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Synopsis  The scales and skin mucus of bony fishes are both proposed to have a role in beneficially modifying the hydro-
dynamics of water flow over the body surface. However, it has been challenging to provide direct experimental evidence that
tests how mucus and fish scales change the boundary layer in part due to the difficulties in working with live animal tissue and
difficulty directly imaging the boundary layer. In this manuscript, we use direct imaging and flow tracking within the boundary
layer to compare boundary layer dynamics over surfaces of fish skin with mucus, without mucus, and a flat control surface.
Our direct measurements of boundary layer flows for these three different conditions are repeated for two different species,
bluegill sunfish (Lepomis macrochirus) and blue tilapia (Oreochromis aureus). Our goals are to understand if mucus and scales
reduce drag, shed light on mechanisms underlying drag reduction, compare these results between species, and evaluate the
relative contributions to hydrodynamic function for both mucus and scales. We use our measurements of boundary layer flow
to calculate shear stress (proportional to friction drag), and we find that mucus reduces drag overall by reducing the velocity
gradient near the skin surface. Both bluegill and tilapia showed similar patterns of surface velocity reduction. We also note that
scales alone do not appear to reduce drag, but that mucus may reduce friction drag up to 50% compared to scaled surfaces
without mucus or flat controls.

Introduction ever, data on the biomechanical function of fish skin

Teleost fish skin is typically composed of multiple layers,
including a dermis made of connective tissue that in-
terfaces with body musculature, plate-like mineralized
scales that form highly overlapping embedded patterns
in the dermis, a secretory epidermis that covers scales,
and a mucus layer that provides the outermost coat-
ing of fishes (Hawkes 1974; Sire and Akimenko 2004).
The multi-material nature of fish skin and its role as
the boundary between internal organs and the envi-
ronment have given rise to the idea that fish skin is
a highly multifunctional structure, with possible func-
tions in protection from predators, parasites, and dis-
ease, housing various sensory systems, and in hydrody-
namics, such as drag reduction (Aleyev 1977; Shephard
1994; Lauder et al. 2016; Wainwright et al. 2022). How-
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tend to be less common than analyses done with model
analogs (Ma et al. 2021; Zhang et al. 2022). In ad-
dition, the complexity of fish skin creates a challeng-
ing problem in understanding the role and functional
contribution of different portions of the skin. For ex-
ample, hypothesized drag reduction could be caused
by the texture of overlapping patterns of scales and
their spines (both ctenii and other spiny structures),
the texture of the epidermis that covers most scales,
the mucus layer, or some combination of these fea-
tures. In this study, we will attempt to provide both
functional data on real fish scales and untangle some
of the complex roles of fish skin by focusing on how
mucus changes boundary layer flow over the skin
surface.

© The Author(s) 2024. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology. All rights reserved.

For permissions, please e-mail: journals.permissions@oup.com

20z aunp 9z Uo Jasn $s800Yy JaGUIB|\ g21S A9 95/689//9909€01/GOI/E60 |0 |/10P/30ILE-8OUBAPE/GOl/WOD dNO"0lWapEoe//:SARY WO} POPEOJUMOQ


https://orcid.org/0000-0003-4964-5048
https://orcid.org/0000-0003-0731-286X
mailto:dkwainwr@purdue.edu
mailto:journals.permissions@oup.com

Mucus is ubiquitous on fish skin—all known species
secrete amucus layer that provides an initial barrier sep-
arating the fish and the environment. Mucus is made
primarily of large weight glycoproteins called mucins
that are hydrophilic and can loosely bind to water and
one another to form a viscoelastic gel (Meldrum et al.
2018). Besides mucins, many other proteins are secreted
into the mucus layer of fishes, and most of these pro-
teins likely contribute to immune protection for fishes
(Shephard 1993; Shephard 1994; Xu et al. 2013). The
high viscosity of mucus and its constant sloughing into
the surrounding fluid are also thought to help prevent
colonization of microbes or parasites on the fish skin,
overall giving an impression of mucus’ importance as
an initial immune system barrier against infection and
disease (Zaccone et al. 2001; Roberts and Powell 2005;
Subramanian et al. 2008).

