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Recommendation?
Accept with minor revision (please list in comments)

Comments to the Author(s)

The manuscript ,Emergence through time of variation between groups in fish shoal collective
motion” describes how collective measures of shoaling in groups of sticklebacks change over time
and how groups diverge in this regard. The paper makes the point that newly assembled groups
may be more similar towards each other and over time, observable behavior will diverge greatly.
I really enjoyed reading the paper and I did not find any major points of critique. Well done! I
was only wondering why the authors do not include a discussion on increasing familiarity
among group members as an explicit explanation. For example, my own research on Poeciliid
fishes showed that social hierarchies emerge when individuals are kept together for longer times
and these are often sex-specific (see (Bierbach, Oster et al. 2014)). Furthermore, we found a more
or less universal decrease in cohesion among shoal members over time (although we did not look
at among-group variation on this). This effect was also found in all-female groups where we
could further show that increasing levels of aggressions may cause to decrease in cohesion
(Doran, Bierbach et al. 2019). While I do not expect the authors to explicitly cite these papers, a
more in-depth discussion on the causes of the decreased cohesion and polarization (possible
cause: aggressiveness and hierarchies) as well as group differences (possible cause: sex-specific
interaction patters even outside the breeding season) may be helpful for the reader as the similar
observations have been made before.

David Bierbach

Bierbach, D., S. Oster, ]. Jourdan, L. Arias-Rodriguez, J. Krause, A. M. Wilson and M. Plath (2014).
"Social network analysis resolves temporal dynamics of male dominance relationships."
Behavioral Ecology and Sociobiology: 1-11.

Doran, C., D. Bierbach and K. L. Laskowski (2019). "Familiarity increases aggressiveness among
clonal fish." Animal Behaviour 148: 153-159.
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Is the manuscript scientifically sound in its present form?
Yes

Are the interpretations and conclusions justified by the results?
Yes

Is the language acceptable?
Yes

Do you have any ethical concerns with this paper?
No

Have you any concerns about statistical analyses in this paper?
No

Recommendation?
Accept with minor revision (please list in comments)

Comments to the Author(s)
Dear Drs MacGregor and Ioannou,



I really enjoyed your paper; please see my detailed comments in the attached pdf (Appendix A).

Decision letter (RS0OS-210655.R0)

We hope you are keeping well at this difficult and unusual time. We continue to value your
support of the journal in these challenging circumstances. If Royal Society Open Science can assist
you at all, please don't hesitate to let us know at the email address below.

Dear Dr MacGregor

On behalf of the Editors, we are pleased to inform you that your Manuscript RSOS-210655
"Emergence through time of variation between groups in fish shoal collective motion" has been
accepted for publication in Royal Society Open Science subject to minor revision in accordance
with the referees' reports. Please find the referees' comments along with any feedback from the
Editors below my signature.

We invite you to respond to the comments and revise your manuscript. Below the referees” and
Editors’ comments (where applicable) we provide additional requirements. Final acceptance of
your manuscript is dependent on these requirements being met. We provide guidance below to
help you prepare your revision.

Please submit your revised manuscript and required files (see below) no later than 7 days from
today's (ie 16-Aug-2021) date. Note: the ScholarOne system will ‘lock” if submission of the
revision is attempted 7 or more days after the deadline. If you do not think you will be able to
meet this deadline please contact the editorial office immediately.

Please note article processing charges apply to papers accepted for publication in Royal Society
Open Science (https:/ /royalsocietypublishing.org/rsos/charges). Charges will also apply to
papers transferred to the journal from other Royal Society Publishing journals, as well as papers
submitted as part of our collaboration with the Royal Society of Chemistry

(https:/ /royalsocietypublishing.org/rsos/chemistry). Fee waivers are available but must be
requested when you submit your revision (https:/ /royalsocietypublishing.org/rsos/waivers).

Thank you for submitting your manuscript to Royal Society Open Science and we look forward
to receiving your revision. If you have any questions at all, please do not hesitate to get in touch.

