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a b s t r a c t 

One of the central questions of neuroethology is how specialized brain areas communicate to form dynamic net- 
works that support complex cognitive and behavioral processes. Developmental song learning in the male zebra 
finch songbird ( Taeniopygia guttata ) provides a unique window into the complex interplay among sensory, sen- 
sorimotor, and motor network nodes. The foundation of a young male’s song structure is the sensory memory he 
forms during interactions with an adult "tutor." However, even in the absence of tutoring, juveniles produce a 
song-like behavior. Thus, by controlling a juvenile male’s tutor exposure, we can examine how tutor experience 
affects distributed neural networks and how network properties predict behavior. Here, we used longitudinal, 
resting-state fMRI (rs-fMRI) functional connectivity (FC) and song analyses to examine known nodes of the song 
network, and to allow discovery of additional areas functionally related to song learning. We present three major 
novel findings. First, tutor deprivation significantly reduced the global FC strength of the caudomedial nidopal- 
lium (NCM) subregion of the auditory forebrain required for sensory song learning. Second, tutor deprivation 
resulted in reduced FC between NCM and cerebellar lobule VI, a region analogous to areas that regulate lim- 
bic, social, and language functions in humans. Third, NCM FC strength predicted song stereotypy and mediated 
the relationship between tutoring and stereotypy, thus completing the link between experience, neural network 
properties, and complex learned behavior. 
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. Introduction 

What neural mechanisms support the learning of complex behaviors
uring development? The zebra finch ( Taeniopygia guttata ) songbird is a
ractable model organism in which to study this fundamental question
 Fee and Scharff, 2010 ; London, 2017 ). Much as humans acquire speech
n early childhood, male zebra finches (females cannot sing) learn to
ing from an adult male “tutor ” within the first three months of life
 London, 2017 ; Tchernichovski et al., 2001 ). The foundation of learned
ong is the formation of a tutor song memory that serves as a "tem-
late" to guide subsequent motor patterning. Tutor song memorization
ccurs within a single restricted developmental phase, or critical pe-
iod (CP), during which tutor experience has profound and persistent
ffects on the brain and behavior. The “open ” of the CP for tutor song
emorization, occurring around post-hatch (P) day 30 ( Eales, 1987 ,
985 ; Roper and Zann, 2006 ), likely depends on neural maturation
vents that enable learning to commence ( London, 2017 ). In contrast,
he CP “close, ” after which a zebra finch male can no longer memo-
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ize additional songs, depends on the process of tutor song memoriza-
ion, which is thought to reflect tutor experience-dependent remodeling
f the underlying neural circuitry to shift the balance from plasticity
o stability. Accordingly, if a juvenile zebra finch is isolated from tu-
or experience during the CP ( “Isolates ”), learning potential remains
igh ( Eales, 1987 , 1985 ; Jones et al., 1992 , 1996 ; Morrison and Not-
ebohm, 1993 ) after the typical closure of the CP at P65 ( Böhner, 1990 ;
raaten, 2010 ; Clayton, 1987 ; Eales, 1987 , 1985 ; Morrison and Notte-
ohm, 1993 ; Roper and Zann, 2006 ; Slater et al., 1991 ). This insight
resents the unique opportunity to disambiguate the neural effects of
xperience-dependent plasticity from the programmed outcomes asso-
iated with maturational age ( Fee and Scharff, 2010 ; London, 2017 ).
oreover, the ability to control tutor experience, and thereby manipu-

ate the closing of the CP, may permit the discovery of neural mecha-
isms that more broadly promote or limit the ability to learn. 

The association regions of the zebra finch auditory forebrain,
he caudomedial nidopallium (NCM) and caudomedial mesopallium
CMM), are necessary for the first stage of song learning, i.e., tutor
ong memorization. For example, pharmacological disruption of molec-
lar signaling pathways within the juvenile zebra finch auditory fore-
20 
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rain during tutor song exposures results in diminished tutor song copy-
ng upon maturation ( Ahmadiantehrani and London, 2017 ; London and
layton, 2008 ). Specifically, London and Clayton (2008) demonstrated
his via inhibition of the extracellular signal-regulated kinase (ERK)
ignaling pathway, which regulates immediate early gene (IEG) ZENK

xpression within the auditory forebrain ( Cheng and Clayton, 2004 )
nd is part of a signaling cascade important for long-term poten-
iation ( Bozon et al., 2003 ). Similarly, Ahmadiantehrani and Lon-
on (2017) found that either inhibition or constitutive activation of
he mechanistic Target of Rapamycin (mTOR) signaling cascade, also
nown to contribute to learned behavior ( Garza-Lombó and Gonse-
att, 2016 ; Giovannini and Lana, 2016 ; Hoeffer and Klann, 2010 ), de-
reased the fidelity of tutor song copying. Moreover, several immunocy-
ochemistry studies have found that the density of IEG induction within
CM in response to tutor song playback positively correlates with the

trength of song copying in both awake ( Bolhuis et al., 2001 , 2000 ;
erpstra et al., 2004 ) and sleeping ( Gobes et al., 2010 ) zebra finches.
inally, electrophysiological evidence indicates that neurons within the
uditory forebrain are selectively tuned to tutor song in both juve-
iles ( Yanagihara and Yazaki-Sugiyama, 2016 ) and adults ( Phan et al.,
006 ). Given this converging evidence, the auditory association regions
CM and CMM may present opportune targets in which to examine the
eural mechanisms that underlie the CP for tutor song memorization
 London, 2017 ). 

While it is known that local molecular signaling within the
uditory forebrain is essential for tutor song memorization
 Ahmadiantehrani and London, 2017 ; London and Clayton, 2008 ),
uch less is known regarding the functional network correlates of

utor experience. That is, how does tutor experience shape functional
nteractions between the auditory forebrain and the rest of the zebra
nch brain, potentially including components of the traditional zebra
nch song network that “use ” the tutor song memory to guide senso-
imotor learning of song ( Akutagawa and Konishi, 2010 ; Bauer et al.,
008 ; Fortune and Margoliash, 1995 ; Shaevitz and Theunissen, 2007 ;
ates et al., 1996 )? Here, we sought to inform this question by leverag-

ng the advantages of longitudinal resting-state functional MRI (rs-fMRI)
unctional connectivity (FC) analyses. This methodological paradigm
llows for non-invasive, whole-brain, longitudinal data collection,
hich may be particularly suitable for characterizing a developmental
rocess such as song learning. We previously demonstrated the validity
nd efficacy of this paradigm in zebra finches ( Layden et al., 2019 ).
ere, we quantified resting-state FC as temporal correlations embedded
ithin infra-slow ( < 0.1 Hz) intrinsic brain activity, recorded as blood-
xygen-level-dependent (BOLD) signals ( Biswal et al., 1995 , 2010 ;
itra et al., 2018 ). We then analyzed the voxel-wise developmental

rajectory of the intrinsic connectivity contrast (ICC; Martuzzi et al.,
011 ), a measure that summarizes the centrality or importance of
 given voxel or brain region within large-scale FC networks. Next,
e conducted seed-to-voxel (S2V) analyses, in which FC is quantified
etween a cluster of voxels that serve as a “seed ” region and voxels
istributed throughout the rest of the brain. S2V analyses have proven
o be an effective method for identifying the specific local connections
hat underlie ICC or FC strength findings ( Layden et al., 2017 ). 