Alongside immune protection, the impact that fish
mucus and similar substances has on the hydrodynamic
boundary layer has been studied as well. Mucus is hy-
pothesized to alter the boundary layer, which is a layer
of fluid near a surface that shears when there is relative
flow past the surface (Anderson 2005). The boundary
layer is caused because fluids resist shear through their
viscosity and because fluid immediately at the surface
cannot move relative to the surface—a phenomenon
called the no-slip condition. These two occurrences cre-
ate a gradient in the flow velocity near a moving surface
such that the flow near the surface has a diminishing ve-
locity and the velocity of flow away from the surface in-
creases until it reaches the free-stream flow. This region
of shearing flow is known as the boundary layer and
can change from laminar to turbulent with increased
Reynolds number. This study is mostly concerned with
the fact that the boundary layer is a source of drag—
specifically a portion of drag called friction drag or skin
drag. Shearing of the fluid in the boundary layer cre-
ates a drag force that is directly proportional to the de-
gree of change in velocity; in other words, a faster rate
of change in velocity within the boundary layer creates
higher shear and higher drag.

The mucus layer is thought to interact with the
boundary layer to reduce drag, although the specific
mechanism is not completely understood. Earlier stud-
ies have shown how mucus dissolved in water reduces
fluid friction during turbulent flow through a small
tube, suggesting that friction drag may be reduced in
fishes that have turbulent boundary layers that help
mix mucus into the boundary layer region (Hoyt 1967;
Rosen and Cornford 1971; Hoyt 1974; Bernadsky et al.
1993). Some of these studies also suggest that fish mu-
cus reduces drag in laminar flow regimes by delaying
turbulent transition and during cyclic or pulsing lami-
nar flow, which may be expected during fish swimming
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(Hoyt 1974). These various studies are foundational and
demonstrate that friction drag may be reduced by fish
mucus, but also that different species have mucus with
very different effects on friction drag in a pipe, ranging
from mucus that reduces drag by 50% or more com-
pared to water to mucus that has no effect on drag in
these tests (Hoyt 1967, 1974; Rosen and Cornford 1971;
Bernadsky et al. 1993).

One criticism of these early studies is that they use
mucus dissolved in water, whereas in real fishes, it is
not clear how easily mucus dissolves into the surround-
ing fluid. Work by Daniel (1981) takes a different ap-
proach and uses freshly euthanized trout and strobo-
scopic imaging to measure boundary layer velocity gra-
dients over trout surfaces with mucus compared to wax
models of trout with a silicone lubricant and without
any coating. These experiments also reveal that mucus
on trout reduces friction by modifying the boundary
layer when compared to trout models. These important
results on drag and fish mucus also make the connec-
tion between drag reduction using fish mucus and poly-
mer drag reduction, a process where the addition of a
small amount of polymer can reduce friction drag in
flow (Hoyt 1974; Daniel 1981; Bernadsky et al. 1993;
White and Mungal 2008; Rowin et al. 2021). More re-
cent studies on understanding the mechanism of drag
reduction in fish skin have focused on computational
approaches to understanding if mucus is reducing drag,
under what conditions drag reductions are occurring,
and how much friction drag is being changed (Ma et al.
2021; Zhang et al. 2022).

In this study, we aim to advance our mechanistic
understanding of how mucus changes boundary layer
flows over fish skin by testing how the presence of mu-
cus changes boundary layer flows over pieces of fish
skin that are placed in flow. We compared fish surfaces
covered in mucus to the same surfaces with mucus re-
moved, as well as flat control surfaces. Altogether these
data should allow us to tease apart the overall contri-
bution that mucus has on boundary layer drag while
also allowing a better understanding of how scaled sur-
faces without mucus affect hydrodynamics. For exam-
ple, profilometry imaging of fish surfaces with and with-
out mucus has shown that mucus generally makes sur-
faces appear smoother by obscuring features of scales;
however, these results vary by species (Wainwright and
Lauder 2018). Yet multiple studies both hypothesize or
claim that scales themselves could be changing hydro-
dynamics in a beneficial way (Wainwright and Lauder
2016; Liyan et al. 2017; Muthuramalingam et al. 2019;
Wainwright et al. 2022), leading us to wonder if both
mucus and scales can improve hydrodynamics if mu-
cus has an effect on scale topography. The textured
surface of the skin epithelium has also been suggested
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to function to increase adhesion of mucus and facili-
tate mucus retention on the skin surface (Sperry and
Wassersug 1976). By using real samples of fish skin,
modern imaging and experimental methods, and by
focusing on comparisons between mucus-covered fish
skin with both mucus-free fish skin and a flat con-
trol surface, our efforts here contribute to a deeper as-
sessment of mucus-assisted drag reduction and pos-
sible changes in the boundary layer flows. Our goals
here are four-fold (1) to assess how mucus qualita-
tively changes boundary layer flows over fish skin; (2)
to determine how shear stress and drag in the bound-
ary layer are altered by the presence of mucus; (3) to
compare these results between two species, the bluegill
sunfish (Lepomis macrochirus, Rafinesque) and the blue
tilapia (Oreochromis aureus, Steindachner); and (4) to
examine the drag characteristics of scaled surfaces with-
out mucus to understand if scaled textures may alter

