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Synopsis The scales and skin mucus of bony fis h es are both proposed to have a role in beneficia l ly m odifying th e hydro- 
dynamics of water flo w o ver the b o dy surface. How ev er, it h a s been ch a l leng ing to provide direct exper iment al evidence t hat 
tests how mucus and fish scales chan g e the boundary layer in part due to the difficu lt ies in w orkin g with liv e anima l t is s ue and 

difficu lty dire ctly imag ing th e boun d ary l ayer. In thi s m anu script, we u se direct im ag ing and flow t racking wit hin t h e boun dary 
layer to compa re bounda ry layer dynamics over surfaces of fish skin w ith mucus, w ith out mucus, an d a fla t con trol surface. 
O ur dire ct m easurem ents of boun d ary l ayer flows for t hese t hr ee differ ent co ndi tio ns ar e r epeated f or two different species, 
blueg i l l sunfish ( Lepomis m a crochirus ) and blue t i l api a ( Or eochr omis aur eus ). O ur go a ls are t o under stand if mucus and scales 
reduce drag, s h ed light on mech ani sms un der lying drag re duct ion, comp are these resu lts betwe en spe cies, and eva luate the 
rela tive con tribu tio n s to hy drodyna mic function f or both mucus and scales. We use our m easurem ents of bound ary l ayer flow 

to ca lcu late s h ear s tres s (p ropo rtio nal to frictio n drag), and we find tha t m ucus reduces drag overall by reducing the velocity 
gradient near the skin sur face. Bot h blueg i l l and t i l api a showed similar patterns of surface velocity re duct ion. We a l so note th at 
sca les a lon e do n o t ap pear to reduce drag, b ut tha t m ucus may reduce friction drag up to 50% comp are d to sca le d surfaces 
wi thou t mucus or flat controls. 
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ntroduction 

e leost fis h s kin is t ypic a l ly compose d of mu lt iple layers,
ncluding a dermis made of conne ct ive t is s ue that in-
er faces wit h b o dy m uscula ture, pla te-li ke minera lize d
cales that form highly ov erlappin g embedded patterns
n the dermis, a secretory epidermis that covers scales,
nd a mucus layer that provides the outermost coat-
ng of fis h es ( Hawk es 1974 ; Sire a n d Akim enko 2004 ).
he mu lt i-materia l nature of fis h s kin an d its role as

h e boun d ary bet we en interna l or gan s an d th e envi-
onment have given rise to the idea that fish skin is
 highly mul tifunctio nal structure, wi th possible func-
io ns in p rotectio n fro m p redato rs, parasi tes, and dis-
a se, hou sing variou s s ens ory systems, and in hydrody-
 amics, such a s drag re duct ion ( Ale ye v 1977 ; Shephard
994 ; Lauder et al. 2016 ; Wainwright et al. 2022 ). How-
 dvance A ccess pu blication Jun e 7, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ver, dat a on t he b io me chanica l funct io n o f fish skin
 end t o be less co mmo n tha n a nalyses do ne wi th m ode l
nalogs ( Ma et al. 2021 ; Zhang et al. 2022 ). In ad-
i tio n, the co mplexi ty o f fis h s kin creat es a c ha l leng-

ng problem in un derstan ding th e role an d fun ct iona l
o ntribu tio n o f different po rtio ns o f th e s kin. For ex-
mple, hypothesize d drag re duct ion cou ld be cause d
y the texture of ov erlappin g pattern s of scales and
h eir spin es (both ctenii an d oth er s piny s tructures),
he texture of the epidermi s th at covers most scales,
he mucus layer, or some combination of these fea-
 ures. In this st udy, we wi l l a ttem p t to provide bo th
unct iona l data on real fish scales a nd unta ngle some
f the complex roles of fish skin by focusing on how
ucu s ch an g es bound ary l ayer flo w o ver th e s kin

urface. 
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Mucu s i s ub iqui tous o n fis h s kin—a l l known spe cies
secrete a mucus layer that provides an init ia l b ar r ier sep-
arating the fish and the environment. Mucus is made
pr imar ily of lar g e w eig ht g lyco pro teins ca l le d mucins
that are hydrophilic and can loosely bind to water and
on e an oth er to form a v iscoel astic gel ( Meldrum et al.
2018 ). Besides mucins, many other pr oteins ar e secr eted
in to the m ucu s layer of fis h es, an d m ost of th ese pro-
teins likely co ntribu t e t o immune prot e ct ion for fis h es
( S hephard 1993 ; S hephard 1994 ; Xu et al. 2013 ). The
high v iscosit y of mucus and i ts co n stant sloughin g into
t he sur rounding fluid are also thought to help prevent
colo nizatio n o f microbes o r parasi tes o n th e fis h s kin,
overa l l g iving an imp ressio n o f m ucus’ im portance as
an init ia l immune system bar r ier a gains t infe ct ion and
di sea se ( Zaccone et al. 2001 ; Roberts and Powell 2005 ;
Subra ma nia n et al. 2008 ). 

Alongside immune prote ct ion, the imp act th at fish
mucus a nd simila r s ubs tances h a s on the hydrodynamic
bound ary l ayer h a s be en studie d as wel l. Mucu s i s hy-
pothesize d to a lter the boundary layer, which is a layer
o f fluid ne ar a sur face t hat s h ears wh en th er e is r elative
flow past the surface ( Anderson 2005 ). The boundary
layer is caused becau se fluid s resi st s h e ar t hrough t heir
v iscosit y and because fluid imm ediate ly at the surface
cann ot m ove re lative to t he sur face—a ph en om en on
ca l le d th e n o-s li p co ndi tio n. These two occurrences cre-
a te a gradien t in the flow ve locity n ear a m oving surface
such that the flow near the surface h a s a dimini shin g v e-
locity an d th e ve loci ty o f flow a wa y from the surface in-
creases unt i l it reaches the fre e-st ream flow. This reg ion
of s h e ar ing flow is known as th e boun d ary l ayer and
ca n cha n g e from la mina r to turbulent wit h incre ased
R ey nold s number. Thi s study i s m ostly con cern ed with
the fact that the boundary layer is a source of drag—
spe cifica l ly a po rtio n o f drag ca l le d frict io n drag o r skin
drag. She ar ing of the fluid in the bound ary l ayer cre-
ates a drag force that is directly p ropo rtio nal to the de-
g re e of chan g e in v e locity; in oth er word s, a fa st er rat e
of chan g e in v elocit y w it hin t h e boun d ary l ayer creates
high er s h ea r a n d high er drag. 

The mucus layer is thought to interact with the
bound ary l ayer to reduce drag , alt hough t he specific
mech ani sm i s n ot complete ly un der st o o d. Earlier stud-
ies have s h own h ow mucu s di sso l ve d in water re duces
fluid frictio n d uring turbulent flow through a sma l l
tube, s ugges ting that friction drag may be reduced in
fis h es that have turb ulent bo und ary l ayers that h e lp
mix mucus into the boundary layer region ( Hoyt 1967 ;
Rosen a nd Cornf ord 1971 ; Hoyt 1974 ; Bern ad sky et al.
1993 ). So me o f thes e studies als o s ugges t th at fish mu-
cus reduces drag in la mina r flow regimes by del ay ing
turbu lent t ransit ion and during cyclic or pulsing lami-
nar flow, which may be expe cte d during fish swimming
( Hoyt 1974 ). These various studies are foundat iona l and
demonstra te tha t frict ion drag may be re duce d by fish
mucu s, but al so th a t differen t species have m ucus with
very different effects on friction drag in a pipe, ran gin g
from mucus that reduces drag by 50% or more com-
p are d to water to mucus that has no effect on drag in
these tests ( Hoyt 1967 , 1974 ; Rosen and Co rnfo rd 1971 ;
Bern ad sky et al. 1993 ). 

One criticism of these early studies i s th at they use
mucu s di sso l ved in water, whereas in real fis h es, it is
n ot clear h ow ea sily mucu s di sso l ves into t he sur round-
ing fluid. Wo r k by Danie l (1981) tak es a differen t a p-
proach and uses freshly euthanized trout and s tro bo-
scopic imaging to measure boundary layer velocity gra-
dients over trout sur faces wit h mucus comp are d to wax
m ode ls o f trou t wi th a silico ne l ub rica nt a nd wi thou t
any co at ing. Th ese experim ents also reve al t ha t m ucus
o n trou t red uces frictio n by modifying the boundary
layer when comp are d to t rout m ode ls. Th ese im portan t
resul ts o n drag an d fis h mucu s al so m ake th e conn ec-
t ion betwe en drag re duct ion using fish mucus and po l y-
mer drag re duct ion, a process where the addi tio n o f a
sma l l amount of po l y mer c an re duce frict ion drag in
flo w ( Ho yt 1974 ; Daniel 1981 ; Bern ad sky et al. 1993 ;
W hi te and Mungal 2008 ; R ow in et al. 2021 ). Mor e r e-
cent studies on un derstan ding th e m ech ani sm of drag
re duct ion in fish skin have focused on com puta t iona l
approac hes t o under standing if mucus is reducing drag,
under what co ndi tio ns drag red uctio ns are occur r ing,
an d h ow much friction drag is being changed ( Ma et al.
2021 ; Zhang et al. 2022 ). 