Kind regards,

Royal Society Open Science Editorial Office
Royal Society Open Science
openscience@royalsociety.org

on behalf of Professor Kevin Padian (Subject Editor)
openscience@royalsociety.org

Reviewer comments to Author:

Reviewer: 1

Comments to the Author(s)

The manuscript ,Emergence through time of variation between groups in fish shoal collective
motion” describes how collective measures of shoaling in groups of sticklebacks change over time
and how groups diverge in this regard. The paper makes the point that newly assembled groups



may be more similar towards each other and over time, observable behavior will diverge greatly.
I really enjoyed reading the paper and I did not find any major points of critique. Well done! I
was only wondering why the authors do not include a discussion on increasing familiarity
among group members as an explicit explanation. For example, my own research on Poeciliid
fishes showed that social hierarchies emerge when individuals are kept together for longer times
and these are often sex-specific (see (Bierbach, Oster et al. 2014)). Furthermore, we found a more
or less universal decrease in cohesion among shoal members over time (although we did not look
at among-group variation on this). This effect was also found in all-female groups where we
could further show that increasing levels of aggressions may cause to decrease in cohesion
(Doran, Bierbach et al. 2019). While I do not expect the authors to explicitly cite these papers, a
more in-depth discussion on the causes of the decreased cohesion and polarization (possible
cause: aggressiveness and hierarchies) as well as group differences (possible cause: sex-specific
interaction patters even outside the breeding season) may be helpful for the reader as the similar
observations have been made before.

David Bierbach

Bierbach, D., S. Oster, J. Jourdan, L. Arias-Rodriguez, J. Krause, A. M. Wilson and M. Plath (2014).
"Social network analysis resolves temporal dynamics of male dominance relationships."
Behavioral Ecology and Sociobiology: 1-11.

Doran, C., D. Bierbach and K. L. Laskowski (2019). "Familiarity increases aggressiveness among
clonal fish." Animal Behaviour 148: 153-159.

Reviewer: 2
Comments to the Author(s)
Dear Drs MacGregor and Ioannou,

I really enjoyed your paper; please see my detailed comments in the attached pdf
("RSOS_Review.pdf").

===PREPARING YOUR MANUSCRIPT===

Your revised paper should include the changes requested by the referees and Editors of your
manuscript. You should provide two versions of this manuscript and both versions must be
provided in an editable format:

one version identifying all the changes that have been made (for instance, in coloured highlight,
in bold text, or tracked changes);

a 'clean’ version of the new manuscript that incorporates the changes made, but does not
highlight them. This version will be used for typesetting.

Please ensure that any equations included in the paper are editable text and not embedded
images.

Please ensure that you include an acknowledgements' section before your reference

list/ bibliography. This should acknowledge anyone who assisted with your work, but does not
qualify as an author per the guidelines at https:/ /royalsociety.org/journals/ ethics-
policies/openness/ .

While not essential, it will speed up the preparation of your manuscript proof if you format your
references/bibliography in Vancouver style (please see

https:/ /royalsociety.org/journals/authors/author-guidelines/ #formatting). You should include
DOlIs for as many of the references as possible.



If you have been asked to revise the written English in your submission as a condition of
publication, you must do so, and you are expected to provide evidence that you have received
language editing support. The journal would prefer that you use a professional language editing
service and provide a certificate of editing, but a signed letter from a colleague who is a native
speaker of English is acceptable. Note the journal has arranged a number of discounts for authors
using professional language editing services

(https:/ /royalsociety.org/journals/authors/benefits/language-editing /).

===PREPARING YOUR REVISION IN SCHOLARONE===

To revise your manuscript, log into https:/ /mc.manuscriptcentral.com/rsos and enter your
Author Centre - this may be accessed by clicking on "Author" in the dark toolbar at the top of the
page (just below the journal name). You will find your manuscript listed under "Manuscripts
with Decisions". Under "Actions", click on "Create a Revision".

Attach your point-by-point response to referees and Editors at Step 1 'View and respond to
decision letter'. This document should be uploaded in an editable file type (.doc or .docx are
preferred). This is essential.