drag.

Methods

In order to study how the presence of mucus changes
boundary layer hydrodynamics over fish skin, we filmed
boundary layer flows above pieces of fish skin with and
without mucus, tracked the boundary layer flows using
digital particle image velocimetry, and then analyzed
the boundary layers to understand differences in hydro-
dynamic performance.

Specimen selection

We used fresh-euthanized individuals of bluegill sun-
fish (L. macrochirus) and blue tilapia (here just referred
to as tilapia, O. aureus) from Florida to generate skin
samples for our testing (Fig. 1A). We chose these two
species based on availability and because neither have
highly modified scales (see section below on scale mor-
phology). In particular, we used two individual bluegills
to create a total of four skin samples for testing (two
samples for each side of each specimen), and we used
two individual tilapia to create two skin samples for test-
ing. Individual bluegills were 13.0 and 15.1 cm in stan-
dard length, and tilapia were 11.7 and 13.2 cm in stan-
dard length. Fishes were euthanized by overdose of MS-
222, and animals were handled with approved proto-
cols from the Institutional Animal Care and Use Com-
mittee of the University of South Florida (permit no.
1S00005965).

Skin and scale morphology

We imaged the surface topography of bluegill and tilapia
skin with and without mucus to provide morphological
information on the surfaces and scales of these two focal

species. Specimens from different size classes were used
for this topographic imaging compared to the speci-
mens used in our hydrodynamic investigations, so we
focus largely on qualitative morphology rather than any
quantitative metrics that would be impacted by size.
Specifically, we used gel-based profilometry (GelSight,
Inc., Waltham, MA) to image the surface texture of a
single bluegill measuring 16.5 cm in standard length
and a single tilapia measuring 24.13 cm in standard
length. The surface was imaged from the same region
that was used to prepare our foils—on the lateral side of
the body (Fig. 2).

Gel-based profilometry works by using a soft,
painted, gel pad to press into a surface of interest,
whereby the painted surface of the gel conforms to the
surface while standardizing optical properties (Li and
Adelson 2013). Then, images are taken of the surface us-
ing six different lighting angles, and these stereo images
are used to reconstruct topographic structure. In the
past, gel-based profilometry has been successfully used
to image the surfaces of fishes (Wainwright et al. 2017;
Wainwright et al. 2022) and has even been used to better
understand how mucus and epidermis affect the texture
of fish skin and scales (Wainwright and Lauder 2018).
Our bluegill images were collected as part of a previ-
ous study (Wainwright and Lauder 2018); however, we
collected our images of tilapia skin specifically for this
study.

We used either an anesthetized individual (bluegill)
or a recently euthanized individual (tilapia: from a gro-
cer) to image the surface topography of skin with mu-
cus intact, and then we preserved the skin and imaged
the surface again after preservation (fixation in forma-
lin and transfer to 70% ethanol) to see the surface with-
out mucus. Mucus tends to be lost during the preser-
vation process. Topographic images were cropped, col-
orized, and corrected using form removal using the soft-
ware MountainsMap, version 10.010510 (Digital Surf,
Besancon, France).

