, 4) vocal, 5)
social, and 6) auditory. The motor community con-
tains the majority of peripheral structures (13/18) and
motor neuron pools (6/9) in the network. The visual
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community contains peripheral, thalamic, and tectal-
visual sensory regions, downstream brainstem and cer-
ebellar processing centers, and the motor neurons that
control eye movements [44—46]. The associative com-
munity contains the main associative learning regions
of the songbird brain [47-49], as well as a diverse set
of higher visual, somatosensory, and premotor regions
[50, 51]. The vocal community contains the majority of
nodes in the canonical vocal control network (5/7), as
well as numerous nodes that have been implicated in
vocal learning and production by others [52-54] (see
Discussion). The social community contains the major-
ity of nodes in the social behavior network (6/8), as
well as many other septal, hippocampal, and viscero-
limbic nodes with well-known roles in social behav-
iors [55-57]. The auditory community contains all of
the classically defined auditory nodes, including basic
auditory sensory [58-60] and higher-order perceptual
nodes [61-63]. Thus, these community designations are
well-founded, and a useful anchor in considering what
connectivity across these communities might mean for
complex behaviors. We don’t claim these as definitive
designations, nor that their individual nodes should
now be categorically considered part of these circuits;
we only mean to use these computationally-defined
communities to encourage more expansive thinking
about what nodes might be considered parts of differ-
ent functional circuits, based on similar connectivity
profiles.

Next, to ask how communities might communicate
with each other, we visualized inter-community con-
nectivity with a chord diagram (Fig. 3A), where chords
between communities are weighted to the total num-
ber of connections in the pair. We find that a subset
of sub-communities preferentially connect with each
other (Fig. 3B). The vocal community tends to receive
inputs from the auditory (p =0.008) and social commu-
nity (p=0.037), and send outputs to both associative
sub-communities (to sub-community 3a, p=0.045; to
sub-community 3b, p=0.017). In addition to the vocal
community inputs, the associative community tends to
receive inputs from the auditory community (p =0.012),
and send outputs to the social community (p=0.043)
and the vocal community (from sub-community 3a,
p=0.027; from sub-community 3b, p=0.016). All sig-
nificant connections between sub-communities are
condensed in Fig. 3C. Thus, while communities and
sub-communities are defined by their high connectivity
within themselves, there is a bias in how these commu-
nities connect with each other, informing how differ-
ent functional circuits might share various streams of
information that are essential to complex behaviors.
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Fig. 2 Community detection partitions nodes into six highly-interconnected communities. Communities (shaded groups along the diagonal)
and their respective sub-communities (smallest squares along the diagonal) are shown. Each row depicts all connections a node sends, while its
corresponding column depicts all the connections it receives. Within sub-communities, nodes are in descending order of degree. The nodes
making up each community and sub-community are presented in Table 3, organized in the same manner

Differential connectivity patterns of the vocal control
nodes and the vocal sub-communities suggest differing
roles in the network

We next asked how the individual nodes in a com-
munity might connect with other communities. We
focused on the vocal control network, since it is mostly
contained within the vocal community: HVC, RA,
DLM, LMAN, and Area X fall into the vocal commu-
nity, while nXII(ts) and the syrinx are in the motor
community (Fig. 4A, B). While most of these nodes
primarily receive inputs from and send outputs to
their own communities, there are a few notable outli-
ers. Excluding canonical vocal control network con-
nectivity, Area X primarily receives input from the
associative community, with 12/27 connections, com-
pared to its inputs from the vocal community at 11/27

connections (Fig. 4A). Similarly, RA sends equal out-
puts to the motor and vocal communities, each receiv-
ing 6/14 connections (Fig. 4B). While the vocal control
network mostly falls into the vocal community, there
is separation of these nodes into the two vocal sub-
communities: HVC, Area X, and LMAN are in vocal
sub-community 4a, while RA and DLM are in vocal
sub-community 4b (Fig. 4C).