In this study, we aim to advance our mech ani stic
un derstan ding of how mucus chan g es boundary layer
flo ws o ver fis h s kin by testing h ow th e presen ce of mu-
cu s ch an g es bound ary l ayer flo ws o ver p ieces o f fish
skin that are placed in flow. We comp are d fish surfaces
covered in mucus to the same surfaces with mucus re-
mov ed, as w ell as flat control sur faces. Altoget her t hese
data s h ou ld a l low us t o t e ase apart t he overa l l cont ri-
bu tio n that mucus has on boundary layer drag while
a lso a l lowing a better un derstan ding of how sca le d sur-
faces wi thou t mucus a ffect hydrodyna mics. For exa m-
ple, p ro filo metry imaging o f fish surfaces wi th and with-
out mucus has s h own tha t m ucus genera l ly ma kes sur-
faces appear sm ooth er by obscuring features of scales;
how ev er, these results vary by species ( Wainwright and
Lauder 2018 ). Yet mu lt iple studies both hypothesize or
cl aim that sc ales th emse lves could be changing hydro-
dynamics in a beneficial way ( Wa inwright a nd Lauder
2016 ; L iyan et al. 2017 ; Mut hurama lingam et a l. 2019 ;
Wainwr ight et al. 2022 ), le adin g us to w onder if both
mucus and scales can improve hydrodynamics if mu-
cu s h a s a n effe ct on sca le topog raphy. The texture d
sur face of t h e s kin ep i th e lium h a s al so been s ugges ted
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o function to in crease adh esio n o f mucus and facili-
a te m ucus reten tio n o n th e s kin sur face ( Sper ry and

as sers ug 1976 ). B y usin g re al s amples of fis h s kin,
 odern imaging an d experim ental m eth ods, an d by

ocusing on comparison s betw een mucus-cov ered fish
kin wit h bot h mucu s-free fis h s kin an d a flat con-
rol surface, our efforts here co ntribu t e t o a deeper as-
essmen t of m ucu s-a ssi ste d drag re duct ion and pos-
ible chan g es in th e boun d ary l ay er flows. Our g o a ls
er e ar e f our-f old (1) to as ses s how mucus qualita-
i vel y cha nges bounda ry layer flo ws o ver fish skin; (2)
 o det ermin e h ow s h ear s tres s and dra g in th e boun d-
ry layer ar e alter ed by the presence of mucus; (3) to
ompar e these r esults between two species, the bluegill
unfis h ( Le p omis m a cro chirus , Rafin esque) an d th e blue
 i l api a ( Oreoch rom i s aureu s , St eindac hner); and (4) to
xamin e th e drag c haract erist ics of sca le d sur faces wit h-
ut mucus to un derstan d if sca le d textures may a lter
rag. 

ethods 

n order to study how the presence of mucus chan g es
ound ary l ay er hy drodynamics ov er fis h s kin, we film ed
ound ary l ay er flows a bov e p ieces o f fis h s kin with an d
i thou t mucus, t racke d th e boun d ary l ay er flows usin g
ig ita l p art icle imag e v e locim etry, an d th en ana lyze d
h e boun d ary l ayer s t o under sta nd differ ences in hydr o-
yna mic perf orma nce. 

pecimen selection 

e used fresh-euthanized indiv idu als of blueg i l l sun-
sh ( L. m a crochirus ) and blue t i l api a (here just referred

o as t i l api a, O. au reus ) fr o m Flo rida t o generat e skin
a mples f or our t esting ( Fig. 1 A). We c h ose th ese two
pe cies b ase d on avai labi lity and because n eith er have
igh ly modifie d sca les (se e se ct ion below on scale mor-
 ho logy). In p art icu lar, we use d t wo indiv idu a l blueg i l ls
 o creat e a t o tal of fo ur skin sa mples f or testin g (tw o
a mples f or each side of each specim en), an d we used
 wo indiv idu a l t i l api a t o creat e two skin sa mples f or test-
ng . Indiv idu a l blueg i l ls were 13.0 and 15.1 cm in stan-
a rd length, a nd t i l api a were 11.7 a nd 13.2 cm in sta n-
ard length. Fis h es were euthanized by overdose of MS-
22, a nd a nim al s were h and le d wi th app roved p roto-
ols from the Inst itut iona l Anima l Care and Use Com-
i ttee o f the Universi ty o f Sou th Flo r ida (per mit no.

S00005965). 

kin and scale morphology 

e imaged the surface topography of blueg i l l and t i l api a
kin with and wi thou t mucus to provide morp ho log ica l
nfo rmatio n o n t he sur faces and scales of t hese t wo foc al
p ecies. Sp ecimens from different size classes were used
or this topographic imaging compared to the speci-

ens used in our hydrodynamic invest igat ions, so we
 ocus la r g ely o n quali tative mo rph ology rath er tha n a ny
uan tita tive metr ics t hat would be impacted by size.
pe cifica l ly, we use d gel-b ase d p ro filo metry (GelSight,
nc., Waltham, MA) to image the surface texture of a
ingle blueg i l l me asur ing 16.5 cm in st a nda rd length
nd a single t i l api a me asur ing 24.13 cm in sta nda rd
engt h. The sur face wa s im aged from t he s ame region
h at wa s u se d to prep a re our f o ils—o n the lateral side of
he b o dy ( Fig. 2 ). 

G el-bas ed p ro filo metry wo rks by using a so ft,
 ainte d, gel p ad to press into a surface of interest,
h ereby th e p ainte d sur face of t h e ge l co nfo r ms to t he

urface while sta nda rdizing o p t ica l propert ies ( Li and
de lson 2013 ). Th en, images a re tak en of t he sur face us-

ng six different lighting a ngles, a n d th ese s tereo ima ges
re used to re const ruct topog raphic st ructure. In the
 ast, gel-b ase d p ro filo metry h a s been s ucces sfully used
o image the surfaces of fis h es ( Wainwright et al. 2017 ;

ainwright et al. 2022 ) and h a s even been used to better
n derstan d h ow mucus an d epidermis a ffect the texture
f fish skin and scales ( Wainwright and Lauder 2018 ).
 ur blueg i l l imag es w ere col le cte d as p art o f a p revi-

us study ( Wainwright and Lauder 2018 ); how ev er, w e
ol le cte d our images of t i l api a skin spe cifica l ly for this
tudy. 

We used either an an esth et ize d indiv idu a l (blueg i l l)
r a recently euthanized indiv idu a l (t i l api a: fr om a gr o-
er) to image the surface topography of skin with mu-
 us intac t, an d th en w e preserv ed th e s kin an d imaged
 he sur face aga in a fter p reservatio n (fixatio n in fo rma-
in and transfer to 70% ethanol) to see the surface with-
ut muc us. Muc us tends to be lost during the preser-
atio n p ro cess. Top ographic images were cro p ped, col-
 rized, and co rre cte d using form removal using the soft-
a re Mounta in sMap, v ersion 10.010510 (Dig ita l Surf,
esa nçon, Fra nce). 

reation of foils 

l l foi ls starte d by using a 3D-printe d a irf oi l-shape d
a se mea suring 7.6 cm in length (chord) and 2.6 cm in
id th (span). Fo r our invest igat io n o f bound ary l ayer
ows, we m ounted th e s kin to th e flat side of th e foil

o avoid com plica tions of a curved surface, and we also
r iented t he foil so t hat t he le adin g-edg e wa s a sh arp
 dge. The cross se ct ion and test ing or ient atio n o f this
 irf oil a r e pr ovided in Supplem entary Fig. S1 , s h owing
 flat testing surface with a sharp leading edge . S kin
rom our sampled species and indiv idu al s wa s removed
rom the lateral side of the b o dies fr om the r egion be-
w een the in sertio n o f the pecto ral fin to the c aud al

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
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Fig. 1 Methods for investigating how mucus changes boundary layer flows on fish skin. (A) Images of live bluegill ( L. macrochirus ) and Tilapia 
( O. aureus ) demonstrating their mucus-cov er ed surfaces. Rectangles outlined on body are approximate locations where skin samples were 
taken for hydrodynamic testing. (B) Top view schematic of the experimental setup where a piece of fresh fish skin was placed on a flat 
plate in a flow tank, and a microscope lens and camera w er e organized to film boundary layer flows over the skin. (C) Photograph of the 
flat plate with fresh skin and the microscope lens in the experimental setup. (D) Still images from videos of boundary layer flow over fish 
skin with and without mucus. The many algal particles in the water, visible as small dark dots, allow flow to be tracked. 
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pedun cle an d cen tered dorso-ven t ra l ly ( Fig. 1 A). These
re ctangu lar s kin s lices were cut to t he s ame lengt h as t he
foi l b ase an d th en adh ered to th e flat surface of our foil
using cyanoacrylate glue. This provided us with testing
foil s th a t were fla t surfaces covered in a pat c h of skin,
an d th er efor e also fish scales. 