Creation of foils

All foils started by using a 3D-printed airfoil-shaped
base measuring 7.6 cm in length (chord) and 2.6 cm in
width (span). For our investigation of boundary layer
flows, we mounted the skin to the flat side of the foil
to avoid complications of a curved surface, and we also
oriented the foil so that the leading-edge was a sharp
edge. The cross section and testing orientation of this
airfoil are provided in Supplementary Fig. S1, showing
a flat testing surface with a sharp leading edge. Skin
from our sampled species and individuals was removed
from the lateral side of the bodies from the region be-
tween the insertion of the pectoral fin to the caudal
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Fig. | 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-covered 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 were 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.

peduncle and centered dorso-ventrally (Fig. 1A). These
rectangular skin slices were cut to the same length as the
foil base and then adhered to the flat surface of our foil
using cyanoacrylate glue. This provided us with testing
foils that were flat surfaces covered in a patch of skin,
and therefore also fish scales.

Our goal was to understand how mucus affects
boundary layer flows, so we tested foils with freshly dis-
sected skin (immediately removed after euthanasia and
tested with mucus present for no longer than 45 min),
where mucus is still present and attached to the sur-
face, and we compared these to the same surface but
with mucus gently washed away by hand using a small

amount of dishwashing detergent and multiple freshwa-
ter rinses. No foil with mucus present was filmed longer
than 45 min after the foil was initially created (data
collection without mucus continued past the 45 min-
mark). The time limit of 45 min was simply how fast
we were able to create and test the foils. We were care-
ful not to wash away scales from the surface. We also
compared these to the base foil's smooth surface with-
out any skin—this served as an additional control and
allowed us to compare fish skin results to a smooth sur-
face. Smooth surfaces are generally considered low drag
and make for a nice comparison when considering the
ability of a surface texture to 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.

Visualizing the boundary layer over fish skin

We mounted our fish-skin covered foils into the work-
ing sections of a racetrack-style tabletop flow tank
(Fig. 1B and Supplementary Fig. S2) complete with an
aquarium submersible pump to generate flow and flow
straighteners upstream of the testing section. Freshwa-
ter was used in the flow tank and was kept at a tem-
perature around 20°C. Following a previously published
method of brightfield micro particle image velocime-
try (Gemmell et al. 2014), we used an LED fiberop-
tic light and a series of mirrors in the center of the
flow tank to direct a column of bright light from the
center of the flow tank out across the working section
and over the fish skin and smooth foils. We then posi-
tioned a microscope objective lens (Olympus 4X PLN
plan) and a Photron mini WX high-speed video cam-
era to film flow over the foil and fish skin (Fig. 1B),
such that the focal plane was approximately 1-1.5 cm
from either wall of the flow tank. These videos had ap-
proximate dimensions of 4 mm by 2.5 mm and were
filmed at 2000 frames per second (Fig. 1D). Algal par-
ticles were mixed into the flow tank water to pro-
vide particles for digital particle tracking, and the flow
tank was always filled to 15 cm for all trials and the
foil was placed roughly in the middle, approximately
7 cm from the bottom of the flow tank. Algal parti-
cles were dead Nannochloropsis sp. (concentrated and

frozen from Reed Mariculture, Campbell, California),
which were diluted and sonicated to remove clump-
ing. Algae was seeded at densities between 1000 and
3000 cells/ml, based on magnification, optical depth
of field, and number of in-focus particles. These algal
cells are 2 pum in diameter. The light from the center
of the tank shined outwards over the skin samples and
into the objective lens and camera. This meant that the
videos showed the skin’s surface as black and the wa-
ter as light colored with small gray algal particles, in
contrast to commonly used laser-sheet particle illumi-
nation where particles are light colored amidst a dark
fluid background.

The submersible pump used to generate flow was set
to the same flow level across all trials, and our mea-
sured average free-stream flow was 0.25 m/s in our test-
ing section of the flow tank. At this speed, Reynolds
number at the trailing edge of our foil design (7.6 cm
long) would be close to 18,000. This average speed of
0.25 m/s also corresponds to a range of 1.6-2.1 body-
lengths per second swimming speeds for the individual
fishes we sampled scales from. A flow straightener was
used upstream of the foil, and the trailing-edge of the
flow straightener was 12 cm from the leading-edge of
the foil. Freestream turbulent kinetic energy of the flow
tank is 4.8e-05 m?/s? at a distance of 0.5 mm from the
surface of our foils.
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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
streamwise direction (U velocity) that clearly show boundary layer flows 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 free-stream flow velocity. 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.