Please ensure that you include a summary of your paper at Step 2 'Type, Title, & Abstract'. This
should be no more than 100 words to explain to a non-scientific audience the key findings of your
research. This will be included in a weekly highlights email circulated by the Royal Society press
office to national UK, international, and scientific news outlets to promote your work.

At Step 3 'File upload' you should include the following files:

-- Your revised manuscript in editable file format (.doc, .docx, or .tex preferred). You should
upload two versions:

1) One version identifying all the changes that have been made (for instance, in coloured
highlight, in bold text, or tracked changes);

2) A 'clean' version of the new manuscript that incorporates the changes made, but does not
highlight them.

-- An individual file of each figure (EPS or print-quality PDF preferred [either format should be
produced directly from original creation package], or original software format).

-- An editable file of each table (.doc, .docx, .xls, .xIsx, or .csv).

-- An editable file of all figure and table captions.

Note: you may upload the figure, table, and caption files in a single Zip folder.

-- Any electronic supplementary material (ESM).

-- If you are requesting a discretionary waiver for the article processing charge, the waiver form
must be included at this step.

-- If you are providing image files for potential cover images, please upload these at this step, and
inform the editorial office you have done so. You must hold the copyright to any image provided.
-- A copy of your point-by-point response to referees and Editors. This will expedite the
preparation of your proof.

At Step 6 'Details & comments', you should review and respond to the queries on the electronic
submission form. In particular, we would ask that you do the following:

-- Ensure that your data access statement meets the requirements at

https:/ /royalsociety.org/journals/authors/author-guidelines/ #data. You should ensure that
you cite the dataset in your reference list. If you have deposited data etc in the Dryad repository,
please only include the 'For publication' link at this stage. You should remove the 'For review"'
link.



-- If you are requesting an article processing charge waiver, you must select the relevant waiver
option (if requesting a discretionary waiver, the form should have been uploaded at Step 3 'File
upload' above).

-- If you have uploaded ESM files, please ensure you follow the guidance at

https:/ /royalsociety.org/journals/authors/author-guidelines/ #supplementary-material to
include a suitable title and informative caption. An example of appropriate titling and captioning
may be found at https:/ /figshare.com/articles/Table_S2_from_Is_there_a_trade-
off_between_peak_performance_and_performance_breadth_across_temperatures_for_aerobic_sc
ope_in_teleost_fishes_/3843624.

At Step 7 'Review & submit', you must view the PDF proof of the manuscript before you will be
able to submit the revision. Note: if any parts of the electronic submission form have not been
completed, these will be noted by red message boxes.

Author's Response to Decision Letter for (RSOS-210655.R0)

See Appendix B.

Decision letter (RSOS-210655.R1)

We hope you are keeping well at this difficult and unusual time. We continue to value your
support of the journal in these challenging circumstances. If Royal Society Open Science can assist
you at all, please don't hesitate to let us know at the email address below.

Dear Dr MacGregor,

I am pleased to inform you that your manuscript entitled "Collective motion diminishes, but
variation between groups emerges, through time in fish shoals" is now accepted for publication in
Royal Society Open Science.

If you have not already done so, please remember to make any data sets or code libraries 'live'
prior to publication, and update any links as needed when you receive a proof to check - for
instance, from a private 'for review' URL to a publicly accessible 'for publication' URL. It is good
practice to also add data sets, code and other digital materials to your reference list.

You can expect to receive a proof of your article in the near future. Please contact the editorial
office (openscience@royalsociety.org) and the production office
(openscience_proofs@royalsociety.org) to let us know if you are likely to be away from e-mail
contact -- if you are going to be away, please nominate a co-author (if available) to manage the
proofing process, and ensure they are copied into your email to the journal. Due to rapid
publication and an extremely tight schedule, if comments are not received, your paper may
experience a delay in publication.

Please see the Royal Society Publishing guidance on how you may share your accepted author
manuscript at https:/ /royalsociety.org/journals/ ethics-policies/ media-embargo/. After
publication, some additional ways to effectively promote your article can also be found here
https:/ /royalsociety.org/blog/2020/07 / promoting-your-latest-paper-and-tracking-your-
results/.