We scanned eighteen male zebra finches at four ages: before (P25),
uring (P45), and at the end of the CP (P65) for tutor song memoriza-
ion, as well as at the young adult stage (P90). Prior to the onset of
he CP, birds were assigned to one of three rearing conditions. Tutored

irds were raised with one adult male tutor and one adult female non-
utor, whereas Isolate birds were raised with two adult females, who
o not sing. Importantly, aside from singing, females exhibit otherwise
imilar social behavior to males (London, Lachlan, Clayton, in prep.;
ann, 1996 ). Thus, a comparison between the Tutored and Isolate condi-
ions allowed us to directly test for effects arising from tutor experience,
hile holding constant the level of social complexity, in terms of the
umber of conspecifics, in each condition. Additionally, we included a
ormal condition, in which birds were raised in an aviary with access to
ultiple potential adult male tutors, more closely mimicking conditions
ound in the wild. This allowed us to gauge whether any developmental
ifferences observed between the carefully controlled Tutored and Iso-
ate conditions might generalize to more naturalistic rearing contexts as
ell. Specifically, a contrast between the Normal and Tutored conditions

ould reveal FC effects related to the complexity of social interactions,
hile holding constant song tutoring. Given the auditory forebrain’s re-
uired role in tutor song memorization, we hypothesized that Isolates
ould exhibit an altered pattern of ICC during ontogeny within the au-
itory forebrain across the CP compared to either Tutored or Normal
irds. However, to conduct a more stringent test of this hypothesis, we
onducted data-driven whole-brain analyses that would also allow for
he detection of any rearing condition-related developmental differences
n ICC, even outside of these a priori hypothesized regions, including re-
ions not currently known to be involved in song learning. 

While our primary goal was to identify FC signatures of song tutor-
ng, we also sought to link any FC signatures identified to a behavioral
utcome, song stereotypy. Although tutor song memorization provides
he initial foundation for song learning, a partially overlapping senso-
imotor learning phase refines and stabilizes song structure in tutored
ales ( Arnold, 1975 ; Tchernichovski et al., 2001 ). Song isolation during

he CP (P30-65) results in increased song variability, likely because there
s no tutor memory to guide structure ( Eales, 1987 ; Jones et al., 1996 ),
lthough Isolate songs may become somewhat stereotyped by P100-120
 Morrison and Nottebohm, 1993 ). Given these findings, we predicted
hat Isolate birds in our sample would exhibit lower stereotypy than
ormal or Tutored birds at P65, during the plastic song phase, and po-

entially at P90 as well, toward the end of the song crystallization phase.
urther, if we successfully identified FC signatures of song tutoring, we
ought to gauge whether these FC signatures also predicted and/or me-
iated any differences in stereotypy levels between tutored and non-
utored birds. Our prior hypothesis regarding altered ICC within the au-
itory forebrain is compatible with this possibility, given a number of
ndications that auditory forebrain connectivity may play an important
ole in successful sensorimotor learning ( Akutagawa and Konishi, 2010 ;
auer et al., 2008 ; Fortune and Margoliash, 1995 ; Shaevitz and Theunis-
en, 2007 ; Vates et al., 1996 ; Yanagihara and Yazaki-Sugiyama, 2016 ).

. Methods 

.1. Experimental model and subject details 

All animal procedures were approved by the Institutional Animal
are and Use Committee of the University of Chicago in accordance
ith the NIH Guide for the Care and Use of Laboratory Animals. All
irds were maintained under a 14/10 h light/dark photoperiod through-
ut the experiment, with food and water provided ad libidum . We col-
ected rs-fMRI scans from male zebra finches at four ages, capturing FC
t various stages of the song learning process: prior to the CP for tutor
ong memorization (P25), in the approximate middle of the CP (P45),
t the end of the CP (P65), and toward the end of the sensorimotor re-
earsal period, when tutor song copying is complete and song stereotypy
s high (P90). Zebra finches were assigned to one of three rearing condi-
ions, sorted to separate brothers and to temporally batch birds into all
f the rearing conditions following their P25 rs-fMRI scanning session,
nd before the onset of the CP at around P30 ( Roper and Zann, 2006 ):
ormal (aviary housed with access to multiple potential adult male tu-

ors; N = 5), Tutored (housed with one adult male tutor and one adult
emale; N = 7), and Isolate (housed with two adult females, meaning no
ccess to song tutors but having experience with conspecific vocaliza-
ions (females produce innate calls), and with the same complexity of
ocial interactions as the Tutored group; N = 6). Importantly, housing Iso-
ate birds with two adult females allowed us to measure effects specific
o isolation from song, as opposed to social isolation more generally. 

One Normal male died of unknown cause in the group aviary be-
ween P65 and P90 (unrelated to scanning). Additionally, a P25 scan
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as not successfully obtained for two Tutored birds and one Isolate bird,
ue to a scanner coil hardware failure. This yielded a total of 68 out of
2 possible successful scanning sessions across 18 male zebra finches.
hile the original head coil was sent out for repairs, a substitute head

oil was used to scan seven P25 birds (2 Normal, 2 Tutored, and 3 Iso-
ate), whereas the repaired original was used to scan all other target
ges. To statistically control for any potential effects resulting from the
se of different head coils, we included a categorical covariate denoting
hich head coil was used for scanning in all of the following analy-

es that utilized P25 scans. Importantly, this issue only affected our P25
aseline data and not our target ages of primary interest (ages P45-P90).

Finally, due to weekday-only scanner availability and scheduling
onflicts, not all birds could be scanned on exact target days, but the
ge range was kept as close as possible to the targets: P25 (range: P24–
26), P45 (range: P44–P46), P65 (range: P63–P67), and P90 (range:
88–P91). Importantly, age at scan time did not significantly vary by
ondition at any target age, nor across target ages (ANOVA, all p ’s >
.17). Additionally, precise ages were recorded for each bird, and age
as implemented as a continuous variable in all analyses described be-

ow. 