These sub-communities have some notable similari-
ties in their connections with the non-vocal communi-
ties (Fig. 4D). Aside from connections with the vocal
community nodes, vocal sub-communities 4a and 4b
each primarily receive inputs from and send outputs
to the associative community. The next highest com-
munity interactions for vocal sub-community 4a is with
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Table 3 Communities and sub-communities designations.
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Community Sub-community Nodes
1 Ta Uva, nTTDc, nTTDi, nTTDo, Cu, PrV, Cuk, DIVA, 10, G, Lower Jaw, Upper Jaw, Lower Eyelid, RS,
Motor Wing, Syrinx, VeM, sP, Cornea
1b PAm, ICo, RAm, DM, nTS, RVL, R, nXII(ts), NR, Expiratory Muscles, PBvl, IOS, Air Sacs, VeD,
Inspiratory Muscles, Lungs, Cloacal Muscles
1c MV, Tongue, RPcvm, MVIId, RPcdl, MVIlv, nXII(l), nIXr, Hyoid, nX
2 2a nBOR, LM, PM, Retina RGCs, Retina DGCs, DLA, SCN, ION, IC, nlV, D, VeL, nlll
Visual 2b OT, CG, Rt, GLv, EM, Ipc, Imc, SPT, RPgc, IPS, Slu, SON
2c DCN, PL, OCb, VbC, SpM, PPC, LPC, ALp, SpA
3 3a Al, NIL, HA (Caudal), NFL, HD, IMM, ILM, Bas, NIM, CDL, FRL, PT, DLL, HI, DIP, VeS, SPC, DLP, PLL
Associative 3b NCL, HA (Rostral), GP, E, LSt, SRt, SCE, FRM, MVL, SpL, NFM, AA, FLM, Ep
4 4a AIV, Area X, HVC, AD, DMP, CSt, paraHVC, LMAN, NIf, MMAN, SC, Av, DT (CbN), MD
Vocal 4b RA, VP, LoC, VTA, SN, MSt, DLM, STN, LHb, NAc, DMA, PPT, nA, Larynx, A8
5 5a PVN, POM, TnA, VMH, AM, LHy, LS, BSTL, PoA, MHb, POA, BSTM, Pineal Gland, nHpC, AH, Tu
social 5b DLHp, DMHp, MS, VHp, NDB, SHb, OTu
6 6a Ov (Shell), CLM, NCM, L3, L1, nTOv, HVC Shelf, L 23, L2b, CMM, IHA
Auditory 6b Ov (Core), LLV, MLd, RA Cup, SO, LLD, NA, NL, LLI, NM, Cochlea

Nodes are presented by their community and sub-community membership, organized in the same manner as Fig. 2, by descending order of degree within each sub-

community. Full names of node abbreviations can be found in the Abbreviations

the auditory community. However, vocal sub-commu-
nity 4b shows differential connectivity patterns after
the two highest interacting communities. Vocal sub-
community 4b receives its second greatest number of
inputs from the social community, and sends its sec-
ond most outputs to the motor community. These data
highlight potential anatomical biases of each vocal sub-
community for signal integration and communication.

A small set of nodes are highly connected with the rest

of the network

We next investigated how individual nodes might organ-
ize based on connectivity features, irrespective of com-
munity. We calculated several metrics to assess this type
of node-level organization. Nodes are described by their
degree (total number of connections), in-degree (num-
ber of input connections), out-degree (number of output
connections) and betweenness centrality (the extent to
which a node lies on the shortest path between nodes,
i.e. its capacity to serve as a bridge or “broker” between
nodes). The top 5% of nodes for each metric are reported
in Table 3, along with nodes in the canonical vocal con-
trol network. All metrics for all nodes are provided as
supplement to this article (Additional file 3).

We find several nodes which are in the top 5% across
multiple metrics: the caudolateral nidopallium (NCL),
the rostral portion of the hyperpallium apicale (HA
[Rostral]), the intermediate arcopallium (AI), the para-
ventricular nucleus of the hypothalamus (PVN), the
medial preoptic nucleus of the hypothalamus (POM),
the optic tectum (OT), and nucleus uvaeformis (Uva).