On behalf of the Editors of Royal Society Open Science, thank you for your support of the journal
and we look forward to your continued contributions to Royal Society Open Science.

Kind regards,

Royal Society Open Science Editorial Office
Royal Society Open Science
openscience@royalsociety.org

on behalf of Prof Kevin Padian (Subject Editor)
openscience@royalsociety.org

Follow Royal Society Publishing on Twitter: @RSocPublishing

Follow Royal Society Publishing on Facebook:

https:/ /www.facebook.com/RoyalSocietyPublishing.FanPage/

Read Royal Society Publishing's blog:

https:/ /royalsociety.org/blog/blogsearchpage/ ?category=Publishing



Appendix A

Review notes for “Emergence through time of variation between groups in fish shoal
collective motion”

In this study, the authors examine how standard, important, reasonable quantitative measures
of collective motion vary in time for shoals of three-spined sticklebacks. The study spans a
large set of repeated observations of twelve groups of initially newly subgrouped shoals of
eight fish, with observations of 12.5 minutes duration in total (drawn from a larger set of
observations of approximately 25 minutes that included a regular feeding regime) of each
group made up to twelve times over a period of four weeks. The nature of the data set means
that variation in collective motion measures could be examined over relatively short time
scales (from subsets of the 12.5 minutes of data recorded per experimental trial) and longer
durations (from the repeated observations of groups over a four week period). The authors
determined that over both the short and long time scales, cohesion (quantified by the area of
the convex hull that contained all group members), group order (quantified by polarisation, a
measure of overall group alignment), the speed of the group centroid and a proxy for
information transfer (the maximum cross-correlation in speed) all diminished as time from
the start of observations increased. I think these are extremely interesting results! In addition,
the authors identified variation across groups in both measures of collective motion, and how
these measures varied over time, which may have (or likely has) a connection to how the
behaviours of individual group members influence and determine overall collective
movements.

I really enjoyed working through this paper. I think the paper is well written, the analysis is
well done, the results are interesting, and the results point to multiple avenues for further
potential research. As such, I happily recommend that the manuscript be accepted for
publication subject to addressing the following minor considerations.

Main text

Lines 1-2. I’'m not sure that the title clearly captures the content of the paper as well as it
could. Maybe something like “Group cohesion, order and information transfer diminish over
time in fish shoals”, or more specifically “Group cohesion, order and information transfer
diminish over time in shoals of three-spined sticklebacks (Gasterosteus aculeatus)” could be
considered as alternatives?

Line 112. It’s noted that fish were not sexed. Has there been any work to examine potential
differences in the movement behaviour of male and female sticklebacks? Might the observed
differences across groups be related to male/female composition?

Line 113. In relation to the group sizes, has any work be done on three-spined sticklebacks
that examines the retention of individual movement traits or tendency to conform as a group
size varies? | know that idiosyncrasies of the movement patterns of individuals in another
species, eastern mosquitofish, become harder to identify as group size increases (see for
example, Herbert-Read et al. (2013), Proc R Soc B 280(1752): 20122564) — could the
variation across groups be explained by the groups being of a size that group members are not
(yet) conforming to each other? Perhaps heterogeneity of group members in general
movement behaviour (including the underlying dynamic rules that govern collective motion)
could explain the variation across groups that has been observed? Theoretical support for this



idea comes from Romey (1996), Ecological Modelling 92:65-77, and empirical support from
Jolles et al. (2017), Current Biology 27:2862-2868.

Lines 175-181 and bottom of Table 1 (on page 13 of the review version of the manuscript).
Given that the results relating to switches in leadership taking into account time interval and
day were not reliable, might it be reasonable to examine durations spent in the leadership
position (the front of the group, which is a completely reasonable hypothesis) via survival
analysis (for example, Kaplan-Meier survival curves with appropriate confidence intervals
for visualisation, and log-rank tests for significance)?

Lines 314-315. I think there is a missing right parenthesis.
Supplementary materials and methods
I think the presentation of some of the equations could be improved.

At the second line under Quantification of traits, 1 suggest writing the individual coordinates
as (x,.(t), Vi (t)) with ¢ measured in time, rather than time steps.