.2. Scanning procedure and preprocessing 

MRI data collection was conducted at the MRIS Facility of the Uni-
ersity of Chicago. Upon arrival, zebra finches were anesthetized using
n admixture of oxygen and isoflurane gas (1.5–2.25%). Subsequently,
 light maintenance dosage of isoflurane was provided throughout the
xperiment (0.5–2%). The use of isoflurane is well-established in task-
ased fMRI studies of zebra finches ( Boumans et al., 2007 ; Poirier et al.,
009 ), and isoflurane was also used successfully in our previous resting-
tate fMRI zebra finch study ( Layden et al., 2019 ). Importantly, although
emodynamic response magnitude is reduced by isoflurane anesthesia,
emodynamic response shape remains largely unchanged ( Zhao et al.,
007 ). Following anesthesia administration, birds were fitted with a
emperature probe and respiration monitoring pad, allowing for body
emperature, respiratory rate, and isoflurane percentage to be monitored
hroughout the scanning period. The zebra finches were wrapped in a
elt cloth to help maintain body temperature. Upon insertion into the
canner, a warm air feedback system was used to further maintain body
emperature within a normal physiological range (40.0 ± 0.2 °C). 

.2.1. Imaging data acquisition 

Neuroimaging data were acquired using a 30 cm bore 9.4 T Bruker
mall animal MRI scanner (ParaVision version 6.1; transmit/receive
oil: 30 mm diameter quadrature volume coil (Rapid MR International,
olumbus, OH, USA)). A TurboRARE-T2 Multislice anatomical scan was
cquired first during each scanning session (TR = 3.5 s, TE = 20 ms,
atrix Size: 256 × 256, in-plane resolution = 70.3 𝜇m x 70.3 𝜇m,

lice-thickness = 200 𝜇m, 59 slices, 9 averages). Resting-state RARE
pin-echo T2-weighted MR images were then acquired (TR = 3.2 s,
E effective = 27 ms, 3 echoes per volume, Matrix Size: 128 × 36, in-plane
esolution = 141 𝜇m x 500 𝜇m, slice-thickness = 750 𝜇m, 15 slices).
80 volumes were acquired consecutively with an effective sampling
ate of 3.2 seconds per volume, yielding a total resting-state scan time
f 9 min and 36 seconds. Slices were acquired in an interleaved, ascend-
ng order. A spin-echo pulse sequence was utilized due to observations
hat gradient-echo imaging may be particularly vulnerable to suscep-
ibility artifacts in zebra finch whole-brain fMRI ( Poirier and Van der
inden, 2011 ). To avoid T1-equilibration effects, the first five volumes
f each functional series were discarded. 

.2.2. Preprocessing 

Image preprocessing was completed using a combination of Ad-
anced Normalization Tools (ANTs; Avants et al., 2011 , 2009 ), AFNI
 Cox, 1996 ), and custom MATLAB 2019b (The Mathworks Inc., Natick,
assachusetts) scripts ( Layden et al., 2019 ). First, magnetic field inten-
ity inhomogeneity was corrected for both functional and anatomical
mages using the “N4 ” bias field correction algorithm ( Tustison et al.,
010 ). Second, an average of the bias-corrected anatomical scans
as used to initialize symmetric group-wise normalization (SyGN;
vants et al., 2010 ) in ANTs. ANTs registration accuracy compares

avorably among commonly used nonlinear deformation algorithms
 Avants et al., 2011 ; Klein et al., 2009 ). Third, functional scans were
orrected for slice timing differences using ANTs ImageMath SliceTim-
ngCorrection. Slice timing correction may be particularly important for
onger duration TRs ( Sladky et al., 2011 ), and it is recommended that
his step be performed prior to realignment for interleaved slice acquisi-
ions ( Johnstone et al., 2006 ). Fourth, motion correction was performed
sing the antsMotionCorr function in ANTs, and the six rigid-body
otion parameters were retained for later nuisance regression. Fifth,

he average motion-corrected functional scans were affine coregistered
o their corresponding bias-corrected anatomical volumes using the
ntsRegistrationSyN function. Sixth, to minimize interpolations, we ap-
lied all transformations obtained from (1) motion correction, (2) coreg-
stration, and (3) structural normalization to the slice-timing corrected
unctional scans in a single step using the ANTs function antsApply-
ransforms. Finally, we used the AFNI function 3dBlurInMask to smooth
he functional data within our custom brain mask using a 0.8438 mm
WHM Gaussian kernel (corresponding to 6.00 × 1.69 × 1.12 voxels in
he x, y , and z dimensions, respectively); 3dBlurInMask avoids contam-
nating signals at the edge of the brain with signal from other surround-
ng tissues. All subsequent analyses were carried out using normalized
ata at the functional image resolution (0.141 × 0.500 × 0.750 mm,
,720 in-mask voxels), and results were interpolated to template reso-
ution for display purposes. 

.3. Quality assessment, extraction, and denoising 

.3.1. Data quality assessment 

To assess the quality and consistency of spatial normalization, we
omputed voxel-wise Pearson correlations between the custom template
nd normalized anatomical scans across voxels ( r mean = 0.94, SD = 0.01).
e also performed this assessment for the normalized functional scans,

veraged across time ( r mean = 0.86, SD = 0.03). Both assessments indi-
ated a robust and consistent spatial normalization across scans, compa-
able to prior literature ( Layden et al., 2019 , 2017 ). We also assessed the
emporal signal-to-noise ratio ( tSNR ) of the functional images and noted
obust tSNR across scans ( M = 56.36, SD = 13.10). tSNR was compara-
le to other recent fMRI studies utilizing sub-millimeter voxel sizes and
igh magnetic field strengths ( Chang et al., 2018 ; Liska et al., 2015 ;
oshida et al., 2016 ). For additional details on tSNR assessment, see
 Layden et al., 2019 ). 

.3.2. Data extraction and denoising 

We implemented denoising procedures using MRIqual
 Layden, 2020 a) and custom MATLAB scripts ( Layden et al., 2019 ).
hysiological variables (body temperature and isoflurane dose),
ecorded at one-minute intervals, were interpolated using a clamped
ubic spline function to the temporal resolution of our functional series.
hen, a nuisance regression was performed in which the six rigid body
otion parameters ( Bright and Murphy, 2015 ), body temperature,

soflurane dose, and linear and quadratic trends ( Tanabe et al., 2002 )
ere removed from the voxel-wise time series. Following nuisance

egression ( Hallquist et al., 2013 ), the residual ROI time series were
andpass filtered (range: 0.008 to 0.1 Hz). 

.4. Intrinsic connectivity contrast (ICC) analyses 

We used a data-driven approach to investigate associations between
earing condition and brain-wide FC strength, measured using the ICC,
hich does not require arbitrary thresholding of functional connections
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t  
 Martuzzi et al., 2011 ). ICC is computed at each brain voxel by averag-
ng the squared Pearson correlations between a given voxel time series
nd every other voxel time series in the brain ( Martuzzi et al., 2011 );
he voxel-wise distribution of ICC is then standardized (i.e., Z -scored)
ithin each functional scan ( Layden et al., 2017 ). ICC has previously
roven effective for identifying functional hubs within the human brain
ssociated with a variety of affective, social, and cognitive phenomena
e.g., Layden et al., 2017 ; Moreno-López et al., 2016 ; Vatansever et al.,
017 ). 