O ur go a l was t o under stand how mucus a ffects
bound ary l ay er flows, so w e t est e d foi ls with fresh ly dis-
se cte d s kin (imm ediate ly rem oved af ter eut h an a sia and
t est ed with mucus present for no lon g er than 45 min),
w here muc u s i s st i l l presen t and a ttac hed t o the sur-
face, a nd we compa red these to th e sam e surface but
with mucus gently was h ed a wa y by h and u sing a sm a l l
am ount of dis hwas hin g deter g en t and m u lt iple freshwa-
ter rinses. No fo il wi th mucus p resent was filme d lon g er
than 45 min after the foil was init ia l ly create d (data
col le ct io n wi thou t mucus co n tin ued past the 45 min-
mar k). Th e tim e limi t o f 45 min was simp l y how fast
w e w ere a ble t o creat e and t est the foils. We wer e car e-
ful not to wash a wa y scales from the surface. We also
comp are d these to the base foil’s smoot h sur face wit h-
out any skin—this served as an addi tio nal co ntrol and
a l lowe d us to compare fish skin results to a smooth sur-
face . S moot h sur faces are genera l ly considere d low drag
a nd mak e f o r a nice co mpariso n when co n siderin g the
ab ili ty o f a surface t exture t o reduce drag. 
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Fig. 2 Comparison of bluegill and tilapia skin textures with and without mucus. Photographs of live bluegill (A) and live tilapia (B) showing 
approximate site of skin imaging alongside topographic images of skin and scales with mucus (center) and without mucus (right). Individuals 
differ in size compared to those used in hydrodynamic experiments. Each topographic image has a unique height scale at the right of each 
image. 
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isualizing the boundary layer over fish skin 

e mo unted o ur fis h-s kin covere d foi ls into th e wor k-
ng se ct io ns o f a racetrack-style tabletop flow tank
 Fig. 1 B and Supplementary Fig. S2 ) complete with an
quari um sub mer sible pump t o generat e flo w and flo w
traight ener s upstream of the testing section. Freshwa-
er was used in the flow tank and was kept at a tem-
eratur e ar ound 20 

◦C. Following a pr evio usly p u blis h ed
 eth od of brightfield micro particle image ve locim e-

ry ( Gemm e ll et al. 2014 ), we used an LED fiberop-
ic light and a series of mirrors in the center of the
ow tank to direct a column of bright light from the
enter of the flow tank out across the w orkin g se ct ion
nd over the fish skin and smooth foils. We then posi-
 ione d a microsco pe ob j e ct iv e len s (Olympus 4X PLN
la n) a n d a Ph ot ron mini WX high-spe e d vide o cam-
ra to film flo w o ver the foil an d fis h s kin ( Fig. 1 B),
uch that the focal plane was a pproxima tely 1–1.5 cm
ro m ei ther wa l l of t he flow t an k. These vide os had ap-
 roximate dimensio ns o f 4 mm by 2.5 mm and were
lme d at 2000 frames per second ( Fig. 1 D). Algal par-

icles w ere mix ed into the flow tank wat er t o pro-
ide p art icles for dig ita l p art icle t racking, an d th e flow
ank was always filled to 15 cm for all trials and the
oil was placed roughly in the middle, a pproxima tely
 cm from the bottom of the flow tan k. Alga l p art i-
les were dead Nanno chl o rops is sp. (concen tra ted and
 rozen f rom Re e d Maricu lture, C ampb ell, C alifornia),
hich were dil u ted and so nicated to remove clump-

ng . A lgae was se e de d at densit ies betwe en 1000 and
000 cel ls/m l, b ase d on mag nificat ion, o p t ica l depth
f fie ld, an d numb er of in-fo cus p art icles. These a lga l
ells are 2 μm in diam eter. Th e light from th e center
f the tank s hin ed outwards over the skin samples and

nto the obj e ct iv e len s a nd ca m era. This m e ant t hat t he
ideos s h owed th e s kin’s surface as black an d th e wa-
er as light colored with sma l l g ray a lga l p art icles, in
ontrast to common ly use d laser-s h e et p art icle i l lumi-
at ion where p art icles ar e light color ed a midst a da rk
uid b ackg round. 

Th e su bm ersi ble pump used to generate flow was set
o t he s ame flow level across a l l t ria ls, and our mea-
 ured avera ge free-s tream flow was 0.25 m/s in our test-
ng se ct io n o f t he flow t ank. At t his spe e d, R ey nolds
 umber a t the t rai ling e dge o f our fo i l desig n (7.6 cm

on g) w ould be close to 18,000. This av erag e spe e d of
.25 m/s also co rrespo nds to a ran g e of 1.6–2.1 b o dy-

en gth s per second swimming spe e ds for the indiv idu al
s h es we sampled scales from. A flow straightener was
se d upst re am of t he f oil, a n d th e trailin g-edg e of the
ow straightener was 12 cm from t he le adin g-edg e of
he foi l. Fre est ream turbu lent kinet ic en ergy of th e flow
ank is 4.8e-05 m 

2 /s 2 at a distance of 0.5 mm from the

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
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Fig. 3 Flow tracking and creation of boundary layer profiles. (A) Still images showing vectors whose length represents flow velocity in the 
str eamwise dir ection (U v elocity) that clearl y sho w boundary layer flo ws near the skin of samples with and without mucus. (B) An example 
of a single boundary layer profile with mucus present showing how U velocity (streamwise velocity) on the x -axis increases moving away 
from the surface ( y -axis) until it reaches close to fr ee-str eam flow v elocity. The edge of the skin is labeled at y = 0.0, and the region shaded 
near the start of the skin indicates where mucus is delaying the start of the boundary layer. Another shaded region further from the 
surface shows where the initial slope of the boundary layer is measured to calculate shear stress. 
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We filme d bound ary l ayer flows at different sites
down the foil. To do this, we chan g ed the posi tio n o f
the obj e ct iv e len s a nd ca m era down th e f oil, a nd we
r ecor ded posi tio n by taking a p hotograp h from a top-
dow n v iew af ter e ach time we moved the camera. Us-
ing this m eth od, w e w ere not a b le to al ways film the
exact same locations for eac h foil , but we were able to
cap ture bo undary layer flows a t m u lt iple sites down the
lengt h of t h e foil to un derstan d h ow th e boun d ary l ayer
deve lops an d chan g es. We w ere also a ble to capture se-
quences to make co mpariso n s betw een foils with and
wi thou t mucus. We genera l ly filme d betwe en f our a nd
nine different sites down each foil from 5% to 90% of
fo il length. Fo r so me o f our analyses, we present means
across a l l si tes, bu t fo r other a nalyses, we a nalyze the
d ata by div iding our d a ta in to thr ee r egions down the
foil: 0–30%, 30–60%, and 60–90% down the foil. We
filme d a total of 25 sequences of blueg i l l skin with mu-
cus and 26 sequences of blueg i l l skin without mucus, a l l
from the same four foils. We also filmed 16 sequences of
t i l api a skin with mucus and 13 sequences of t i l api a skin
wi thou t mucu s. Detail s of sam pling loca tions and foils
ar e pr ovided in Supp lementary Tab le S1 . In addi tio n, we
capture d 9 se quences a t differen t loca tions down the foil
of the flat foil without any fish skin. No fo il wi th mu-
cu s wa s filme d fo r mo re tha n 45 min a fter init ia l disse c-
tio n fro m th e fis h in a n effort t o ensure that t est e d foi ls
wer e fr es h an d life like (45 min was how fast w e w ere a ble
t o complet e data col le ct io n fo r a given fo il wi th mucus
on ce th e tis s ue was r emoved fr om th e fis h). 
We used the sof tware D aVis version 8.3.1 (LaVision,
In c.) to process, cali brat e , an d m easure our video se-
quences. For each video, we m a sked the surface us-
ing g ray va lues and t racke d p art icles. We t racke d p ar-
ticles using two passes of se quent ia l cr oss-corr elation
between s ucces sive frames using an in terroga tion win-
dow of 48 × 48 pixels with 50% overlap between areas
of in terroga t ion. O ur p ostpro cessing included a median
filter, ve ctors remove d and replaced if they were more
than two sta nda r d deviations fr om neighbors, the o p ti-
mal smoo thing o p tion in DaVis 8.3.1, and fil ling empty
spaces with in terpola t ion. We then ca lcu late d flow field
av erag es across time by av eragin g our p art icle t racking
r esults acr oss 99 flow fields from 100 frames of video
( Fig. 3 A). These resultant vector fields had a resolu-
tio n o f 80 (streamwise dire ct ion) by 45 (p erp endicu-
lar to the skin), although so me vecto rs are below the
sur face of t h e s kin an d are n ot used ( ∼6 in th e direc-
tion p erp endicular to the skin). From here, we sele cte d
a sma l l se ct ion a long the surface and exported the av-
era ged s treamwise flows in that sma l l se ct io n o f flow
a bov e th e s kin. Th e sp ecific co o rdinates o f the edge of
th e s kin wer e also r ecor ded at this time so that we could
later plot a l l bound ary l ayers on simil ar axes. Flow was
exported over small segments of skin to minimize is-
sues wh ere th e lo cal p osi tio n o f th e s kin’s edg e chan g es
in height, such as when the t i lte d surfaces of scales are
evident. The resul ts o f the expo rt o f these flow data are
bound ary l ayer p ro files that s h ow h o w streamwise flo w
v elocity chan g es wit h dist ance a wa y from th e s kin. Th e