(1) I suggest writing the equation for the polarisation as:

PO =—{2i 1),

so that the fact that the direction vectors are a function of time is unambiguous.

(i1) Given that the authors have established notation for the duration between time
steps/tracked video frames as Az, I suggest writing the equation for the centroid speed as:

\/ (x.() = x.(t = A0))" + (7.() = ».(t = AD)’
At ’

v (1) =

I suggest rewriting the equation for the group centroid slightly as:

N

[xc(t)}:i ;xi(t)
) N PRAG)

i=1

(vi) I’'m not sure about the formulation used by the authors here, although it’s possible that it
could just be due to some typos. The method for determining the front-to-back position of
group members first involves for each individual, indexed i, determining the component of
the vector from the group centroid to the position of individual 7 in the direction of the group
velocity vector (as summarised by the equations for cos 6 and d). Based on the equation for
the group speed given at (i1) in the supplementary methods, the authors (implicitly) used a
backwards difference approximation for the x- and y-components of the group velocity vector
(which is valid). Where I think there is an error is that the position references for both the
group centroid and the position of individual i should be taken from the same time, ¢, but the
equation for the dot product (cos #) suggests that the authors constructed the vector from the
group centre at step £ — 1 (or time ¢ — A¢) to the position of individual i at the next time step



(or just time) ¢. If this is what the authors did, then I suggest that these calculations might
have to be redone/checked using the equations I suggest next. If this is just a typo, then |
think that the equation for cos 6 could be rewritten as

(x,(1) = x,())(x.(1) = x,(t = AD)) + (3,()) = ¥.()) (y. () = y.(t = A1)
JE0=x.0) + (30 = 1.0 (5.0 = x.(t =AY + (3.(6) = ,(t - MDY’

cos @ =

if my suggestion above about writing # as time rather than time step is applied. The rewriting
of the coordinates of the fish is not needed again, if defined as I suggest at the beginning of
the Quantification of traits section, and the equation for d could be written as

d = cos 03)(x,(1) —x.(0)’ + (5,0~ 3. ()) -

The equation for the mean nearest neighbour distance on page 3 does not seem correct.
Perhaps it could be written as:

NND :%imin{\/(xi(t) —x,0) +(7O-y,0) 1j=L.. N, j 2 i},

where min{} denotes the minimum of the set of values described within the braces?



Appendix B

Reviewer 1

The manuscript ,Emergence through time of variation between groups in fish shoal collective
motion“ describes how collective measures of shoaling in groups of sticklebacks change
over time and how groups diverge in this regard. The paper makes the point that newly
assembled groups may be more similar towards each other and over time, observable
behavior will diverge greatly. | really enjoyed reading the paper and | did not find any major
points of critique. Well done!

| was only wondering why the authors do not include a discussion on increasing familiarity
among group members as an explicit explanation. For example, my own research on
Poeciliid fishes showed that social hierarchies emerge when individuals are kept together for
longer times and these are often sex-specific (see (Bierbach, Oster et al. 2014)).
Furthermore, we found a more or less universal decrease in cohesion among shoal
members over time (although we did not look at among-group variation on this). This effect
was also found in all-female groups where we could further show that increasing levels of
aggressions may cause to decrease in cohesion (Doran, Bierbach et al. 2019). While | do
not expect the authors to explicitly cite these papers, a more in-depth discussion on the
causes of the decreased cohesion and polarization (possible cause: aggressiveness and
hierarchies) as well as group differences (possible cause: sex-specific interaction patters
even outside the breeding season) may be helpful for the reader as the similar observations
have been made before.

David Bierbach

Bierbach, D., S. Oster, J. Jourdan, L. Arias-Rodriguez, J. Krause, A. M. Wilson and M. Plath
(2014). "Social network analysis resolves temporal dynamics of male dominance
relationships." Behavioral Ecology and Sociobiology: 1-11.

Doran, C., D. Bierbach and K. L. Laskowski (2019). "Familiarity increases aggressiveness
among clonal fish." Animal Behaviour 148: 153-159.