Using an LME random intercept model, we regressed voxel-wise ICC
nto age, rearing condition, an age by rearing condition interaction,
soflurane dose, body temperature, head coil, and a random intercept
or bird. For each voxel, we retained the t -statistic summarizing the
ge by rearing condition interaction effect. Significant clusters of voxels
herein the developmental trajectory of ICC differed by rearing condi-

ion were detected using the random field theory-based cluster-extent
hresholding method, as implemented in the DPABI toolbox (cluster-
efining threshold (CDT): p-uncorrected < 0.001, FWE-corrected cluster-
xtent threshold: pFWE < 0.05; Yan et al., 2016 ). 

.4.1. Normal versus tutored contrast 

Although our primary interest was in whether Isolate birds would
xhibit a pattern of FC development distinguishable from both Normal
nd Tutored birds, we first examined whether Normal and Tutored birds
ere distinguishable via FC. Any such effects could be related to social
roup size or the number of available tutors, rather than tutor experi-
nce or lack thereof. 

.4.2. Tutored versus non-tutored contrast 

Given that the Normal vs. Tutored contrast did not yield significant
esults (see Results below), we combined these rearing conditions into
 single “tutored ” condition to yield increased statistical power for our
ontrast of primary interest. We then examined whether the develop-
ental trajectory of ICC differed in any brain regions between tutored

i.e., Normal and Tutored) and non-tutored birds (i.e., Isolates). 

.5. Seed-to-voxel (S2V) functional connectivity analyses 

ICC enables the detection of clusters based on global FC strength but
oes not reveal the specific functional connections that may underlie
ny global FC differences observed. We therefore conducted S2V analy-
es, in which we extracted the average BOLD signal from the voxels of
he significant cluster detected in ICC analyses (see Results). We then
omputed S2V FC as the Fisher Z -transformed Pearson correlation be-
ween the cluster/seed signal and the signal of every other brain voxel.
t each voxel, we then regressed S2V FC onto age, rearing condition, an
ge by rearing condition interaction, isoflurane dose, body temperature,
ead coil, and a random intercept for bird. Finally, clusters of S2V FC
howing developmental trajectories that differed by rearing condition
ere identified using the same cluster-extent thresholding method as

or ICC analyses (CDT: p-uncorrected < 0.001, cluster-extent threshold:
FWE < 0.05). 

.6. Song stereotypy 

Song bouts were recorded in a sound isolation chamber for a pe-
iod of approximately 36 h prior to rs-fMRI scans at P65 ( N = 12) and
90 ( N = 16). For analyses, we excluded songs from the first 3 hours
fter lights-on because song is more variable first thing in the morning
 Derégnaucourt et al., 2005 ). Some birds did not sing during the record-
ng period, thus resulting in the different sample sizes for each age. 

.6.1. Song stereotypy quantification 

We quantified song stereotypy (i.e., self-similarity or consistency
cross song bouts) using Sound Analysis Pro 2011 ( Tchernichovski et al.,
000 ). Three standard measures of stereotypy were calculated: %-
imilarity (a coarse-grained comparison of song segments using 60 ms
ime windows), Accuracy (a fine-grained comparison of song segments
ithin 15 ms time windows), and %-Sequential (quantifying the extent

o which matching sound segments occur with the same ordering in dif-
erent song bouts). Additional details regarding the calculation of these
etrics are available from the Sound Analysis Pro 2011 reference man-
al ( Tchernichovski and Mitra, 2004 ). 

We found that these three measures were highly correlated across
ecordings (all birds, ages P65-P90) (%-Similarity and Accuracy:
 (26) = 0.89, %-Similarity and %-Sequential: r (26) = 0.71, Accuracy
nd %-Sequential: r (26) = 0.78). Moreover, the first principal compo-
ent (PC) from principal component analysis explained 88.2% of to-
al variance among the three stereotypy measures, and this PC loaded
ighly on each individual measure (loadings: %-Similarity ( r = 0.94),
ccuracy ( r = 0.96), %-Sequential ( r = 0.89)). To avoid issues with both
ulticollinearity and multiple comparisons, we utilized the first PC of

he three stereotypy measures as our variable of interest for subsequent
nalyses, and for simplicity, we will henceforth refer to this first PC as
stereotypy. ”

.6.2. Condition-related differences in stereotypy 

Tutor song memorization provides the foundation for song learn-
ng, but a partially overlapping sensorimotor learning phase refines and
tabilizes song structure ( Arnold, 1975 ; Tchernichovski et al., 2001 ),
hich depends upon successful tutor song memorization. Learning po-

ential remains higher and stereotypy lower during this period for Iso-
ates compared to tutored birds ( Eales, 1987 ; Jones et al., 1996 ), al-
hough Isolate songs may become somewhat stereotyped as well by
100-120 ( Morrison and Nottebohm, 1993 ). We therefore predicted that
on-tutored birds would exhibit less stereotyped songs than Tutored
irds at P65, during the sensorimotor learning phase, and potentially
t P90 as well, as the birds approach song crystallization. Additionally,
he number of song bouts (i.e., the amount of practice) during the sen-
orimotor learning phase strongly predicts stereotypy at P112, whereas
he number of song bouts during the song crystallization phase does not
redict stereotypy at P112 ( Johnson et al., 2002 ). Therefore, we hypoth-
sized that the four birds (2 Normal, 2 Tutored) who sang at P90 but
ot at P65 would exhibit lower stereotypy at P90. To test these hypothe-
es, we implemented an LME model in which stereotypy served as the
riterion variable, and the following were included as fixed-effects pre-
ictors: rearing condition (tutored vs. non-tutored), age, and a nominal
actor denoting whether or not each bird sang at P65; a random inter-
ept was included for bird. With only two ages (P65 and P90) per bird,
e found that the Hessian matrix was not positive definite for this LME
odel (i.e., the random intercept was not supported), so we dropped

he random intercept and implemented the model using ordinary least
quares (OLS) regression. 