All these nodes are in the top 5% of degree. A subset of
these nodes are also in the top 5% of in-degree (NCL,
Uva), out-degree (PVN, POM, OT), or both (HA [Ros-
tral], AI). Interestingly, the top 5% highest degree nodes
are also often the top 5% for betweenness centrality, indi-
cating they are among the most well-connected nodes in
the network and have a high capacity to serve as brokers.
Notably, none of the canonical vocal control network
nodes falls into the top 5% for degree or out-degree. Two
vocal control network nodes fall into the top 5% of in-
degree (Area X and HVC), while one falls in the top 5%
for betweenness centrality (RA).

The rich broker club: key hubs poised to direct information
flow across the brain

Given that a common set of nodes frequently ranks in
the top 5% across multiple node-level metrics, we sought
to understand how these nodes relate to the rest of the
network. To achieve this, we first applied principal com-
ponent analysis to reduce the dimensionality of our data
and highlight patterns. We then applied k-means cluster-
ing to the reduced-dimensionality data to clearly deline-
ate these clusters (Fig. 5A). This shows that the seven
nodes are separated from the rest of the network in high-
dimensional space, suggesting they have properties that
distinguish them from the others.

Next, we performed a rich club coefficient analysis
to determine whether these nodes are highly intercon-
nected. This analysis identifies nodes with a degree of 48
or higher as members of the rich club, meaning they both
have high degree and are more densely interconnected
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Fig. 3 Cross-community analysis identifies connectivity structure at the level of sub-communities. A Community-to-community connections
are represented by chords, weighted to the number of connections. Communities are color-coded in the same way as Fig. 2, and chords are
color-coded by the sending community. B Raw number of sub-community to sub-community connections are shown at each intersection,
organized so that each row depicts the number of connections a sub-community sends to each other sub-community, and its corresponding
column depicts the connections it receives from each other sub-community. Sub-communities that demonstrate higher connection frequencies
than chance are highlighted in pink (p < 0.05). Sub-communities are defined in part by their high connectivity within themselves, so their
significance is not highlighted here (see Fig. 2). C Representation of significant connection frequencies between sub-communities is shown in B.

Color of connections indicate the origin sub-community of the connection

among themselves than expected by chance. These rich
club members (and their degree) are NCL [65], HA (Ros-
tral) [57], Al [52], and PVN [48] (Fig. 5B), which are
four of the seven nodes of the cluster previously identi-
fied, reinforcing their significance. Considering that the
rich club analysis is heavily influenced by node degree,
and that the data in Table 4 shows these nodes also have
high betweenness centrality, we suspected that these two
dimensions (degree and betweenness centrality) would
be sufficient to explain the clustering of these nodes. To
confirm this, we plotted degree against betweenness cen-
trality in a scatterplot (Fig. 5C). This plot demonstrates
that the same set of seven nodes identified via dimen-
sionality reduction and clustering analysis also separates

clearly from all other nodes (blue dots), thus the majority
of the variance in the data can be explained by these two
metrics.

To capture the multifaceted roles of these influential
nodes, we introduce the concept of the “rich broker club”
(Fig. 5D). This designation merges rich club nodes (highly
interconnected and connected with the rest of the net-
work) with broker nodes (high betweenness centrality),
aiming to provide a more comprehensive understand-
ing of their importance in the network. The rich broker
club members are NCL, HA (Rostral), AIl, PVN, POM,
OT, and Uva. The rich broker club is well-connected with
itself, and its members span six brain superstructures and
four communities (Fig. 5D). Notably, each node in the
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Fig. 4 The vocal control network is split between vocal sub-communities, which have different community connectivity. In-degree (A)

and out-degree (B) of each canonical vocal control network node to all communities, excluding canonical connections diagrammed in C.