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
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aw points of each bound ary l ay er w ere sm ooth ed in
aVi s u sing “bilinear interpol ation” t o generat e the fi-
al curve. 

valuating boundary layers 

o compare our three foil types—(1) skin with mucus,
2) skin wi thou t mucus, and (3) a flat control—we cal-
u late d means for bound ary l ayer p ro files by ta king the
e an of e ach point in t he ser ies of 100 bound ary l ayer
 ro files. We eva luate d these p ro files v isu a l ly t o bett er
n derstan d th e qua litat iv e chan g es tha t m ucus makes to
ound ary l ayer flows. We evalu ated not just t he me an
ound ary l ayer across a l l data for a g iven spe cies, but
e also split our data into regions along the foil to com-
are how boundary la yers ma y chan g e as flow develops
own the length of the foi l. Spe cifica l ly, w e av erag ed and
omp are d data at 0–30%, 30–60%, and 60–90% down
 he lengt h of t he foil. 

To qua ntify differen ces in boun d ary l ayer flows be-
ween our samples with and wi thou t mucus and with-
ut fis h s kin, we ca lcu late d s h ear s tres s at the wa l l from
he init ia l s lope of th e boun d ary l ay er v eloci ty p ro files.
hear s tres s at the wa l l c an be c a lcu late d f or bounda ry
ay ers usin g the followin g e quat ion: 

τ = μ
du 

dy 
as y → 0 , 

wh ere τ is s h ear s tres s (N/m 

2 ), μ i s dyn amic vi scosity
Kg m 

−1 s −1 ), u is the veloci ty o f flow (m/s), and y is the
ist ance from t he skin’s sur face ( m ). Dynamic viscosity

s a known quantity for water, and the chan g e in v eloc-
ty a nd cha n g e in dist ance from t h e s kin ca n be f ound
s the inverse of the slope in a boundary layer p ro file.
e me asured t his slope by inspe ct ing each boundary

ayer sepa rately a nd sele ct ing a narrow 40–100 μm band
 f veloci ties th at wa s at the very ba se of th e boun dary

ayer next to where velocity starts to incre ase af ter t he
 o s li p co ndi tio n ( Fig. 3 B). This regio n at the start of

h e boun d ary l ayer is som etim es r eferr ed to as the toe
egion, and our goal here was to measure the slope of the
in ear su blay er. Durin g sele ct io n o f this regio n, w e w ere
areful to avoid any a pparen t no ise, o ften rep resented
s a jagged or sta ir-lik e bounda ry layer p ro file—li kely
aused by difficultly in tracking flow right next to the
kin. We a lso spe cifica l ly sele cte d the reg ion wh ere th e
ound ary l ayer firs t s t arts to incre ase in velocity, which

s som etim es up to 200 μm a wa y from th e s kin of th e
s h wh en mucu s i s presen t beca use m ucus ca n f orm a

ayer that prevents a ny flow. Shea r s tres s is directly re-
at ed t o s kin friction drag an d c an be used to c a lcu late
oefficients of friction drag or in tegra ted across the sur-
ace of obj e cts to ca lcu lat e t ot al fr iction drag on an ob-
 e ct. 
tatistical methods 

hear s tres s was comp are d stat ist ica l ly to assess the ef-
ect that mucus has on the friction drag of fis h es. We
an a series of ANOVAs that comp are d s h ear s tres s val-
es on surfaces with mucus, without mucus, and flat
ontro ls. We sp lit the data by fish species (bluegill and
 i l api a) and used ANOVA on a l l data for each species
 o under st and t he effect of mucus on s h ear s tres s. We
lso f urt her split our s h ear s tres s da ta in to thr ee r e-
io ns o f the fo ils: 0–30% (incl uding 30%), 30–60% (in-
luding 60%), and 60–90% (including 90%) down the
ength of the fo il. Al though spli tting t he dat a in to a p-
r oximate thir ds r educes our sample size and s tatis ti-
al power, it allowed us to examine if the local Reynolds
umber (which increases with distance down the foil)
 odifies th e effec t of muc us on t hese sur faces. D e-

a ils f or sa mple sizes f o r each regio n down the fo il
r e pr ovided in Supp lementary Tab le S2 . We al so u sed
NOVA to compare s h ear s tres s acros s a l l five of our

oil surface types: blueg i l l skin with mucus, blueg i l l skin
i thou t mucus, t i lap ia skin wi th mucus, t i lapia skin
i thou t mucus, and our flat cont rol. Al l stat ist ics were
one in R version 4.2.2 ( R Deve lopm ent Core Team
011 ). 

esults 

luegill and tilapia surfaces are similar 

e used gel-based p ro filo m etry ( Li an d Ade lson 2013 ;
ainwright et al. 2017 ) to image t he sur faces of a sin-

le blueg i l l and t i l api a, th ereby s h owing surface m or-
 ho logy of these two species with and wi thou t mu-
us ( Fig . 2 ). Qu alitati vel y, both b l uegill and tilap ia have
v erlappin g pattern s that result in visible po rtio ns o f
cales in the shape of t he he ad of a b attle-axe—sca le
n d surface m orph ology are genera l ly simi l ar bet ween
 oth sp ecies, wi th so m e min or observed differen ces.
lueg i l l sca les have a very sma l l p at c h of ct enii (sma l l

nt erloc king spines) at the cent ra l p art of their t rai ling
 dge, whereas t i l api a sc ales do no t ap pear t o have ct enii
r other spiny structures ( Fig. 2 ). Blueg i l l sca les a lso
ave t rai ling e dges that are raised in heig ht, w hereas
 i l api a sc a les have t rai ling e dges tha t a ppear c loser t o the
 ean h eight of th e surface. In both species, the pres-

nce of mucus obscures sma l l features on t he sur face,
uch as growth ridges on the s cales; howe ver, th e s hape
 nd domina nt texture of the scales a re st i l l obvious even
ith mucus pres ent. G enera l ly, neither spe cies h a s ex-

ept iona l modificat ions to their sc ales, rel ative to com-
on patterns in scale m orph ology ( Roberts 1993 ), an d
 e w ould descr ibe t hese species a s h av ing t ypic al, non-
odifie d sca les. 

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
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Fig. 4 Mean boundary layer profiles for both bluegill and tilapia across different sections of the f oil. Diff erent gra phs and line color indicate 
species, mucus presence, and flat control surfaces. (A) Mean boundary layer profiles for bluegill, sho wing the o verall means across all sites 
and then means for 0–30%, 30–60%, and 60–90% down the foil. (B) Mean boundary layer profiles for tilapia, showing the overall mean 
across all sites and then means for 0–30%, 30–60%, and 60–90% down the foil. 
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Mucus qualitatively changes boundary layer 
profiles 

We used mean bound ary l ayer p ro files fro m bl ueg i l l and
t i l api a that were measured from surfaces with and with-
out mucus to un derstan d th e qua litat ive effe cts of mu-
cus. We found that mucus appears to have two major
effects as f ollows: (1) mucus appear s t o m ove th e ini-
t ia l start of the boundary layer an d th e n o-s li p co ndi-
tion a wa y from t he sur face of t he epider mis and scales;
and (2) mucus causes velocity to incr ease mor e slowly
as boundary layer p ro files move a wa y from the surface.

This first finding is b ase d on the observation that
f or bounda ry layers of ma ny of the mucus-covered sur-
faces, there is a regio n o f zero velocity flow up to 200
μm thick next to the surface ( Fig. 3 A, Fig. 4 , and
Supplem entary Fig. S2 ). Th ese regio ns o f zer o flow ar e
mos t o bvious in the raw bound ary l ayer p ro files as
s h own in Fig. 3 A an d—th e zero-flow regions are less ob-
vious when boundary layer p ro files are av erag ed across
se quences be cause not a l l bound ary l ayer p ro files exhib-
ited this regio n o f zero flow w hen muc u s wa s present.
Thi s mucu s prevents mea surable flow from occur r ing,
which causes the band of zero flow we see in our profiles
( Fig. 3 and Supplementary Fig. S2 ). We do not always
see this band of zero flow w hen muc u s i s present, how-
ever, in part beca use m ucus thickness is variable but also
because the skin surface with mucus in the for egr ound
can cover the flow (or lack th ereof) n e ar t he sur face
given our very thin foc al pl ane . B lueg i l l skin appears
to have a more evident a nd thick er mucus layer com-
p are d to t i l api a, and this l atter s pecies les s co mmo nly
s h ows a region of zero velocity flow near the skin sur-
face ( Supplementary Fig. S2 ). 