.6.3. Predicting song stereotypy using FC features 

We next investigated whether the cluster(s) identified based on ICC
r S2V FC analyses predicted song stereotypy. To do so, we selected an
ptimal model for predicting stereotypy from among the FC features us-
ng the ‘step’ function from the “lmerTest ” package ( Kuznetsova et al.,
017 ) in R. We performed stepwise model reduction based on reductions
n AIC, requiring significant differences between nested models based
n likelihood-ratio tests. The initial model included the following pre-
ictors: age, condition, average ICC of the significant cluster identified,
CC at the previous age (i.e., P45 ICC predicting P65 stereotypy and P65
CC predicting P90 stereotypy), ICC change from the previous age (i.e.,
65 ICC minus P45 ICC predicting P65 stereotypy and P90 ICC minus
65 ICC predicting P90 stereotypy), average S2V FC of the significant
luster identified, S2V FC at the previous age, and S2V FC change from
he previous age. The FC features were statistically controlled for any
ffects of body temperature and isoflurane dose prior to stepwise selec-
ion. We included ICC at the previous age and ICC change because we
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Table 1 

Left NCM ICC 

Fixed effects b [ 95% CI ] 𝛽 t SE p 

Intercept 4.66 [-4.283, 13.612] 0.00 1.04 4.475 0.301 

Non-Tutored 2.17 [1.247, 3.099] 0.18 4.69 0.463 < 0.001 

Age 0.01 [0.001, 0.020] 0.31 2.20 0.005 0.031 

Temperature -0.14 [-0.368, 0.081] -0.14 -1.28 0.112 0.207 

%-Isoflurane 0.32 [-0.162, 0.800] 0.14 1.33 0.240 0.189 

Coil -0.40 [-1.026, 0.236] -0.49 -1.25 0.316 0.215 

Non-Tutored:Age -0.04 [-0.051, -0.021] -1.05 -4.77 0.007 < 0.001 

Random Effects 

Group Name Std. Dev. 

Bird Intercept < 0.001 

Error Residual 0.673 

Table 2 

Left NCM - Cerebellar FC 

Fixed effect b [ 95% CI ] 𝛽 t SE p 

Intercept -1.38 [-2.953, 0.193] -0.06 -1.75 0.787 0.084 

Non-Tutored 0.48 [0.319, 0.645] 0.38 5.93 0.081 < 0.001 

Age 0.00 [-0.000, 0.003] 0.20 1.52 0.001 0.133 

Temperature 0.04 [0.001, 0.080] 0.21 2.06 0.020 0.044 

%-Isoflurane -0.01 [-0.092, 0.077] -0.02 -0.18 0.042 0.861 

Coil -0.09 [-0.204, 0.018] -0.60 -1.68 0.055 0.098 

Non-Tutored:Age -0.01 [-0.010, -0.005] -1.14 -5.65 0.001 < 0.001 

Random Effects 

Group Name Std. Dev. 

Bird Intercept < 0.001 

Error Residual 0.118 
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easoned that more complex developmental trends might be involved
han a simple one-to-one mapping between ICC and stereotypy. 

.6.4. FC mediation of stereotypy differences between rearing conditions 

If merited by the previous analysis, we planned to empirically test
hether ICC or S2V FC features statistically mediated stereotypy differ-

nces between tutored and non-tutored birds. We used the “mediation ”
ackage in R ( Tingley et al., 2014 ) to estimate the average causal medi-
tion effect ( ACME ), which corresponds to the proportion of the rearing
ondition effect mediated by a given FC feature. We also estimated the
verage direct effect ( ADE ), which corresponds to the proportion of the
earing condition effect not mediated by the FC feature. Lastly, we es-
imated the total effect, which is a combination of the ACME and ADE .
ll effects were estimated using the non-parametric bias-corrected and
ccelerated bootstrap method with 10,000 iterations. 

.7. Safeguard power analysis 

We conducted a “safeguard power analysis ” ( Perugini et al., 2014 )
o investigate whether the study was sufficiently powered to detect the
ain results reported (i.e., ICC analyses, Table 1 ; S2V analyses, Table 2 ).

afeguard power analysis involves calculating the statistical power for
he lower bound of a two-tailed 90% confidence interval (CI) surround-
ng an effect size estimate. This procedure provides protection against
 worst-case scenario in which the true effect is much smaller than
ts estimate, with the power analysis remaining valid in 95% of cases
 Perugini et al., 2014 ). To implement the safeguard power analyses, we
sed the R package ‘SIMR’ ( Green and MacLeod, 2016 ), which enables
ower calculation for linear mixed-effects models via Monte Carlo sim-
lations. 
. Results and Discussion 

.1. An auditory forebrain cluster significantly differentiates brain-wide FC 

etworks between tutored and non-tutored males 

We failed to identify any clusters that distinguished the develop-
ental trajectory of ICC between Tutored and Normal birds (CDT: p-

ncorrected < 0.001, cluster-extent threshold: pFWE < 0.05). For the re-
aining analyses, we pooled the Normal and Tutored birds into a single

tutored" group to contrast with the Isolate ( “non-tutored ”) group. How-
ver, we also report results as Normal and Tutored condition breakouts
here appropriate for transparency. 

From the tutored vs. non-tutored comparison, we identified a 1 mm 

3 

luster of 19 functional space voxels (0.141 × 0.500 × 0.750 mm
ach) that showed a significantly different ICC developmental trajec-
ory between tutored and non-tutored birds (CDT: p-uncorrected < 0.001,
luster-extent threshold: pFWE < 0.05). This cluster was centered in the
eft auditory forebrain, with 13 voxels (68.4% of the cluster, 0.685 mm 

3 )
ocated within a ventral posterior portion of the left auditory forebrain,
CM, and 6 voxels (31.6% of the cluster, 0.316 mm 

3 ) located in a re-
ion directly medial to the region that we had a priori designated as
CM ( Fig 1 ). 

This NCM cluster exhibited strong, positive FC strength (i.e., the sum
f FC between the cluster and all other brain voxels) across conditions
nd ages ( M = 434.96, SD = 382.74, t (67) = 9.37, p < 0.001). However,
he average ICC level within the cluster significantly decreased with age
n non-tutored relative to tutored birds ( 𝛽 = -1.05, t (61) = -4.77, p <
.001; Table 1 ). Specifically, ICC within this cluster marginally increased

ith age for Normal birds ( 𝛽 = 0.44, t (14) = 1.93, p = 0.074), non-
ignificantly increased with age for Tutored birds ( 𝛽 = 0.21, t (21) = 1.31,
 = 0.204), and significantly decreased with age for Isolate birds ( 𝛽 = -
.65, t (18) = -3.06, p = 0.007; Fig 1 A-B ). 
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Fig. 1. Sensory and cerebellar FC development is sensitive to tutor experience. A) ICC analyses revealed an NCM cluster wherein FC strength developmentally 
decreased in non-tutored compared to tutored birds. The blue color gradient of the cluster indicated by red arrows represents t -statistics from the age by non-tutored 
contrast ( t ≤ -3.23; p < 0.001). The Auditory Forebrain (green), Field L (yellow), RA (light blue), Area X (dark blue), Medial Diencephalon (yellow-orange), Medulla 
(orange), and Uva (red) are depicted for reference. Clockwise from bottom left: axial view (slice 169 of the group-wise brain template; see Methods), coronal (slice 
16), sagittal (slice 148), 3D rendering. B) Scatter plots show within-subject ICC developmental trends (P25-P90; x -axis) for the left NCM cluster. Within-subjects 
least-squares trend lines are depicted for reference. ICC scores ( y -axis) are residuals from a regression analysis controlling for covariates (see Methods). C) S2V 