We filmed boundary layer flows at different sites
down the foil. To do this, we changed the position of
the objective lens and camera down the foil, and we
recorded position by taking a photograph from a top-
down view after each time we moved the camera. Us-
ing this method, we were not able to always film the
exact same locations for each foil, but we were able to
capture boundary layer flows at multiple sites down the
length of the foil to understand how the boundary layer
develops and changes. We were also able to capture se-
quences to make comparisons between foils with and
without mucus. We generally filmed between four and
nine different sites down each foil from 5% to 90% of
foil length. For some of our analyses, we present means
across all sites, but for other analyses, we analyze the
data by dividing our data into three regions down the
foil: 0-30%, 30-60%, and 60-90% down the foil. We
filmed a total of 25 sequences of bluegill skin with mu-
cus and 26 sequences of bluegill skin without mucus, all
from the same four foils. We also filmed 16 sequences of
tilapia skin with mucus and 13 sequences of tilapia skin
without mucus. Details of sampling locations and foils
are provided in Supplementary Table S1. In addition, we
captured 9 sequences at different locations down the foil
of the flat foil without any fish skin. No foil with mu-
cus was filmed for more than 45 min after initial dissec-
tion from the fish in an effort to ensure that tested foils
were fresh and lifelike (45 min was how fast we were able
to complete data collection for a given foil with mucus
once the tissue was removed from the fish).

We used the software DaVis version 8.3.1 (LaVision,
Inc.) to process, calibrate, and measure our video se-
quences. For each video, we masked the surface us-
ing gray values and tracked particles. We tracked par-
ticles using two passes of sequential cross-correlation
between successive frames using an interrogation win-
dow of 48 x 48 pixels with 50% overlap between areas
of interrogation. Our postprocessing included a median
filter, vectors removed and replaced if they were more
than two standard deviations from neighbors, the opti-
mal smoothing option in DaVis 8.3.1, and filling empty
spaces with interpolation. We then calculated flow field
averages across time by averaging our particle tracking
results across 99 flow fields from 100 frames of video
(Fig. 3A). These resultant vector fields had a resolu-
tion of 80 (streamwise direction) by 45 (perpendicu-
lar to the skin), although some vectors are below the
surface of the skin and are not used (~6 in the direc-
tion perpendicular to the skin). From here, we selected
a small section along the surface and exported the av-
eraged streamwise flows in that small section of flow
above the skin. The specific coordinates of the edge of
the skin were also recorded at this time so that we could
later plot all boundary layers on similar axes. Flow was
exported over small segments of skin to minimize is-
sues where the local position of the skin’s edge changes
in height, such as when the tilted surfaces of scales are
evident. The results of the export of these flow data are
boundary layer profiles that show how streamwise flow
velocity changes with distance away from the skin. The
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raw points of each boundary layer were smoothed in
DaVis using “bilinear interpolation” to generate the fi-
nal curve.

Evaluating boundary layers

To compare our three foil types—(1) skin with mucus,
(2) skin without mucus, and (3) a flat control—we cal-
culated means for boundary layer profiles by taking the
mean of each point in the series of 100 boundary layer
profiles. We evaluated these profiles visually to better
understand the qualitative changes that mucus makes to
boundary layer flows. We evaluated not just the mean
boundary layer across all data for a given species, but
we also split our data into regions along the foil to com-
pare how boundary layers may change as flow develops
down the length of the foil. Specifically, we averaged and
compared data at 0-30%, 30-60%, and 60-90% down
the length of the foil.

To quantify differences in boundary layer flows be-
tween our samples with and without mucus and with-
out fish skin, we calculated shear stress at the wall from
the initial slope of the boundary layer velocity profiles.
Shear stress at the wall can be calculated for boundary
layers using the following equation:

du
T:ud—yasy—>0,

where 7 is shear stress (N/m?), 1 is dynamic viscosity
(Kgm™! s71), uis the velocity of flow (m/s), and y is the
distance from the skin’s surface (). Dynamic viscosity
is a known quantity for water, and the change in veloc-
ity and change in distance from the skin can be found
as the inverse of the slope in a boundary layer profile.
We measured this slope by inspecting each boundary
layer separately and selecting a narrow 40-100 wm band
of velocities that was at the very base of the boundary
layer next to where velocity starts to increase after the
no slip condition (Fig. 3B). This region at the start of
the boundary layer is sometimes referred to as the toe
region, and our goal here was to measure the slope of the
linear sublayer. During selection of this region, we were
careful to avoid any apparent noise, often represented
as a jagged or stair-like boundary layer profile—likely
caused by difficultly in tracking flow right next to the
skin. We also specifically selected the region where the
boundary layer first starts to increase in velocity, which
is sometimes up to 200 um away from the skin of the
fish when mucus is present because mucus can form a
layer that prevents any flow. Shear stress is directly re-
lated to skin friction drag and can be used to calculate
coeflicients of friction drag or integrated across the sur-
face of objects to calculate total friction drag on an ob-
ject.