O ur se con d fin ding tha t m ucus ca uses velocity to
in crease m ore s lowly as boun d ary l ayer p ro files move
a wa y from the surface i s ba sed on our observation
of m ean boun d ary l ayer p ro files in Fig. 4 (se e a lso
Supplem entary Fig. S2 ). Th e blueg i l l s kin boun dary
l ayers in Fig . 4 A s h ow t hat sur faces o f bl ueg i l l skin
with mucus have m ore s lowly in creasin g v e locity n ear
t he sur face when comp are d wit h bot h fla t con trol sur-
faces and surfaces with blueg i l l skin but without mu-
cus. Q ua litat i vel y, th ese differen ces in th e s lope of th e
bound ary l ayer p ro file s h ould a ffect s h ear s tres s and

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
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Fig. 5 Boxplots of shear stress in the near-skin boundary layer from bluegill and tilapia showing the effect of mucus and comparing results 
to a flat plate control. Thicker bands are the median and each segment of box or whisker is a quartile of data. Raw data are given as points. 
Statistical significance and differences are provided as P- values and letter labels for significantly different groups. (A) Bluegill shear stresses 
showing all data pooled and then data from 0 to 30%, 30 to 60%, and 60 to 90% down the foil. (B) Tilapia shear stresses showing all data 
pooled and then data from 0 to 30%, 30 to 60%, and 60 to 90% down the foil. 
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her efor e also friction drag (s ee s ection below on s h ear
 tres s). 

Bound ary l ayer p ro files s h owed different patterns ac-
o rding to species, wi th bl ueg i l l s h owing t hat sur faces
ith mucus genera l ly had less fu l l boundary layer pro-
les with lower velocity through most of the first mil-

imeter from the skin comp are d to both the same sur-
aces wi thou t mucus o r the flat co ntrol. How ev er, this
ess fu l l bound ary l ayer fo r bl ueg i l l sur faces wit h mu-
us could be attributed to our choice of setting the zero
s the surface of the skin—in instances where mucus is
resent, thi s m ay h ave the effect of making the bound-
ry layer less fu l l if it is effe ct i vel y s hifted up. Gen er-
 l ly, th e boun d ary l ayer p ro files o f the bl ueg i l l surfaces
i thou t m ucus a ppear ed mor e simil ar to the flat con-

rol surfaces although as the boundary layer developed
own the foil in the region s betw een 30–60% and 60–
0% of t he foil, t he sur faces wit hout m ucus a ppeared to
ave more high velo city p ortions of their mean bound-
ry layers ( Fig. 4 A). 

Til api a s h ows different patter ns t han blueg i l l, and
enera l ly t i l api a bound ary l ayer p ro files appear to have
igher init ia l velocit ies ( Fig. 4 B). At 0–30% and 30–
0% of the foi ls, t i l api a sur faces bot h wit h and wit h-
ut mucus have init ia l ly lower velocities t han t he flat
ontrol. How ev er, at 60–90% of the foil, the til api a
ur faces wit h and wit hout mucu s h av e higher v eloc-
 ty p ro files in the first mi l lim eter of flow n e ar t he
urfaces. 

atterns in shear stress 

hear s tres s is dir ectly r elat ed t o friction drag and was
easur ed fr o m the very ini t ia l slop es from b oundary

ayer p ro files ( Fig. 3 B). Care was made to select re-
io ns o f the p ro file that were not in the mucus-layer,
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Fig. 6 Shear stress across all foil and surface types. 
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as described in the se ct ion a bov e o n ini t ia l reg io ns o f
the p ro files th at h ad zero veloci ty. W hen data o n s h ear
s tres s were p o oled across a l l sites, we found that sur-
faces with mucus from both the blueg i l l and t i l api a had
lower s h ear s tres s in flow comp are d to the fla t con trol
surfaces ( Fig. 5 : AN OVA, b lueg i l l: F [2, 57] = 8.996,
P = 0.0004; t i l api a: F [2, 34] = 4.597, P = 0.017; both
w ith pairw i se compari son s betw een flat and mucus sur-
faces P < 0.05 according to TukeyHSD). For the blueg i l l,
t he s ame dat a showed t ha t m ucus covered surfaces also
had lower s h ear s tres s than blueg i l l sur faces wit hout
mucus ( Fig. 5 A: TukeyHSD, P = 0.002 between mu-
cus an d n o-mucus). In th e t i l api a, th e s h ear s tres s data
p o oled across the entire foil were not s tatis tically differ-
en ce am o ng surfaces wi th and wi thou t mucus ( Fig. 5 B,
TukeyHSD, P = 0.09) although the t i l api a surface with
mucus tended to have a lower s h ear s tres s that the sur-
face wi thou t mucus. 

When data on s h ear s tres s for the blueg i l l were ana-
lyzed at the thr ee differ ent sectio ns o f the fo il, no sig-
nifica nt differ ences wer e foun d, alth ough in a l l cases,
t he sur faces wit h mucus t ended t o be lower t han t he
fla t con trol wit h t he sur faces wit h out mucus gen era l ly
in termedia te and spanning the ran g es of both mucus-
covered and the flat surfaces ( Fig. 5 A). Although there
were no significant differences, p-values trended toward
significan ce th e furth er back on the foil . S hear s tres s
co mpariso n s betw een all three foils at 0–30% down the
foil were m ore like ly to be simil ar ( Fig . 5 A: ANOVA:
blueg i l l 0–30%, F [2, 22] = 2.255, P = 0.129), com-
p are d to being nomina l ly different at 30–60% down
the foil (ANOVA: blueg i l l 30–60%, F [2, 15] = 2.984,
P = 0.081), and c lose t o signific ance at 60–90% dow n
the foil (ANOVA: blueg i l l 60–90%, F [2, 14] = 3.733,
P = 0.0502). For s h ear s tres s data from the t i l api a,
the region 30–60% down the foi l showe d a significant
differen ce wh ere th e mucus an d n o-mucu s foil s h ad
lower s h ear s tres s comp are d to t he flat sur face ( Fig. 5 B:
ANOVA t i l api a 30–60%: F [2, 11] = 5.807, P = 0.019;
Tu keyHSD p airwi se, mucu s vs. flat: P = 0.027, no mu-
cus vs. flat: P = 0.034). How ev er, n eith er of th e t i l api a
surfaces from 0 to 30% or 60 to 90% s h owe d sig nificant
differ ences r elative to the fla t con trol o r surfaces wi th-
out mucus (ANOVA t i l api a 0–30%: F [2, 11] = 2.311,
P = 0.145; ANOVA t i l api a 60–90%: F [2, 6] = 1.075,
P = 0.399). 

We also compared the shear s tres s of all five foil types
a gains t one an oth er at the same time and found that the
blueg i l l skin with mucu s h ad significantly lower s h ear
s tres s compared to the bluegill skin wi thou t mucus, the
t i l api a skin w ith out mucus, an d th e fla t con trol, but
not comp are d to the t i l api a skin w ith mucus ( Fig . 6 ,
ANOVA: F [4, 83] = 5.318, P = 0.0007, a l l ment ione d
p airwise P -va lues < 0.05 in Tu keyHSD p airwise test). 
Discussion 

O ur go a l s in thi s study o f the effect o f fish mucu s on the
bound ary l ay er w ere f our-f old (1) to un derstan d h ow
mucus on fish skin chan g es the shape of boundary layer
veloci ty p ro files; (2) to revea l how mucu s ch an g es s h ear
s tres s and ther efor e friction drag on fish surfaces; (3)
to compare the effect of mucus between bluegill and
t i l api a; and (4) t o separat e the roles and co ntribu tio ns
of fish mucus and fish scales in chan gin g th e boun d-
ary layer. We addressed these go a l s by u sing high-spe e d
vide o to t rack boundary layer flows at a single flow
spe e d among three different surfaces from two species
of fis h es: fis h s kin with mucu s, fis h s kin with out mu-
cus, and a fla t con trol. We found tha t m ucus a ppears
t o c han g e th e boun d ary l ayer by bot h cre ating a zero-
velocit y l ayer next to t he epider mis and by reducing
the ra te a t which ve locity in creases n e ar t he sur face.
The re duce d velo city-slop e with mucus dire ctly t rans-
la tes in to lower s h ear s tres s an d th er efor e lower fric-
tion drag when comparing mucu s-covered fish surfaces
to both a flat control and fish surfaces wi thou t mucus.
Both blueg i l l and t i l api a surfaces s h ow gen era l ly sim-
i lar p atterns, a lth ough th e t i l api a surfaces do not have
r esults that ar e a s consi stent a s in blueg i l l. Lastly, our
res ults s ugges t tha t m ucus in these two species plays a
r ole in r e ducing frict io n drag bu t sc ales w i thou t mucus
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ov erin g them do not alter surface shear s tres s, neither
n creasing n o r red ucing drag co mp are d to th e sm ooth
ontrol. 