analysis revealed a significant cluster of voxels within folia VI of the cerebellum that showed developmentally decreasing FC to the left NCM cluster in non-tutored 
compared to tutored males. The blue color gradient of the cluster indicated by red arrows represents t -statistics from the age by non-tutored contrast ( t ≤ -3.23; p < 
0.001). Clockwise from bottom left: axial (slice 172), coronal (slice 10), sagittal (slice 145), 3D rendering (the left NCM cluster (red) served as the FC seed region). 
D) Scatter plots show the within-subject developmental trend (P25-P90; x -axis) of S2V FC for each individual. Within-subjects least-squares trend lines are depicted 
for reference. S2V FC values ( y -axis) are residuals from a regression analysis controlling for covariates (see Methods). Brain images were rendered using NIfTI-Studio 
( Layden, 2020 b). 
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.2. Seed-to-voxel (S2V) analyses reveal a novel, experience-dependent 

unctional relationship between the auditory forebrain and cerebellum 

To investigate which brain regions underlie the NCM FC strength
ifferences observed, we computed the FC between the average BOLD
ignal of the left NCM cluster and that of all voxels distributed through-
ut the rest of the brain using S2V analyses. We identified one signifi-
ant cluster of 21 voxels (1.107 mm 

3 ) that showed a rearing condition-
elated developmental difference in FC to the left NCM cluster seed
CDT: p-uncorrected = 0.001, cluster-extent threshold: pFWE < 0.05;
ig 1 C-D ). 19 voxels (90.5% of cluster volume) overlapped the left dor-
al cerebellum, positioned over folium VI ( Wylie et al., 2018 ), whereas
wo voxels (9.5% of cluster volume) overlapped the adjacent left audi-
ory forebrain region, as labeled in our previously published zebra finch
rain atlas ( Layden et al., 2019 ). The cerebellar cluster was largely pos-
erior to the NCM cluster detected in ICC analyses, with its most poste-
ior portion 8 voxels (1.6 mm) posterior to the most posterior extent of

he NCM cluster. t  
Across all birds and conditions, we noted moderate FC between the
CM cluster and cerebellar cluster ( Z = 0.34, SD = 0.15, t (67) = 18.26,
 < 0.001). However, NCM-cerebellum FC developed significantly dif-
erently between non-tutored and tutored birds (non-tutored: 𝛽 = -1.14,
 (61) = -5.65, p < 0.001; Table 2 ). In both Normal and Tutored birds, S2V
C non-significantly increased with age (Normal: 𝛽 = 0.28, t (14) = 1.11,
 = 0.284; Tutored: 𝛽 = 0.18, t (21) = 0.93, p = 0.362), and in Isolate
irds, FC strongly decreased with age ( 𝛽 = -0.94, t (18) = -7.15, p < 0.001;
ig 1 D ); a pattern similar to what was observed for left NCM ICC. 

.3. Level of song stereotypy depends on tutor experience 

Because even Isolate males sing, we were able to link tutor expe-
ience with song structure via neural network properties. As an in-
ermediary step towards this end, we first asked how tutor exposure
ffected song stereotypy. We recorded the 18 males in the two days
rior to their P65 and P90 rs-fMRI scans, when songs are beginning
o become stereotyped (see Methods) ( Böhner, 1990 ; Braaten, 2010 ;
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Fig. 2. Developmental changes in ICC positively correlate with song stereotypy. A) Scatter plots for individual birds show the developmental trajectory of left NCM 

ICC from P25 to P90. Hollow data points denote absent stereotypy data ( x -axis); color and size of filled data points depict the level of stereotypy in units of the first 
principal component scores (PC1; see Methods). ICC scores ( y -axis) are residuals from a regression (see Methods). B) A scatter plot shows the association between 
developmental change in left NCM ICC (from P45 to P65, and from P65 to P90) and stereotypy of all birds. An OLS regression line is displayed ( R 2 = 0.37). (o) = P65, 
( + ) = P90. 
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layton, 1987 ; Eales, 1987 , 1985 ; Morrison and Nottebohm, 1993 ;
oper and Zann, 2006 ; Slater et al., 1991 ). We generated a song stereo-

ypy score for each bird at both ages ( Tchernichovski et al., 2000 ),
hen ran an OLS regression model to test how well tutor condition (tu-
ored vs. non-tutored), age, and a factor denoting whether each bird
ang at P65 (four birds did not sing at P65) predicted song stereotypy.
his model explained 32.6% of the total stereotypy variance ( Adjusted

 

2 = 0.242; Fig 2 ). Non-tutored birds’ songs were significantly less
tereotyped than tutored birds’ songs across P65 and P90 ( 𝛽 = -0.97,
 (24) = -2.69, p = 0.013). Maturation from P65 to P90 non-significantly
redicted increased stereotypy ( 𝛽 = 0.33, t (24) = 1.84, p = 0.078), and
he two Normal and two Tutored birds who sang at P90 but not at P65
xhibited markedly less stereotyped songs at P90 than those who sang
t P65 ( 𝛽 = -1.27, t (24) = -2.41, p = 0.024), consistent with motor re-
earsal increasing stereotypy. 

We determined that the addition of an age by condition inter-
ction term did not significantly improve stereotypy prediction ( F (1,
3) = 0.04, p > 0.80). However, separate two-sample t -tests revealed
hat tutored birds sang significantly more stereotyped songs than
on-tutored birds at P65 ( t (10) = 2.65, p = 0.024) but not at P90
 t (14) = 0.76, p = 0.46). The P90 tutor condition difference remained
 (  
on-significant even after excluding the birds who did not sing at P65
 t (10) = 1.71, p = 0.118). 

.3.1. FC properties predict song stereotypy 

Next, we asked whether the tutor-dependent NCM FC features pre-
icted song stereotypy. We implemented backwards stepwise model
election, beginning with age, condition, and left NCM ICC as candi-
ate predictors. Additionally, we included the developmental change
n ICC and S2V FC across ages, because we reasoned that developmen-
al changes might more strongly predict stereotypy than FC measured
ithin a single age (see Methods). 

Stepwise model selection first eliminated tutor condition
 ΔAIC = 1.79) followed by developmental change in S2V FC
 ΔAIC = 1.67). Further model reduction resulted in larger AIC
alues. The final model, which explained 56.9% of total stereotypy
ariance ( Adjusted R 

2 = 0.49), included left NCM ICC, left NCM ICC
evelopmental change, S2V FC between the left NCM and cerebellum
lusters, and age ( Table 3 ). 