Statistical methods

Shear stress was compared statistically to assess the ef-
fect that mucus has on the friction drag of fishes. We
ran a series of ANOVAs that compared shear stress val-
ues on surfaces with mucus, without mucus, and flat
controls. We split the data by fish species (bluegill and
tilapia) and used ANOVA on all data for each species
to understand the effect of mucus on shear stress. We
also further split our shear stress data into three re-
gions of the foils: 0-30% (including 30%), 30-60% (in-
cluding 60%), and 60-90% (including 90%) down the
length of the foil. Although splitting the data into ap-
proximate thirds reduces our sample size and statisti-
cal power, it allowed us to examine if the local Reynolds
number (which increases with distance down the foil)
modifies the effect of mucus on these surfaces. De-
tails for sample sizes for each region down the foil
are provided in Supplementary Table S2. We also used
ANOVA to compare shear stress across all five of our
foil surface types: bluegill skin with mucus, bluegill skin
without mucus, tilapia skin with mucus, tilapia skin
without mucus, and our flat control. All statistics were
done in R version 4.2.2 (R Development Core Team
2011).

Results
Bluegill and tilapia surfaces are similar

We used gel-based profilometry (Li and Adelson 2013;
Wainwright et al. 2017) to image the surfaces of a sin-
gle bluegill and tilapia, thereby showing surface mor-
phology of these two species with and without mu-
cus (Fig. 2). Qualitatively, both bluegill and tilapia have
overlapping patterns that result in visible portions of
scales in the shape of the head of a battle-axe—scale
and surface morphology are generally similar between
both species, with some minor observed differences.
Bluegill scales have a very small patch of ctenii (small
interlocking spines) at the central part of their trailing
edge, whereas tilapia scales do not appear to have ctenii
or other spiny structures (Fig. 2). Bluegill scales also
have trailing edges that are raised in height, whereas
tilapia scales have trailing edges that appear closer to the
mean height of the surface. In both species, the pres-
ence of mucus obscures small features on the surface,
such as growth ridges on the scales; however, the shape
and dominant texture of the scales are still obvious even
with mucus present. Generally, neither species has ex-
ceptional modifications to their scales, relative to com-
mon patterns in scale morphology (Roberts 1993), and
we would describe these species as having typical, non-
modified scales.
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Fig. 4 Mean boundary layer profiles for both bluegill and tilapia across different sections of the foil. Different graphs and line color indicate
species, mucus presence, and flat control surfaces. (A) Mean boundary layer profiles for bluegill, showing the overall 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.

Mucus qualitatively changes boundary layer
profiles

We used mean boundary layer profiles from bluegill and
tilapia that were measured from surfaces with and with-
out mucus to understand the qualitative effects of mu-
cus. We found that mucus appears to have two major
effects as follows: (1) mucus appears to move the ini-
tial start of the boundary layer and the no-slip condi-
tion away from the surface of the epidermis and scales;
and (2) mucus causes velocity to increase more slowly
as boundary layer profiles move away from the surface.

This first finding is based on the observation that
for boundary layers of many of the mucus-covered sur-
faces, there is a region of zero velocity flow up to 200
pm thick next to the surface (Fig. 3A, Fig. 4, and
Supplementary Fig. S2). These regions of zero flow are
most obvious in the raw boundary layer profiles as
shown in Fig. 3A and—the zero-flow regions are less ob-
vious when boundary layer profiles are averaged across
sequences because not all boundary layer profiles exhib-
ited this region of zero flow when mucus was present.
This mucus prevents measurable flow from occurring,

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 when mucus is present, how-
ever, in part because mucus thickness is variable but also
because the skin surface with mucus in the foreground
can cover the flow (or lack thereof) near the surface
given our very thin focal plane. Bluegill skin appears
to have a more evident and thicker mucus layer com-
pared to tilapia, and this latter species less commonly
shows a region of zero velocity flow near the skin sur-
face (Supplementary Fig. S2).