In- and out-degrees for each community are stacked such that the community with the highest number of connections to a node is lowest
within the bar. C Canonical connections of the songbird vocal control network. The two vocal sub-communities, and their member nodes,
are color-coded. Non-canonical vocal control network nodes are condensed into a single bubble per community. D In- and out-degree of all
nodes in each vocal sub-community. Connections to and from the vocal community are excluded to highlight connections outside the vocal

sub-communities. Bars are stacked in the same manner as A and B

rich broker club connects with most or all of our iden-
tified communities, as measured by in-degree (Fig. 5E)
and out-degree (Fig. 5F). As a whole, the rich broker
club accounts for 28.7% of connections in the network

(318/1107), and connects to 70.6% of nodes (132/187).
Notably, nodes in the rich broker club have bidirec-
tional connectivity with multiple communities, sug-
gesting this club may serve a liaison role in connecting
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various functional circuits (Fig. 6). Thus, the rich broker
club is well-positioned to act as a set of key transmitters
throughout the brain, linking multiple superstructures,
communities, and functional circuits, and may be impor-
tant for many complex behaviors.

Discussion

OSCINE-NET.ORG is the first comprehensive, interac-
tive, mesoscale wiring diagram of anatomical connectiv-
ity between brain areas and across every superstructure
of the songbird brain—a major step toward a complete
oscine connectome, and a valuable tool for investigating
network organization. While there have long been use-
ful tools available for songbird researchers pertaining to
gross anatomy, morphology, and gene expression [64—
68], there has been an noticeable lack of accessible and
comprehensive resources at the level of brain connectiv-
ity. OSCINE-NET.ORG fills this gap by offering detailed
connectivity data in a user-friendly, interactive visual
format.

The interactive nature of this resource offers many
advantages over a static diagram or simple connectivity
matrix. Users can display select networks, such as the
rich broker club and vocal control network, facilitating
exploration of their interactions with each other or the
rest of the brain. Focused inspection of network compo-
nents is easily accomplished by selecting any number of
nodes or connections to view in isolation, as well as by
using the focus button to move one synapse up or down.
Further information is accessible in the side panel for
each connection, including citations and information
about the species, sex, and age of subjects used in the
cited studies. Overall, this tool provides unprecedented
ease of access to all known songbird connectivity data,
offering many opportunities for deeper inquiry at multi-
ple levels. We highlight a few specific use cases in the fol-
lowing sections.

Community functions and circuitry

Communities are defined by their high internal connec-
tivity. We find that larger functional circuits that have

(See figure on next page.)
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been previously defined are often contained within each
community. Although the motor community contains
most of the motor production circuits, it also contains
many visceral sensory feedback circuits, which highlights
the essential role of sensory-motor circuitry integration
for motor production. The visual community contains a
variety of functional visual circuits essential to complex,
visually-guided behaviors. For instance, it contains cir-
cuits for sensory processing of the visual environment,
as well as centrifugal and motor control circuits integral
to navigating the outside world during flight [45, 46]. The
associative community contains NCL, the main associa-
tive learning region of the songbird brain which is often
considered the center of cognitive control and execu-
tive function [47, 49, 69]. This community also contains
major portions of thalamofugal and tectofugal visual
pathways [70], trigeminal sensorimotor circuits for orofa-
cial control [71], somatosensory integration circuits and
the source of the pyramidal tract [50, 51, 72], as well as
circuits essential to sexual imprinting [73]. In addition
to the social behavior network, the social community
contains septo-hippocampal circuits integral to learn-
ing and memory [55] and viscero-limbic circuitry that is
essential to motivationally-driven behaviors and homeo-
static responses [56]. The auditory community contains
perceptual and associative circuits of the auditory path-
way—including those involved in individual and spe-
cies recognition [74-77], as well as those thought to be
involved in sensorimotor integration of a bird’s own vocal
production [78]. As already described in detail, the vocal
community contains the majority of the canonical vocal
control network, as well as nodes implicated by other
people as part of the circuits regulating vocal learning
and production. Some of those non-canonical nodes and
theorized circuits will be expanded upon in the following
subsection. Thus, these communities contain a variety
of functional circuitry, and their designations are a use-
ful anchor for considering what connectivity across these
communities might mean for complex behaviors.