The strongest positive predictor of song stereotypy at both P65 and
90 was the magnitude of ICC strength change from the previous age
P45 to P65 and P65 to P90, respectively) in the left NCM cluster



E.A. Layden, H. Li and K.E. Schertz et al. NeuroImage 222 (2020) 117218 

Table 3 

Stereotypy Prediction 

Predictor b [ 95% CI ] SE 𝛽 t p 

Intercept -20.60 [-45.14, 3.94] 11.86 0.00 -1.74 0.096 

L NCM ICC -7.50 [-15.51, 0.52] 3.87 -0.40 -1.94 0.065 

L NCM ICC Change 9.47 [4.81, 14.13] 2.25 0.75 4.21 < 0.001 

L NCM – Cerebellum S2V FC 53.41 [16.77, 90.05] 17.71 0.52 3.02 0.006 

Age 0.29 [-0.02, 0.59] 0.15 0.29 1.92 0.067 

Note. DFE = 23, R 2 = 0.569, Adjusted R 2 = 0.494 

Fig. 3. Left NCM ICC mediates tutor experience-related differences in song stereotypy. Left: Path model ( Wager et al., 2008 ) for the mediation of tutoring-related 
differences in stereotypy by developmental change in left NCM ICC from the previous age ( ΔICC). Coefficient estimates are reported along with standard errors in 
parentheses (see Methods). ∗ p < 0.01, ∗ ∗ p < 0.005, ∗ ∗ ∗ p < 0.001. Right: A probability scale histogram of the bootstrap distribution for the average causal mediation 
effect ( ACME ; i.e., the indirect effect). Dashed lines demarcate the 95% confidence interval of the ACME. 
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 𝛽 = 0.75, t (23) = 4.21, p < 0.001; Fig 2 ). The average S2V FC be-
ween the ICC cluster and the S2V cluster also positively predicted song
tereotypy ( 𝛽 = 0.52, t (23) = 3.02, p = 0.006). Age positively, but non-
ignificantly, predicted stereotypy after controlling for other predictors
 𝛽 = 0.29, t (23) = 1.92, p = 0.067). The effect of left NCM ICC was
on-significant and negative ( 𝛽 = -0.40, t (23) = -1.94, p = 0.065). How-
ver, it should be noted that the bivariate association between average
CC and stereotypy was positive ( 𝛽 = 0.35, t (26) = 1.90, p = 0.069),
nd the negative sign observed in multiple regression likely resulted
rom controlling for two moderately correlated covariates, ICC change
 r (26) = 0.61, p < 0.001) and S2V FC ( r (26) = 0.47, p = 0.011) (for
dditional information, see Tu et al. (2008) ). 

.3.2. FC properties mediate the effect of tutoring on song stereotypy 

Finally, we determined that developmental left NCM ICC change sta-
istically mediated tutor condition-related differences in song stereotypy
 ACME = 0.43, CI : [0.08, 0.98], p = 0.022; see Methods; Fig 3 ). The
ortion of the tutoring effect not mediated by left NCM ICC change was
on-significant ( ADE = 0.31, CI : [-0.43, 1.06], p = 0.388), whereas the
otal effect (i.e., a combination of the ACME and ADE ) was significant
 TE = 0.75, CI : [-0.01, 1.41], p = 0.046). Left NCM ICC change mediated
pproximately 58.1% of the total effect ( CI : [11.3%, 544%], p = 0.061).

.4. Safeguard power analysis 

In the ICC regression analysis, the age by condition interaction effect
as estimated to be b = -0.04 (90% CI: [-0.0479, -0.0233]). Thus, we

onducted a power analysis at the 5th percentile (-0.0233) using 1,000
onte Carlo simulations. Statistical power was estimated to be: 82.50%

95% CI: [80.00, 84.81]), indicating that the study was sufficiently pow-
red to detect this effect, even in a worst-case scenario that the true
ffect was near the lower bound of the CI of our estimate. In the S2V re-
ression analysis, the age by condition interaction effect was estimated
o be b = -0.01 (90% CI: [-0.0096, -0.0053]). Thus, we conducted a
ower analysis at the 5th percentile (-0.0053) using 1,000 Monte Carlo
imulations. Statistical power was estimated to be: 96.30% (95% CI:
94.94, 97.38]), indicating that the study was sufficiently powered to
etect the effect, even in a worst-case scenario that the true effect was
ear the lower bound of the CI of our estimate. 

. Discussion 

These data show for the first time that the global functional con-
ectivity strength of the auditory forebrain is altered by song tu-
oring. Our results also provide an initial suggestion that increasing
CM FC strength may reflect the loss of the ability to memorize tu-

or song after P65, which occurs in tutored but not in Isolate males
 Eales, 1987 , 1985 ; Jones et al., 1992 , 1996 ; Morrison and Notte-
ohm, 1993 ). These findings extend prior evidence showing that the
uditory forebrain is required for tutor song memorization, and that
utor experience alters its epigenetic, molecular, and neurophysiologi-
al properties ( Ahmadiantehrani and London, 2017 ; Kelly et al., 2018 ;
ondon and Clayton, 2008 ; Yanagihara and Yazaki-Sugiyama, 2016 ).
urthermore, linking these results with the prior literature suggests that
utor experience may alter cell types and local connectivity within the
CM in ways that affect its global FC strength, despite no known, di-

ect efferents outside of the auditory forebrain ( Akutagawa and Kon-
shi, 2010 ; Bauer et al., 2008 ; Vates et al., 1996 ). 

S2V FC analyses provided the first indication that tutor experience,
ndependent of motor production, alters cerebellar relationships with
n essential node for song learning, the NCM. This finding is particu-
arly notable given that cerebellar lesions have recently been shown to
mpair juvenile zebra finch song learning, with particular impacts on
earning-related changes in syllable duration ( Pidoux et al., 2018 ). In
umans, the cerebellum contributes to cognitive processes and social
ehaviors including non-motor learning ( Doya, 2000 ; Raymond et al.,
996 ) and language ( Hertrich et al., 2016 ; Pleger and Timmann, 2018 ;
iegler and Ackermann, 2017 ). Moreover, it is implicated in neurodevel-



E.A. Layden, H. Li and K.E. Schertz et al. NeuroImage 222 (2020) 117218 

o  

c  

g  

t  

n  

l  

t  

(  

s  

t
 

t  

a  

o  

i  

c  

N  

t  

(  

p  

p  

W  

v  

v  

l  

m
 

o  

o  

d  

a  

(  

w  

s  

n  

c  

p  

s  

c  

b  

r
 

t  

s  

c  

f  

f  

K  

S  

Y  

d  

h  

t  

p  

p  

d  

p  

w  

s
 

j  

w  

g  

o  

t  

a  

s  

a  

c  

f  

a  

m  

l  

o  

a  

o  

c  

w  

t
 

t  

w  

c  

f  

2  

t  

t  

d  

t  

t  

g  

t  

s  

e

5

 

m  

n  

1  

F  

d  

e  

t  

m  

s  

t  

i  

t  

t  

c  

n  

a  

o  

p

C

 

m  

W  

I  

G  

W  

i  

v  

a

pmental disorders characterized by deficits in these language and so-
ial behaviors ( Pleger and Timmann, 2018 ; Schmahmann, 2019 ). Analo-
ous to cerebellar contributions to motor function, allowing movements
o be executed skillfully and automatically without the need for dy-
amic feedback ( Buckner, 2013 ), it has been posited that the cerebel-
um may similarly support higher-order cognitive functions by enabling
he temporal coordination and manipulation of internal mental models
 Buckner, 2013 ; Ito, 2008 ). If so, an interesting question for future re-
earch is whether the zebra finch cerebellum might help to support the
emporal coordination of neural representations of tutor song. 