We are grateful to Dr Bierbach for his positive and constructive feedback. We agree
that we should have included these points in our original discussion. We now discuss
the potential role of familiarity, social dominance and sex-specific interaction patterns
(Lines 301-303, 314-319). Many thanks for highlighted your work in these areas.

Reviewer 2

Review notes for “Emergence through time of variation between groups in fish shoal
collective motion”

In this study, the authors examine how standard, important, reasonable quantitative
measuresof collective motion vary in time for shoals of three-spined sticklebacks. The
study spans a large set of repeated observations of twelve groups of initially newly
subgrouped shoals of eight fish, with observations of 12.5 minutes duration in total (drawn
from a larger set of observations of approximately 25 minutes that included a regular
feeding regime) of each group made up to twelve times over a period of four weeks. The
nature of the data set meansthat variation in collective motion measures could be
examined over relatively short time scales (from subsets of the 12.5 minutes of data
recorded per experimental trial) and longer durations (from the repeated observations of
groups over a four week period). The authors determined that over both the short and long
time scales, cohesion (quantified by the area of the convex hull that contained all group
members), group order (quantified by polarisation, ameasure of overall group alignment),



the speed of the group centroid and a proxy for information transfer (the maximum cross-
correlation in speed) all diminished as time from the start of observations increased. | think
these are extremely interesting results! In addition,the authors identified variation across
groups in both measures of collective motion, and howthese measures varied over time,
which may have (or likely has) a connection to how the behaviours of individual group
members influence and determine overall collective movements.

| really enjoyed working through this paper. | think the paper is well written, the analysis
iswell done, the results are interesting, and the results point to multiple avenues for
further potential research. As such, | happily recommend that the manuscript be
accepted for publication subject to addressing the following minor considerations.

We are pleased that the reviewer enjoyed reading our manuscript and we thank them
for their positive and helpful comments. Please see our point-by-point responses
below.

Main text

Lines 1-2. I'm not sure that the title clearly captures the content of the paper as well as it
could. Maybe something like “Group cohesion, order and information transfer diminish
overtime in fish shoals”, or more specifically “Group cohesion, order and information
transfer diminish over time in shoals of three-spined sticklebacks (Gasterosteus
aculeatus)” could beconsidered as alternatives?

Based on the reviewer’s suggestions, we have changed the title to ‘Collective
motion diminishes, but variation between groups emerges, through time in fish
shoals’. We agree that the overall reduction in cohesion and group order is an
important result to highlight. Nonetheless, the most novel aspect of our study is the
result that variation between groups is magnified over time so we have retained this
finding in the title as well.

Line 112. It's noted that fish were not sexed. Has there been any work to examine
potential differences in the movement behaviour of male and female sticklebacks? Might
the observeddifferences across groups be related to male/female composition?

This is an interesting question. In foraging experiments, male three-spined
sticklebacks show greater exploration tendencies compared to females spending
more time out of cover (e.g. King et al. 2013), however it remains unclear how this
would play out in a free-swimming group context where fish can exchange social
information. To our knowledge, no studies have directly examined differences in the
collective motion of free swimming shoals of three-spined sticklebacks that vary in
their sex ratios. Herbert-Read et al. (2017) examined the movement behaviour of male
and female same-sex shoals of Trinidadian guppies and found evidence for
differences in some traits (e.g. shoal width and length) but not in others (e.g.
individual speeds, centroid speeds, the proportion of time shoals spent in a highly
polarised state). Reviewer 1 commented on a potential role for sex related interaction
patterns although our method of individual assignment to groups was selected to
minimise between-group heterogeneity. We have added an additional comment to the
discussion to acknowledge this as a potential factor (Lines 301-303).

Line 113. In relation to the group sizes, has any work be done on three-spined sticklebacks
that examines the retention of individual movement traits or tendency to conform as a group
size varies? | know that idiosyncrasies of the movement patterns of individuals in another
species, eastern mosquitofish, become harder to identify as group size increases (see for
example, Herbert-Read et al. (2013), Proc R Soc B 280(1752): 20122564) — could the



variation across groups be explained by the groups being of a size that group members are
not(yet) conforming to each other? Perhaps heterogeneity of group members in general
movement behaviour (including the underlying dynamic rules that govern collective motion)
could explain the variation across groups that has been observed? Theoretical support for
this idea comes from Romey (1996), Ecological Modelling 92:65-77, and empirical support
fromJolles et al. (2017), Current Biology 27:2862-2868.