We find that a subset of sub-communities connect with
other communities significantly more than by chance,

Fig. 5 A small number of nodes occupy a distinct connectivity space: the “rich broker club!” A Principal component analysis for dimensionality
reduction and k-means clustering parses out one cluster (blue, “Cluster 2") that is distinctly different from the others. B Comparison of the observed
(black solid line) and random mean (blue dotted line) relationships between rich club coefficients and degree. The point at which an observed
relationship exits the standard deviation (blue shading) of the random mean marks the degree threshold above which nodes in our network

are connected more than what would be expected in a randomly connected network of the same size (48, arrowhead). C Nodes plotted

by betweenness centrality and degree separate the same cluster of nodes revealed in A, which we deem the “rich broker club! See additional

files for a table of these and other values for each node (Additional file 3). D Anatomical connections between the members of the rich broker

club. Nodes are colored based on community membership and organized by superstructure. In-degree (E) and out-degree (F) of each member

of the rich broker club are represented as stacked bar plots grouped by community. Bars are organized with each node’s highest community degree

value closest to the x-axis, followed by the second-highest, and so on



Savoy et al. BMC Neuroscience (2024) 25:79

E 0.8 ==== Random Mean
QO
%506
8
504
=
0.2
<
O
x 0.0

Out-Degree

A
21 @ Cluster 1
® Cluster 2
N Cluster 3
< L]
éo NCL
(S ° .
o
O
ER Al
2 s JUVA
e (Rcl)-ls'tAral) *PVN
o
4 oT
-10 -5 0
C Principal Component 1
° (Rjiﬁrk; Broker -OT NCL
Al ‘
010 @ gigono g
> .Uva (Rostral)
'© 0.08
‘g’ *POM
O *PVN
@ 0.06 .
[0] .
c ° L4
g 0.04 .
2 R
8 o ° * .o ° .
0.02 ,E.: ‘.;:.;::o e
L] ' °
o ®8273%8 o° ® oter® .
0.00 ki
0 10 20 30 40 50 60 70
E Degree
50 .
s Motor
401  Visual
c it mmmm Associative
ommunities | /o
Social
2 301 Auditory
>
o)
Q
£ 20
) I I I l
0_

NCL _HA _ Al
(Rostral)

Fig. 5 (Seelegend on previous page.)

PVN POM OT Uva

Page 14 of 22

1.0 =@= Observed .

Random Std Dev

0 10 20 30 40 50 60
Degree Threshold (k)

Nidopallium

HA
(Rostral)

Arcopallium

Hypothalamus

Thalamus
PVN POM

| S
. . w Associative
Midbrain = Motor
Social
 Visual
50

401 N

0_

NCL _HA Al PVN POM OT Uva
(Rostral)

w
<

N
Q




Savoy et al. BMC Neuroscience (2024) 25:79

Table 4 Node-level connectivity metrics for nodes in the top 5%
for at least one metric

Node Degree In-Degree Ot- Betweenness
Degree centrality

NCL 65 49 16 0.108
HA (Rostral) 57 17 40 0.097
Al 52 18 34 0.101
PVN 48 4 44 0.066
POM 38 13 25 0.073
AlV 38 10 28 0.025
or 36 11 25 0.114
Uva 35 21 14 0.088
DLHp 35 11 24 0.047
NIL 34 25 9 0.028
HA (Caudal) 33 14 19 0.042
Area X 31 29 2 0.005
RA 29 14 15 0.050
HVC 29 17 12 0.024
VP 27 17 10 0.027
LoC 27 5 22 0018
ICo 25 19 6 0019
RAmM 24 10 14 0.054
MSt 23 19 0.005
CSt 20 17 0.005