Although we are not aware of a direct structural connection linking
he cerebellum and the NCM, Pidoux et al. (2018) recently identified
 thalamic pathway connecting the zebra finch cerebellum and Area X
f the song network, and this pathway was shown to exhibit FC under
soflurane anesthesia. The authors found that cerebellar stimulation was
onveyed to LMAN and RA, and the cup of RA is known to be linked to
CM via the thalamic nucleus ovoidalis (Ov; Mello et al., 1998 ). No-

ably, FC is commonly observed without direct structural connectivity
 Honey et al., 2009 ), and these findings highlight a novel polysynaptic
athway between the song network and the cerebellum, presenting a
lausible structural substrate for the FC observed in the current study.
e hope that these findings will help to pave the way for future in-

estigations exploring potential parallels between human cerebellar in-
olvement in language and zebra finch cerebellar involvement in song
earning (e.g., Hertrich, Mathiak, & Ackermann, 2016 ; Pleger & Tim-
ann, 2018 ). 

Song stereotypy analyses provided a novel link between the effects
f social tutor experience on FC development and an important aspect
f vocal motor production. It is known that isolation from tutor song
uring the CP (P30-65) results in increased song variability, whereas
bnormal isolate songs still become somewhat stereotyped by P100-120
 Morrison and Nottebohm, 1993 ). Our results were broadly consistent
ith these findings: tutored birds sang significantly more stereotyped

ongs than non-tutored birds at P65, but no significant differences were
oted at P90. While this null result at P90 should be interpreted with
aution based on the small sample size available for the contrast, it ap-
ears that tutoring-related differences may be more apparent during
tages of higher vocal variability. Specifically, zebra finch males typi-
ally sing "plastic" song at P65, characterized by highly variable sylla-
les, whereas by P90 they have typically rehearsed sufficiently to exhibit
elatively stereotyped songs ( Johnson et al., 2002 ). 

Remarkably, we found that both the change in left NCM ICC and
he magnitude of S2V FC between the left NCM and dorsal cerebellum
trongly predicted song stereotypy at P65 and P90. Importantly, these
onnectivity changes predicted stereotypy above and beyond the ef-
ects of either age or social tutor experience. This suggests that auditory
orebrain FC may partially underlie song stereotypy ( Akutagawa and
onishi, 2010 ; Bauer et al., 2008 ; Fortune and Margoliash, 1995 ;
haevitz and Theunissen, 2007 ; Vates et al., 1996 ; Yanagihara and
azaki-Sugiyama, 2016 ). Follow-up mediation analyses revealed that
evelopmental ICC changes in the left NCM cluster accounted for over
alf of the association observed between social tutoring and song stereo-
ypy. Our analysis of mediation pathways was consistent with tutor ex-
erience causing changes in NCM ICC, which then has downstream im-
acts on song stereotypy, though it is still unknown if these effects are
irect or indirect (e.g., via alterations in sensorimotor and motor circuit
roperties). Regardless, this result highlights that there may be a novel
ay in which auditory forebrain functional connections contribute to

ong structure. 
Although we failed to find clusters in which the developmental tra-

ectory of ICC significantly distinguished Normal and Tutored birds, we
ould caution over-interpretation of this null result. First, our primary
oal in this study was not to investigate the impact of social complexity
n zebra finch FC strength; rather, we included the Normal condition
o assure that target comparisons between the well-controlled Tutored
nd Isolate conditions (which each only had access to two adult con-
pecifics during development) were not strongly impacted by restricting
ccess to additional conspecifics. In addition to the absence of signifi-
ant developmental FC differences between Normal from Tutored birds,
ollow-up analyses also revealed that the developmental trend of ICC
nd S2V FC was similar for Normal and Tutored birds, whereas it was
arkedly different for Isolates. This pattern of results suggests that the

ack of social tutoring in the Isolate condition likely drove the effects
bserved, rather than differences in social complexity between Normal
nd Tutored birds. Furthermore, this provides an initial indication that
ur findings may extend beyond the more stringently controlled rearing
onditions of the Tutored and Isolate birds, given that similar effects
ere also observed in the aviary-reared Normal birds, who had access

o numerous conspecifics. 
It is possible that developmental shifts in FC are also impacted by

he level of social complexity or number of conspecifics, but that these
ere undetectable in this case for technical reasons. We used a stringent

luster-defining threshold ( p < 0.001) for our analyses in order to avoid
alse positives. This is necessary to guarantee robust results ( Woo et al.,
014 ), but a stringent threshold could also make it more difficult to de-
ect clusters in some cases. For example, if social complexity is related
o ICC within a distributed set of small clusters, this might be difficult to
etect due to the reliance on cluster-extent (i.e., size) to correct for mul-
iple comparisons. Thus, the effect of social complexity on developmen-
al FC in zebra finches merits additional future investigation. However,
iven that developmental changes in ICC and S2V FC were similar be-
ween Normal and Tutored birds, we do not have reason to believe that
ocial complexity played an important role in the social tutoring-related
ffects reported here. 

. Conclusion 

Although complex behavior immediately emerges from controlled
otor operations, it arises from the integrated function of distributed
eural networks that include sensory components. Here, we show that:
) tutor exposure significantly influences the development of left NCM
C strength, 2) a novel functional connection between left NCM and the
orsal cerebellum is linked to tutor exposure, and 3) these FC features
xplain song stereotypy better than knowing whether a bird had been tu-
ored. These results reinforce the known effects of tutoring on genomic,
olecular, and cellular level properties of the auditory forebrain and

uggest that these biological changes may support altered intrinsic FC at
he mesoscale. Additionally, the discovery that a sensory song process-
ng area and the dorsal cerebellum are functionally connected in ways
hat parallel cerebellar function in humans opens new opportunities to
est how sensory association areas and non-motor cerebellar functions
ontribute to complex learned behavior. Finally, these data demonstrate
ew links across levels of analysis that future investigations can lever-
ge to shed light on the biological mechanisms underlying FC prediction
f behavioral outcomes; our results suggest that understanding sensory
rocesses will be instrumental for this endeavor. 
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