Our second finding that mucus causes velocity to
increase more slowly as boundary layer profiles move
away from the surface is based on our observation
of mean boundary layer profiles in Fig. 4 (see also
Supplementary Fig. S2). The bluegill skin boundary
layers in Fig. 4A show that surfaces of bluegill skin
with mucus have more slowly increasing velocity near
the surface when compared with both flat control sur-
faces and surfaces with bluegill skin but without mu-
cus. Qualitatively, these differences in the slope of the
boundary layer profile should affect shear stress and
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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.

therefore also friction drag (see section below on shear
stress).

Boundary layer profiles showed different patterns ac-
cording to species, with bluegill showing that surfaces
with mucus generally had less full boundary layer pro-
files with lower velocity through most of the first mil-
limeter from the skin compared to both the same sur-
faces without mucus or the flat control. However, this
less full boundary layer for bluegill surfaces with mu-
cus could be attributed to our choice of setting the zero
as the surface of the skin—in instances where mucus is
present, this may have the effect of making the bound-
ary layer less full if it is effectively shifted up. Gener-
ally, the boundary layer profiles of the bluegill surfaces
without mucus appeared more similar to the flat con-
trol surfaces although as the boundary layer developed
down the foil in the regions between 30-60% and 60—
90% of the foil, the surfaces without mucus appeared to

have more high velocity portions of their mean bound-
ary layers (Fig. 4A).

Tilapia shows different patterns than bluegill, and
generally tilapia boundary layer profiles appear to have
higher initial velocities (Fig. 4B). At 0-30% and 30-
60% of the foils, tilapia surfaces both with and with-
out mucus have initially lower velocities than the flat
control. However, at 60-90% of the foil, the tilapia
surfaces with and without mucus have higher veloc-
ity profiles in the first millimeter of flow near the
surfaces.

Patterns in shear stress

Shear stress is directly related to friction drag and was
measured from the very initial slopes from boundary
layer profiles (Fig. 3B). Care was made to select re-
gions of the profile that were not in the mucus-layer,
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as described in the section above on initial regions of
the profiles that had zero velocity. When data on shear
stress were pooled across all sites, we found that sur-
faces with mucus from both the bluegill and tilapia had
lower shear stress in flow compared to the flat control
surfaces (Fig. 5: ANOVA, bluegill: F[2, 57] = 8.996,
P = 0.0004; tilapia: F[2, 34] = 4.597, P = 0.017; both
with pairwise comparisons between flat and mucus sur-
faces P < 0.05 according to TukeyHSD). For the bluegill,
the same data showed that mucus covered surfaces also
had lower shear stress than bluegill surfaces without
mucus (Fig. 5A: TukeyHSD, P = 0.002 between mu-
cus and no-mucus). In the tilapia, the shear stress data
pooled across the entire foil were not statistically difter-
ence among surfaces with and without mucus (Fig. 5B,
TukeyHSD, P = 0.09) although the tilapia surface with
mucus tended to have a lower shear stress that the sur-
face without mucus.

When data on shear stress for the bluegill were ana-
lyzed at the three different sections of the foil, no sig-
nificant differences were found, although in all cases,
the surfaces with mucus tended to be lower than the
flat control with the surfaces without mucus generally
intermediate and spanning the ranges of both mucus-
covered and the flat surfaces (Fig. 5A). Although there
were no significant differences, p-values trended toward
significance the further back on the foil. Shear stress
comparisons between all three foils at 0-30% down the
foil were more likely to be similar (Fig. 5A: ANOVA:
bluegill 0-30%, F[2, 22] = 2.255, P = 0.129), com-
pared to being nominally different at 30-60% down
the foil (ANOVA: bluegill 30-60%, F[2, 15] = 2.984,
P = 0.081), and close to significance at 60-90% down
the foil (ANOVA: bluegill 60-90%, F[2, 14] = 3.733,
P = 0.0502). For shear stress data from the tilapia,
the region 30-60% down the foil showed a significant
difference where the mucus and no-mucus foils had
lower shear stress compared to the flat surface (Fig. 5B:
ANOVA tilapia 30-60%: F[2, 11] = 5.807, P = 0.019;
TukeyHSD pairwise, mucus vs. flat: P = 0.027, no mu-
cus vs. flat: P = 0.034). However, neither of the tilapia
surfaces from 0 to 30% or 60 to 90% showed significant
differences relative to the flat control or surfaces with-
out mucus (ANOVA tilapia 0-30%: F[2, 11] = 2.311,
P = 0.145; ANOVA tilapia 60-90%: F[2, 6] = 1.075,
P =0.399).