We present degree (also split into in- and out-degree) and betweenness
centrality. Entries are presented in descending order of degree. Bolded entries
represent those that are in the top 5% of the entire network

suggesting ethologically relevant aspects of songbird
brain connectivity, particularly in vocal learning and
production. The vocal community comprises two sub-
communities (Table 3). The first, vocal sub-community
4a, preferentially receives inputs from auditory sub-com-
munity 6a, which contains circuits essential for higher-
order auditory perception and individual recognition.
This suggests potential underpinnings for how real-time
auditory signal processing can directly impact vocaliza-
tions and timing, such as during courtship interactions
or territorial displays [79, 80]. Vocal sub-community 4a
also has reciprocal connections with both associative
sub-communities (3a and 3b), which include circuits for
higher-order visual perception, somatosensory integra-
tion, and fine motor control. This further emphasizes
the potential for multisensory circuits to impact vocal
circuits [19-22]. In addition, vocal sub-community 4b
preferentially receives inputs from social sub-commu-
nity 5a, which includes most nodes in the social behav-
ior network. This anatomical connectivity supports a
functional relationship between social and vocal learn-
ing circuits [57], including substrates by which the social
behavior network may directly impact the vocal control
network. Thus, combining community modularity and
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sub-community preferential connectivity provides novel
insight into how multiple information streams are inte-
grated for meaningful behavioral output. It also helps
identify which functional circuits might be of particu-
lar importance, offering a targeted approach for fur-
ther study of nodes and circuits essential for complex
behaviors.

Significant connectivity across sub-communities high-
lights anatomical bases of potential interest for future
study. For instance, the caudolateral nidopallium (CLM),
part of auditory sub-community 6a, projects to the
nucleus interfacialis (NIf) in vocal sub-community 4a.
CLM is integral to higher auditory processing circuits
involved in individual and species recognition [61, 74].
NIf relays auditory information to other vocal commu-
nity nodes, including HVC [81]. Connections between
CLM and NIf are likely an integral part of the functional
circuitry for auditory-vocal integration. Similarly, POM,
a member of social sub-community 5a, connects to the
ventral tegmental area (VTA) in vocal sub-community
4b. POM is thought to be a main driver of sexually-moti-
vated singing [82-84]. VTA is involved in the reward
aspects of vocalizations and delivers dopamine to the
vocal control network in a social-context-dependent
manner during singing [27]. Connections between POM
and VTA therefore might be an essential part of func-
tional circuits for social-vocal integration. Although indi-
vidual connections for each of these complex behaviors
are well-defined, the full scope of the functional circuits
are not. Significant connectivity across sub-communities
suggests many other such connections, including the
few highlighted here, for further investigation. The data
reported in this study, combined with the tool provided
at OSCINE-NET.ORG, provide inroads for defining these
functional circuits more completely.

Beyond the canonical vocal control network

The connectivity data presented at OSCINE-NET.ORG
and the functional communities discussed in the present
study provide a thorough anatomical basis that, com-
bined with other functional knowledge of these nodes
and circuits, offer complimentary evidence towards
describing the neural underpinnings of vocal behavior.
The vocal community includes five nodes of the canoni-
cal vocal control network. In addition, it contains several
non-canonical nodes studied as part of a broader “song
system,” as well as several other non-canonical nodes that
have yet to be extensively studied for their relevance to
vocal learning and production. We can better understand
the contribution of these non-canonical nodes to func-
tional circuitry for vocal control by considering both their
inclusion in the vocal sub-communities and their signifi-
cant inputs from auditory and social sub-communities.
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Fig. 6 The rich broker club connects functional networks necessary for vocal learning. A visual representation of how the rich broker club could

act as a collective liaison between functional communities. Represented nodes in each community were selected based on functional relevance
for vocal learning and/or high degree. Within communities, all connectivity between selected nodes are shown. Between rich broker club members
and selected nodes, only bidirectional connectivity (black lines) is shown. Directionality of all other connections is marked by arrowheads. All

connectivity from rich broker nodes can be found at OSCINE-NET.ORG

This targeted approach will help identify which of these
nodes should be included in an expanded concept of the
vocal control network.