Mucu s ch an g es th e boun d ary l ay er by shiftin g the
nit ia l start of the boundary layer away from the sur-
ace, som etim es creating a regio n wi th zero-veloci ty
it hin t he 100 μm or so next to t he sur face ( Fig. 3 B,
upplementary Fig. S2 ). We hypot hesize t hat t his re-
ion may be the actual g el lay er of the muc us, w hich
overs t he sur face an d gen era l ly prevents s h e ar ing flow.
his presence of a layer of mucus is consistent with re-

e arch t h at h a s im aged a nd qua nt ifie d th e m orph olog-
ca l effe c ts of muc u s on fis h s kin—s h owing tha t m u-
us smoot hs sur faces and o bscures s ur face det ails in
s h es like the bluegill by comp letel y coating the surface
 Wa inwright a nd Lauder 2018 ). We do not s ee thes e re-
io ns o f zero flow in a l l vide os w here muc u s i s present,
hich could be because higher surface features in the

or egr o und of o ur video images could obscure the mu-
us interface or p erhaps b ecau se mucu s thickness is not
 om ogen ous across th e surface. Vide og raphy of these
er o-flow r egions ne ar t he sur face could pr ove inter est-
ng for future research because if these zero flow regions
re the mucus layer, then we may be able to see s h ear-
ng within that layer at lon g er t ime sca les, which wou ld
 e lp us un derstan d h ow th e m ucus coa t chan g es ov er
 ime whi le in flow. 

Th e secon d major differen ce w e see betw een bound-
ry layer p ro files fro m surfaces wi th and wi thou t mucus
 s th a t m ucus often a ppear s t o slo w do wn increases in
elocity at the start of the boundary layer (where flows
egin to increa se). Thi s ch an g e in the slope of velocity

n the early po rtio n o f th e boun d ary l ayer dire ctly t rans-
a tes in to lower s h ear s tres s an d th er efor e lower fric-
ion drag, and we see that s h ear s tres s is significantly
ower for fish sur faces wit h m ucus com p are d to fish sur-
aces wi thou t mucus o r flat co ntrols ( Fig. 5 ). Th e m e-
ia n value f or s h ear s tres s o f bl ueg i l l sur faces wit h mu-
u s wa s a round 0.09 N/m 

2 compa red to 0.18 N/m 

2 for
ca le d sur faces wit hout mucus and 0.27 N/m 

2 for the
a t con trol, indica ting tha t expe cte d frict ion drag dou-
les when you remove mucus from a surface and triples
 hen muc u s-covered fis h s kin is comp are d to a flat pl ate

o ntrol (typ ica l ly considere d a low dra g s urface). Re-
u lts are simi lar in dire ct io n bu t wi th a sma l ler mag ni-
ude f or cha n g es in m edian s h ear s tres s in the t i l api a.
il api a surfaces with mucus have a m edian s h ear s tres s
al ue o f aroun d 0.15 N/m 

2 , wh ere as sur faces wit hout
ucu s h ave values near 0.2 N/m 

2 wit h t he fla t con trol
round 0.27 N/m 

2 . These results show that the median
 h ear s tres s—an d th er efor e also frictio n drag—o f scaled
ur faces wit h mucu s i s expe cte d to de crease by betwe en
0 and 50% comp are d to sca le d sur faces wit hout mucus
nd between 44 and 66% comp are d to a smooth control
ur face (t he ran g es a re f or the two s pecies—lower es ti-
ates are from the t i l api a due to sma l ler differences in

 h ear rate among foils). 
Friction drag is just one com ponen t of total drag

pres s ure dra g is t he ot her), but t heory sug gests t hat for
 tatic, s treamlin ed fis h-like objec ts, fric tion drag con-
ributes 20–80% of total drag, depending on specifics
f shap e ( Go doy-Dia na a n d Thiria 2018 ). Gen era l ly,
h e m o re bl uff-b o died a shap e b ecom es an d at very
igh R ey nolds numbers, pres s ure dra g wi l l beg in to be
o re impo rt ant t han fr ictio n drag. In addi tio n to the

mpo rtance o f frictio n drag fo r m ost fis h s hapes an d
ormal swimming behavio rs, und ulato ry motio ns are
 ugges t ed t o f urt h er in cre ase fr ictio n drag co mp are d
o static-b o dy p redictio ns d ue to m ovem en t tha t cre-
tes boundary layer thinning and resu lt ing higher shear
 tres s ( L ight hill 1971 ; Anderson et al. 2001 ). The impor-
 ance of fr iction drag in total drag h e lps us hig hlig ht the
otent ia l ly de ep-re levan ce o f our resul ts. If frictio n drag
 epr esents 50% of total drag and mucus re duces frict ion
rag by 50% comp are d to a sca le d sur face wit hout mu-
 us, then muc us could provide a 25% re duct ion in total
rag. It i s al so wort h st ating t hat t he p ropo rtio n o f total
rag due to friction drag incre ases wit h slower swim-
ing spe e ds (lower R ey n olds number), an d m ost fis h es

pend much of their lives swimming at slow spe e ds.
imila r a rgum ents also h old for fis h es of sma l ler size,
hich wi l l a lso t end t o hav e low er R ey nolds numbers.
her efor e , mec h ani sms (such a s mucu s) th at reduce

rict ion drag cou ld have g r eater r ea l world sig nificant
han indicated by experiments in flow tanks. 

Simil ar prev iou s work u sing trout surfaces and mu-
us s h ows t hat fr ict ion drag is li kely to de crease by about
0% around R ey nolds number of our tests when com-
aring wax m ode l surfaces with those from euthanized
rout th at h ave mucu s ( D aniel 1981 ). Ot her investiga-
ions in to m uc us drag reduc tion that hav e in st ead t est ed
ifferen t concen tra tio ns o f mucus mixed with water

n p i pe flow have s h own t hat t hes e mucus s ol u tio ns
an have up to around 60–70% re duct ion in frict ion
rag comp are d to sol u tio ns o f just water, depending o n
 pecies tes ted ( Hoyt 1967 , 1974 ; Rosen a nd Cornf ord
971 ; Bern ad s ky an d Rosenberg 1992 ; Bern ad sky et al.
993 ). It is unclear if those d ata c an be comp are d with
urs due to the differences in testing methodology, but
 egar dless our results align with previous work in show-
ng tha t m ucus reduces friction drag, very genera l ly by
roun d 50% wh en comp are d a gains t either flat controls
r sca le d sur faces wit hout mucus. 

Al though i t is cle ar t ha t m ucus reduces s h ear s tres s
hen we p o ol a l l of our data across a l l locat ions a long

oi ls, we se e wea ker stat ist ica l resu lts when we split our
ata on s h ear s tres s into three different regions down
he f oil—0–30%, 30–60%, a nd 60–90%. We split our

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae66#supplementary-data
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da ta in to regio ns down the fo i l be c ause, t ypic a l ly, the
bound ary l ayer ne ar a le adin g edg e wi l l be la mina r a nd
thin, but wi l l incre ase in t hickn ess an d could eventu-
a l ly be come turbu lent due t o c han g es in loc al R ey nolds
number or surface roughness ( Smits 2000 ). Q ua lita-
ti vel y, patterns of s h ear s tres s down th e foil gen era l ly
s h ow that sca le d skin with mucus has lower s h ear s tres s
t han t he two ot her sur face t ypes, but qu an tita ti vel y, we
fin d that m ost regions do n ot s h ow s tatis tically signifi-
ca nt differences a m ong th e t hree sur face types. P -values
are c lose t o 0.05 in two o f the bl ueg i l l reg ions (30–60%
a nd 60–90%), a nd we see t hat she ar s tres s for mucus-
covered surfaces is lower tha n f or the flat control for
30–60% of the t i l api a-skin foils, but th e s h ear s tres s for
m ucus-covered and m ucus-absen t surfaces is s tatis ti-
ca l ly simi lar at this p art icu l ar loc atio n o n the t i l api a-
skin foils. 

Our dat aset t aken as a wh ole dem onstrates fric-
tion drag red uctio n wi th mucus, bu t we lack statis-
t ica l power a nd la r g e enough sample sizes to con-
fir m t hese r esults at differ ent r egio ns down the fo il.
Part of the cha l len g e in recov erin g significant differ-
ences at sma l l sample sizes is due to the increased
variab ili ty in s h ear s tres ses meas ured when we com-
pare eith er fis h s kin sur face to t he fla t con trol surface.
Th e in cre ase in var iab ili ty, when scales are present, is
true for surfaces both with and wi thou t mucus and
cou ld refle ct bo th noise in o ur m easurem ents or true
variab ili ty in boundary layer dynamics of these more
complex textured surfaces versus flat controls. It is
ea sy to im agine th a t the topogra phy of sca le d sur-
faces could crea te com plex thre e-dimensiona l flows
patter ns ( Mut hura malinga m et al. 2019 ), and future
w ork that inv es tigates the s p at ia l variabi lity of bound-
ary layer flows over fish skin would be valuab le. Stud y-
ing h ow th e effec ts of muc u s m ay ch an g e a t differen t re-
gions down the foil and at different R ey nolds numbers
would h e lp t o bett er under stand how mucus chan g es
th e boun d ary l ayer a t differen t fis h sizes an d swimming
spe e d s ( A nder son et al . 2001 ; Yan a se an d Saarenrinn e
2015 ). 