We are not clear how an absence of conformity could explain why the groups
showed different rates of change in behaviour over time. More likely, conformity
could explain the emergence of between-group variation over time either because
individuals converge towards the mean behaviours of the group (e.g. Herbert-Read
et al. 2013) or towards the most extreme phenotypes (e.g. Jolle et al. 2017). We
thank the reviewer for highlighting that we did not previously explicitly discuss
social conformity and have now added this (Lines 296-298).

Lines 175-181 and bottom of Table 1 (on page 13 of the review version of the
manuscript). Given that the results relating to switches in leadership taking into account
time interval andday were not reliable, might it be reasonable to examine durations spent
in the leadership position (the front of the group, which is a completely reasonable
hypothesis) via survival analysis (for example, Kaplan-Meier survival curves with
appropriate confidence intervals for visualisation, and log-rank tests for significance)?

We thank the reviewer for the suggestion. We did not consider using survival analysis
for the switches in leadership; it is an interesting idea and would be useful in some
data sets, but because durations spent in the leadership position are rarely censored
in our study, survival analysis is not appropriate. The durations spent in the
leadership position are only censored if the group is polarised at the end of the 2.5
minute interval; if another individual occupies the front position, or if the group goes
into a non-polarised state, the leadership duration of an individual ends and is not
censored data. There is a mean of 7.2 switches per interval, and the groups are
polarised 56% of the time, thus the proportion of censored leadership durations is
low.

Lines 314-315. | think there is a missing right parenthesis.

We thank the reviewer for spotting this and have corrected the error.
Supplementary materials and methods

| think the presentation of some of the equations could be improved.

At the second line under Quantification of traits, | suggest writing the individual
coordinatesas [1xi(t), yi ()01 with t measured in time, rather than time steps.

(i) 1 suggest writing the equation for the polarisation as:

so that the fact that the direction vectors are a function of time is unambiguous.

We agree with the reviewer that incorporating time t improves the presentation of the
equations and have updated the ESM accordingly.

(if) Given that the authors have established notation for the duration between time
steps/tracked video frames as At, | suggest writing the equation for the centroid speed
as:



| suggest rewriting the equation for the group centroid slightly as:
We have corrected this as suggested.

(vi) I'm not sure about the formulation used by the authors here, although it's possible that
it could just be due to some typos. The method for determining the front-to-back position of
group members first involves for each individual, indexed i, determining the component of
the vector from the group centroid to the position of individual i in the direction of the group
velocity vector (as summarised by the equations for cos 6 and d). Based on the equation
for the group speed given at (ii) in the supplementary methods, the authors (implicitly) used
a backwards difference approximation for the x- and y-components of the group velocity
vector(which is valid). Where | think there is an error is that the position references for both
the group centroid and the position of individual i should be taken from the same time, t,
but the equation for the dot product (cos 6) suggests that the authors constructed the
vector from the group centre at step t — 1 (or time t — Af) to the position of individual i at the
next time step or just time) t. If this is what the authors did, then | suggest that these
calculations mighthave to be redone/checked using the equations | suggest next. If this is
just a typo, then | think that the equation for cos 6 could be rewritten as

if my suggestion above about writing t as time rather than time step is applied. The
rewritingof the coordinates of the fish is not needed again, if defined as | suggest at the
beginning of the Quantification of traits section, and the equation for d could be written as:

We thank the reviewer for spotting the error in our original formula. We have checked
the code to ensure that there were no mistakes. This was indeed a typo and we have
updated the definitions of cos @ and d in the ESM as suggested.

The equation for the mean nearest neighbour distance on page 3 does not seem
correct.Perhaps it could be written as:

Many thanks for the suggested change in notation. We agree that this makes the NND
clearer and have updated the formula as suggested.