NIf and VTA are both members of the vocal commu-
nity and have well-defined roles in vocal learning, show-
ing intriguing connectivity with canonical vocal control
network nodes and other nodes in the vocal community
broadly. The fact that each of these nodes are within the
vocal community indicates their high interconnectiv-
ity with other nodes in the vocal community, including
the canonical vocal control network. NIf forms bidirec-
tional connections with HVC, and directly influences the

timing of song elements during vocal learning [54]. VTA
provides dopaminergic inputs to Area X, influencing
song variability and learning through an intrinsic reward-
prediction error signal [28, 53]. The ventral pallidum
(VP) receives input from Area X and forms bidirectional
connections with HVC, RA, DLM, and VTA, playing a
significant role in performance evaluation during devel-
opmental vocal learning [52]. Other, less-studied nodes
in the vocal community show compelling evidence of
their importance for vocal learning. For instance, the lat-
eral habenula (LHb) is activated by VP and inhibits dopa-
mine neurons in VTA. Lesioning LHb in juveniles, but
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not adults, results in abnormal song structure [85], impli-
cating LHb in dopaminergic reward-related regulation of
developmental vocal learning. Thus, our anatomical data
and graph theoretical analyses complement other func-
tional research. This allows functional and behavioral
observations to be grounded in brain-wide connectivity
data, further unifying research on non-canonical vocal
control network nodes, and offering a strong foundation
for considering an expanded concept of the vocal control
network.

While our community analysis finds the majority of
canonical vocal control network nodes to be part of the
vocal community, there is an interesting separation of
these nodes across the vocal sub-communities. Pallial RA
clusters with thalamic DLM in vocal sub-community 4b,
away from the other pallial vocal control network nodes
(HVC and LMAN) in vocal sub-community 4a. Work
supporting a motor theory of vocal evolution [86] pos-
its that the vocal control network evolved out of a more
ancient common motor production circuit, in particu-
lar that RA, a vocal-specialist node, evolved out of the
surrounding motor-general arcopallium. This theory is
supported by more recent work highlighting molecu-
lar specializations of RA compared to the surrounding
arcopallium [87, 88], particularly in its projection neu-
rons. Learned vocal behavior requires the coordination
of multiple body systems (e.g., vocal musculature, res-
piratory systems, auditory feedback networks, etc.), and
thus likely more distributed subpallial circuits than limb
or body movements. Indeed, our data show RA is more
connected with subpallial nodes (20 nodes) than with
other nodes in the pallium (6 nodes). This profile is more
similar to other nodes in vocal sub-community 4b, such
as VP (connected to 17 subpallial & 4 pallial nodes) or
LoC (connected to 15 subpallial & 10 pallial nodes), and
more dissimilar from vocal sub-community 4a nodes
like HVC (connected to 9 subpallial & 16 pallial nodes)
or LMAN (connected to 5 subpallial & 9 pallial nodes).
Since sub-communities are computationally defined by
similar connectivity profiles, this clustering of RA with
more subpallial-connected nodes, and away from more
pallial-connected nodes, seems anatomically justified. Of
note, RA is the only pallial node in vocal sub-community
4b, further supporting an argument that the specializa-
tion of RA for vocal learning might be more in its subpal-
lial outputs than its pallial inputs.

The rich broker club as a liaison, connecting all
communities and multiple functional circuits

The rich broker club is well-suited for orchestrating the
global exchange of information across the brain, more
so than any single community. These nodes exhibit some
of the highest connectivity with the rest of the network,
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indicating their capacity to share information widely.
They act as brokers by directly connecting pairs of nodes
in separate communities that may otherwise not be con-
nected. For example, NCL (associative) is bidirectionally
connected to both the dorsal arcopallium (AD, vocal)
and CLM (auditory), which have no direct connections
to each other. Due to their bidirectional connectivity
with multiple communities, the rich broker club nodes
facilitate communication between functional circuits.
Collectively, this club accounts for~30% of all network
connections, directly links ~70% of all nodes, and bridges
every community and superstructure in the brain. This
club is thus in a strong position to act as a liaison, coordi-
nating information transfer between nearly any two func-
tional circuits, and potentially representing an important
multisensory integration circuit directly impinging upon
a number of complex learned behaviors.