An im portan t go a l of our exper iment a l desig n was to
compar e r eal mucus-cover ed fis h s kin to th e sam e s kin
wi thou t mucus and also to a flat control surface. We gen-
era l ly find that shear s tres s is s tatis tic ally lower w ith mu-
cus present comp are d to the flat control s urface, des p i te
flat surfaces being considered low-dra g s urfaces. These
results indica te tha t not only do m ucu s-covered fish
scales ou tperfo rm fish scales wi thou t mucus, bu t that
mucu s-covered fish scales al so h av e low er s h ear s tres s
than a stereot ypic al low drag surface. This demonstrates
tha t m ucus-b ase d drag re duct ion cou ld be use d for hu-
man a pplica tion s where low er drag is im portan t—if we
can bett er under stan d h ow mucu s i s h aving these phys-
ica l effe cts, w e may be a ble to dev elop b io insp ired ways
of mimicking mucus’ drag re duct ion. Mor e r ecent ef-
forts in m ode ling h ow mucus be haves an d reduces drag
on surfaces point toward eventual b io mimetic applica-
tions ( Ma et al. 2021 ; Zhang et al. 2022 ), but we be-
lieve that addi tio nal exper iment al testing of real fish
skin would a ssi st in l ay in g a stron g f oundation f or un-
derst anding t he physics of mucus and boundary layers.
As h a s been s ugges ted by previous aut hors, t he better-
under st o o d co ncept o f po l ymer drag re duct ion may in-
clude the effects of mucus that we descri be h ere ( Hoyt
1974 ; Bern ad s ky et al. 1993 ; Danie l s 1996 ; Othm an et al.
2023 ). While po l ymer drag re duct ion in pipe flow h a s
been easier to im plemen t ( W hi te and Mungal 2008 ), an
activ e tar g et of r esear ch is dev elopin g m eth ods for cre-
ating po l ymer co ate d sur faces t hat red uce drag bu t can
al so be ea sily rech ar g ed wit h t hose po l y mers ( R ow in et
al. 2021 ; Lin et al. 2023 ). Co llaborati ve and multidisci-
plinary studies to un derstan d what mole cu les and prop-
erties of mucus are causing drag re duct ion may h e lp to
confirm mucu s-ba sed drag red uctio n as a case of po l y-
mer drag re duct ion. 

O ur data a lso a l low us to comp a re the effect of mu-
cus bet ween t wo spe cies, blueg i l l sunfis h an d t i l api a.
O ur resu lts sug gest t hat blueg i l l demonst ra te a sligh tly
en hance d deg re e of mucus-b ase d drag re duct ion com-
p are d to t i l api a, alth ough we fin d n o significa nt differ-
ence in shear s tres s fo r fo ils wi t h mucus between t he
t wo species ( Fig . 6 ). Both blueg i l l and t i l api a hav e g en-
era l ly simi lar e colog ies—both can live in a variety of
freshwater hab i tats bu t t end t o prefer b o dies of water
wit h we ak or no cur rents, so we do n ot n ecess ar ily ex-
pect a lar g e differen ce in th e drag-red ucing p roperties o f
t heir mucus. Wit h t hat being s aid, past work t hat inves-
t igate d mucus drag re duct ion in pipe flow across species
by u sing mucu s mixed with water h a s s h own that differ-
ent species h ave mucu s with very different effects. Some
fis h es with high cruising per for mance , suc h as mac kerel
and bo ni to, might b e exp e cte d to h ave mucu s with ex-
cel lent drag re duct ion, but inste ad t he y have s o me o f the
weak est effects, with mack er el r equiring a much higher
concen tra tio n o f m ucus mixed in to wa t er t o get simi-
lar drag re duct ion as oth er fis h es, an d bo ni to s h owing
no drag re duct ion comp are d t o wat er alone ( Rosen and
Co rnfo rd 1971 ; Hoyt 1974 ). These studies on pipe flow
genera l ly show wide variation in drag per for mance for
fish mucu s sol u tio ns, a nd this va riat ion cou ld be due to
va riation a mong ecology a n d locom ot or patt erns: accel-
erat ing (ram-suct io n) p redato rs like barracuda, halibut,
and grouper may show higher exper iment a l drag re duc-
tion ( Rosen and Cornford 1971 ; Hoyt 1974 ; Bern ad sky
et al. 1993 ). In con trast, m ucus from species with high
cruising per for ma nce, lik e mack erel a nd bo ni to, does
less to re duce frict ion drag ( Rosen a nd Cornf ord 1971 ;
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ern ad sky et al. 1993 ). We hypothesize that high-spe e d
wimming may be doing two things (1) stri pp ing mu-
us a wa y t oo fast t o make i t wo rth replacing and (2)
h e ben efit o f red ucing frictio n drag beco m es diminis h-
ng as you increase R ey nolds numb er, b ecause you in-
re ase t he p ropo rtio n o f p res s ure dra g relative to total
ra g. In contras t, ambush h un t er s m ove less an d may
ot lose much mucus from routine sw imming , which

ea ves plenty a va ilable f or burst sw imming . Mo re wo rk
 n co m para tive drag per for mance of fish mucus in re-
 list ic situat ions li ke st eady ver s us uns teady flow could
eveal drag perf orma nce of mucus as an im portan t axis
 f functio nal diversi ty fo r fish b io mechanics. 

Our exper iment al design also allows us to evaluate
h e s h ear s tres s and expe cte d frict ion drag differences
et ween sc aled surfaces and a flat cont rol. Genera l ly,
ur results find alm ost n o stat ist ica l ly sig nifica nt differ-
nces between sca le d fish surfaces that lack mucus and
ur flat cont rol, indicat ing that sca les a lon e do n ot have
 lar g e enough deg re e of drag re duct ion to per for m bet-
er than a comp letel y flat surface. One in terpreta tion is
 hat t he sca les of t i l api a and blueg i l l do not p rod uce drag
e duct ion without mucus (qua litat i vel y, th e tren ds sug-
est that s h ear s tres s may be sligh tly lower com p are d to
at surfaces, but we do not have t he st at ist ica l power
e e de d to demonstrate these differences). Another per-
pe ct ive on this result i s th at scales do n ot in crease s h ear
 tres s on av erag e comp are d to a known low-drag sur-
ace. Perhaps scales of the blueg i l l and t i l api a are con-
t ructe d to ma inta in re lative ly low drag because their

ain function lies els e where in prote ct io n o r modify-
ng b o dy flexib ili ty. The textured surfaces o f bo ny fish
cales may also function to retain and reduce wash-
u t o f mucus o n t he sur face dur ing locomotion as sug-
ested by previous work ( Sperry and Was sers ug 1976 ;
a inwright a n d Lauder 2018 ). Th ese results wh ere we

n d n o drag ben efit o f s cales are s ome wha t a t odds with
 number o f mo rp ho log ica l and exper iment al studies
 hat sug gest sca le-li k e textures ca n red uce drag d uring
sh swimming ( Burdak 1986 ; Wainwright and Lauder
018 ; Muthura malinga m et al. 2019 ; Viertler et al. 2021 ;
ainwright et al. 2022 ). Future work that studies addi-

 iona l spe cies and diverse surface m orph ologies beyon d
hat we t est e d here ( Fig. 2 ) wou ld h e lp build a m ore

o mplete wo r king m ode l that conne cts sca le m orph ol-
gy with hydrodynamic function. 

In this study, we focused on the slimy and scaly
urfaces o f bo ny fis h es, but a p ara l le l lin e of in quiry
l so exi sts t o under st and t he div ersity, hy drodynamic
un ction, an d hydrodynamic m ech ani sms of s har k sur-
aces ( Raschi and Musick 1984 ; Bechert et al. 1997 ;
 e a n a n d Bhus han 2010a ; Oeffn er an d Lauder 2012 ;
en et al . 2014 ; Gabler-S mith et al. 2021 ). Shark scales,

ften ca l le d dent icles, ar e mor e thr e e-dimensiona l ly
omplex t han t he t ypic al flat pl ate-like sc ales o f bo ny
s h es. Shar k denticles have a tooth-like structure with
n embe dde d root b ase a nd a n erupte d ne ck th at end s
n crown that often h a s orn amen ta t ion li ke posterior-
oint ing t in es an d sur face r idges ( Reif 1985 ). Sharks do
 ave mucu s on their skin, but as far as we kn ow, s har k
uc us occ urs be low th e crowns of dentic les ( Bac har-
i kst rom et a l. 2023 ) an d th er efor e s h ould n ot interact
 ith bound ary l ay er flows ex cept in species with more

p ace betwe en dent icles wh ere th e epidermis an d mu-
us layer are more exposed ( Ca stro 2010 ; A nkh e lyi et
 l. 2018 ). In mu lt iple tests of s har k sc ale hydrody nam-
cs per for mance, t he denticles (scales) of s har ks have
een s h own t o creat e drag re duct ion and a l so increa se

n thrust perf orma nce in differen t experimen ts tha t test
 har k s kin or physical m ode ls of s har k s kin in flow
 Raschi and Musick 1984 ; D e a n a n d Bhus han 2010b ;
effn er an d Lauder 2012 ; Wen et al . 2014 ). In the fast est

wimming s har ks, such as th e mak o, la r g e region s of the
 o dy exhib i t passi vel y flexib le scales s h own to reduce
icro-sca le, b ackwar d pr op agat in g v ort ices ( D u C los et

l. 2018 ), and thus a coating of mucus would interfere
 ith sc ale m ovem ent an d be detrim ental in this case.

f th ese gen era l p atterns hold t rue an d if s har k mucus
lays little role in hydrodynamics, it could be that bony
s h es an d s har ks have taken differen t stra t egies t o im-
rov e hy dro dynamic p er for mance . S h arks m ay be u sing
elds of minera lize d dent ic les t o reduce drag and in-
r ease hydr o dynamic p er for man ce, wh ereas our results
 h ow that bony fis h es use mucus to improve hydrody-
a mic perf orma nce, whi le sca les a lone do not improve
 h ear s tres s. Mo re wo r k n e e ds t o be done t o bett er un-
erst and t he p resence o f mucus and how it a ffects the
urface of s har k s kin, alo ngside addi tio nal experimen-
a l invest igat io ns o f bound ary l ayer flo w o ver s har k s kin.
uch studies would facili tate co mpariso ns wi th our data
o r eveal differ en ces an d simi larit ies in the design and
ydro dynamic p er for mance of sha rk a nd bony fish sur-
aces. 

imitations and future directions 

hen studying a delicate and p hysio log ica l ly act ive
 ubs tance s uch a s fish mucu s, it i s rea son a ble to w on-
er how any chan g e to the fish or skin a ffects the mucus

ay er. In this study, w e used a co mmo n fish anesthetic
MS-222) to euthanize fis h es an d create our fis h-s kin
oi ls, a l l in an effort to limit s tres s and pain for the ani-
 al s. Fi s h es are known to increase mucus p rod uctio n

 nd cha n g e mucus v iscosit y when exposed to s tres s-
ul co ndi tio ns such as hypoxia, increased nitrate load,
i sea se , or c han g es in salinit y ( Shephard 1994 ; R oberts
n d Powe l l 2005 ; Vatsos et a l. 2010 ; Fernánde z-A l acid
t al. 2019 ); how ev er, w e hav e been una ble to find stud-
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ies that examine how exposure to MS-222 spe cifica l ly
chan g es mucus p rod uctio n o r viscosi ty. There is an in-
creasing amount of attention in reporting how exudates
in mucus chan g e with exposure to stressors as a way
o f mo ni to ring fis h h e alt h in a minima l l y invasi ve way
( Gu ardiol a et al. 2016 ; Solta nia n et a l. 2018 ; Ordóñe z-
Grande et al. 2020 ; Wang et al . 2020 ). Suc h studies have
s h own that compounds in mucus, such as cortisol and
glucose, wi l l chan g e wi th p rolo n g ed exposure (hour s t o
days) to non-lethal levels of MS-222 that simulate its use
on the transport of fis h es ( Gu ardiol a et al. 2016 ; Wang
et al. 2020 ). Alt hough t his related b o dy o f wo rk ex-
i sts, we h ave been unable to find studies that investigate
h ow MS-222-in d uced eu th an a sia ch an g es mucus secre-
t ion, ma keup, or physica l propert ies. D espite t he appar-
ent lack of specific results con cern ed with h ow termi-
nal exposure to MS-222 a ffec ts muc us, it seems possible
tha t m ucus p rod uctio n, p roperties, o r co n ten t could be
chan g ed wi th acu te exposure to MS-222 because other
studies have found a relati vel y fast response (15-min
p ost-exp osure) of mucus to acute s tres s, s uch as 3 min
in “hypoxic co ndi tio ns” in a ir ( Fernández-A l acid et al.
2019 ). Non eth e less, we fee l as th ough a ny cha n g es to the
mucus would be p hysio logicall y mediated by the fish
an d th er efor e st i l l biolog ica l ly relevant. In addit ion, it
is difficult to conceive of a m eth od to study the hydro-
dyna mic effec ts of fish muc us wi thou t in so me way af-
fe ct ing th e fis h in a way that could chan g e mucus ex-
udates, p rod uctio n, o r physical properties. Our meth-
o ds and exp eriments her e r emain a valuable step for-
wa rd in understa nding how mucus and scales chan g e
th e boun d ary l ay er, and it w ou ld be interest ing to com-
par e mucus pr operties and amount with hydrodynamic
effects in the future. 

Alon gside exposin g the mucus layer to MS-222, we
als o expos ed the mucus layer to p rolo nged flow d ur-
in g testin g. We w ere una b le to directl y me asure t he
t hickness of t he mucus layer during our experiments
here, bu t i t would be illuminating to de vis e m eth ods
t hat me asure t he t hickness and properties of the mucus
lay er durin g flow. Th e thickn ess an d posi tio n o f the mu-
cus lay er w ou ld be interest ing in the context of bound-
ary layer flows because determining the exact edge of
the mucus provides addit iona l confidence in obtaining
m easurem ents of s h ear s tres s from the linear sublayer
(t he very st art of t h e boun d ary l ayer). Furt her more, in-
fo rmatio n o n posi tio n o f mucus ov er time w ould be rel-
evant t o under stan ding h ow mucus layer s c hange with
tim e un derflow, letting us un derstan d h ow mucus de-
grades during experiments or other co ndi tio ns. Mu-
cu s i s a thin a nd tra nspa ren t layer a top t he epider mis
ma king it difficu lt to v isu alize o p t ica l ly, a nd we a re not
cur rent ly aware of m eth od s th at can measure mucus
thickn ess n on-dest ruct i vel y. Ther e ar e ways o f scrap ing
mucus in an attempt to quantify the amount of mucus
b eing pro duced ( Rob erts an d Powe ll 2005 ; Fernán dez-
A l acid et a l. 2018 ; Fernánde z-A l acid et al. 2019 ), but
th ese m eth ods destroy th e mucus layer and also likely
co mb ine bot h t he mucus and epidermal layers. We have
h ad pa s t s ucces s in usin g g el-b ase d p ro filo metry to im-
age the sca le d surface of specimens with and wi thou t
muc us ( Wainwrig ht and Lauder 2018 ), b ut o p ted no t to
do that here as it could disrupt the mucus layer before
bound ary l ayer PIV. In addi tio n, p ro filo metry would
not be able to measure mucus thickness or be used to
track the mucus layer during videos of boundary layer
flows but would simp l y allow for comparisons of the rel-
ative surface topography at different time points, such as
in Fig. 2 . Fu ture wo rk t hat cre ates met hods to me asure
or track the mucus l ayer, especi ally in a non-destructive
way, wou ld en han ce confiden ce in boun d ary l ayer PIV
of mucus and would allow us to un derstan d mucus layer
structure and dynamics on fish skin. 

Ther e ar e a n umber of in ter esting dir e ct io ns fo r fu-
ture work on the hydrodynamic function of fish mucus.
Cur rent ly, t here are few m easurem ents of the v iscosit y
of fish mucu s acros s s pecies ( Ro berts an d Powe ll 2005 ;
Wang et a l. 2015 ; Fernánde z-A l acid et al. 2018 ; Zhang
et al. 2022 ), yet this is a fun dam en tal ma teri al propert y
that could a ffec t muc us func tio n, incl udin g hy drody-
n amics. Al so, pa st work h a s demonst rate d th e possi bil-
ity tha t differen t species have m ucus with very differ-
ent hydr odynamic pr operties ( Hoyt 1974 ; Daniel 1981 ;
Bern ad s ky et al. 1993 ); th er efor e, it would be interesting
to pair m easurem ents o f viscosi ty wi t h det ai le d mea-
surem ents of boun d ary l ayer flows acros s s pecies. Doing
so cou ld conne ct v iscosit y w ith hydrody n amics, thu s
simplifying the use of vi scosity a s a p roxy fo r hydro-
dyna mic perf orma n ce. Furth erm ore, a dem onst rat ion
tha t m ucus properties an d fun ctions are variable across
spe cies wou ld s h ow tha t m ucu s i s an un descri bed but
funct iona l ly relevant axis of diversity for fis h es. In ad-
di tio n, i t would be interesting to pair detai le d PIV of
th e boun d ary l ayer w it h direct me as urements of dra g
on a surface using a f orce tra nsducer. Dir ect measur e-
ments of drag may a l low for s h ear s tres s ca lcu lat ions
from the bound ary l ayer to be conne cte d to differ-
en ces in th e m e asured tot al drag force , whic h could
aid in our in terpreta tion of how lar g e an impact mu-
c us mig ht h ave on total drag in fis h es. Lastly, tracking
the mucus and boundary layer on live fis h es or flapping
foils (simple physical m ode ls of undulatory swimming)
would h e lp us un derstan d h ow complex b o dy shap es
an d swimming kin ema tics im pact the m ucus and drag
on swimming fis h es ( An der son et al . 2001 ; Yan a se and
Saarenrinne 2015 ). 
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