The connections between the rich broker club and their
respective communities provide valuable insight into
global network architecture and channels for information
flow. For example, although the vocal community lacks a
node in the rich broker club, it receives inputs from every
node of this club and sends outputs to six of the seven
nodes. The vocal community has bidirectional connec-
tivity with rich broker club members in the associative
(NCL, AI, and HA [Rostral]) and social (POM) commu-
nities. This connectivity suggests that vocal behaviors
may be influenced by higher-order associative and cogni-
tive circuits. For instance, firing patterns of vocalization-
correlated neurons in NCL increase immediately prior
to voluntary vocalizations, implicating cognitive control
of vocal behavior [48]. NCL is also intimately involved in
cue-based counting, a type of motor-planning of vocali-
zations that is a hallmark of executive function [49]. In
addition, HA (Rostral) is a major somatosensory hub in
the songbird brain, and passes this body sensory infor-
mation to NIf in the vocal community [89]. Given the
central role of coordinating body and vocal-motor move-
ments during courtship in many songbirds [90-92], it
is possible that this and other bidirectional connections
are essential components of that functional circuit. This
context-dependency of vocal behavior undoubtedly relies
on multiple integrated functional circuits. Further inves-
tigation of the rich broker club and its connectivity would
help identify the integral communities, nodes, and con-
nections involved in these complex functional circuits.

Limitations

Our data reflect the current state of reported literature
and serve as a call to action for further research to bet-
ter understand the biology underlying these complex
brain networks. The field has primarily focused on adult
male zebra finches—this lack of diversity in age, sex,
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and species restricts our ability to appreciate and inter-
rogate cross- and within-species differences, limiting the
generalizability of our findings. These studies have also
disproportionately focused on describing the anatomi-
cal connections of a few nodes, particularly in the vocal
control network, leaving many gaps in our knowledge
that merit further focused inquiry. In addition, repre-
senting the connectome as a single hemisphere excludes
contralateral connectivity, preventing appreciation of
the brain’s bilateral nature, and of potential lateraliza-
tion in circuitry underlying complex learned behaviors
[93-95]. Similarly, there are many brain regions, like the
oval nucleus of the mesopallium, defined on functional,
neurochemical, gene expression, or other grounds that
are not represented in our dataset due to a lack of ana-
tomical connectivity data [23]. These nodes and their
connections are undoubtedly important for defining net-
work structure and interrogating the totality of circuitry
contributing to complex learned behaviors, and must be
further probed at an anatomical level. Finally, the size of
our defined nodes might exert a particular influence on
their connectivity metrics and overall network structure
as described here. Of note, two members of the rich bro-
ker club (NCL and Uva) have vastly different volumes
and cell densities. While outside the scope of this study,
incorporating such volumetric or cell density weighting
to nodes—as well as excitatory, inhibitory, or neuromod-
ulatory nature to connections—would add additional lev-
els of information essential for describing global network
architecture. Future work must address these limita-
tions to provide a more complete picture of the songbird
brain’s connectivity, and parse its implications for com-
plex learned behaviors.

Conclusion

By assessing connectivity in the songbird brain at global
and local levels, we find support for efficiency and
robustness (small-worldness), functional modularity
(communities), and a small set of highly influential brain
areas (rich broker club). The rich broker club is highly
connected at multiple levels—to other nodes, commu-
nities, and superstructures, as well as between them-
selves—and connects about two-thirds of nodes in the
brain, accounting for approximately one-third of known
connections. OSCINE-NET.ORG is the first mesoscale
connectome for any songbird, and the first open-source
and public connectome for any vocal learner. It will serve
as a powerful tool for the broader research community,
enabling further exploration of brain-wide connectivity
and its implications for complex learned behaviors.
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