We also compared the shear stress of all five foil types
against one another at the same time and found that the
bluegill skin with mucus had significantly lower shear
stress compared to the bluegill skin without mucus, the
tilapia skin without mucus, and the flat control, but
not compared to the tilapia skin with mucus (Fig. 6,
ANOVA: F[4, 83] = 5.318, P = 0.0007, all mentioned
pairwise P-values < 0.05 in TukeyHSD pairwise test).

D. K. Wainwright et al.

- p = 0.0007
g - °
b T
< ] ole 1
o
B |
= a b b
prd - ab
w S | *
7] [
E ®
k7] L 4 . °
& ~
g e —
0 °
%
- e
%
[
L]
o
° Ne Te e T o .
R & N
S N SN N
A8 & & & NS
D o 2 o <
NV A
F & N L
N 04
> A

Fig. 6 Shear stress across all foil and surface types.

Discussion

Our goals in this study of the effect of fish mucus on the
boundary layer were four-fold (1) to understand how
mucus on fish skin changes the shape of boundary layer
velocity profiles; (2) to reveal how mucus changes shear
stress and therefore friction drag on fish surfaces; (3)
to compare the effect of mucus between bluegill and
tilapia; and (4) to separate the roles and contributions
of fish mucus and fish scales in changing the bound-
ary layer. We addressed these goals by using high-speed
video to track boundary layer flows at a single flow
speed among three different surfaces from two species
of fishes: fish skin with mucus, fish skin without mu-
cus, and a flat control. We found that mucus appears
to change the boundary layer by both creating a zero-
velocity layer next to the epidermis and by reducing
the rate at which velocity increases near the surface.
The reduced velocity-slope with mucus directly trans-
lates into lower shear stress and therefore lower fric-
tion drag when comparing mucus-covered fish surfaces
to both a flat control and fish surfaces without mucus.
Both bluegill and tilapia surfaces show generally sim-
ilar patterns, although the tilapia surfaces do not have
results that are as consistent as in bluegill. Lastly, our
results suggest that mucus in these two species plays a
role in reducing friction drag but scales without mucus
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covering them do not alter surface shear stress, neither
increasing nor reducing drag compared to the smooth
control.

Mucus changes the boundary layer by shifting the
initial start of the boundary layer away from the sur-
face, sometimes creating a region with zero-velocity
within the 100 um or so next to the surface (Fig. 3B,
Supplementary Fig. S2). We hypothesize that this re-
gion may be the actual gel layer of the mucus, which
covers the surface and generally prevents shearing flow.
This presence of a layer of mucus is consistent with re-
search that has imaged and quantified the morpholog-
ical effects of mucus on fish skin—showing that mu-
cus smooths surfaces and obscures surface details in
fishes like the bluegill by completely coating the surface
(Wainwright and Lauder 2018). We do not see these re-
gions of zero flow in all videos where mucus is present,
which could be because higher surface features in the
foreground of our video images could obscure the mu-
cus interface or perhaps because mucus thickness is not
homogenous across the surface. Videography of these
zero-flow regions near the surface could prove interest-
ing for future research because if these zero flow regions
are the mucus layer, then we may be able to see shear-
ing within that layer at longer time scales, which would
help us understand how the mucus coat changes over
time while in flow.

The second major difference we see between bound-
ary layer profiles from surfaces with and without mucus
is that mucus often appears to slow down increases in
velocity at the start of the boundary layer (where flows
begin to increase). This change in the slope of velocity
in the early portion of the boundary layer directly trans-
lates into lower shear stress and therefore lower fric-
tion drag, and we see that shear stress is significantly
lower for fish surfaces with mucus compared to fish sur-
faces without mucus or flat controls (Fig. 5). The me-
dian value for shear stress of bluegill surfaces with mu-
cus was around 0.09 N/m? compared to 0.18 N/m? for
scaled surfaces without mucus and 0.27 N/m? for the
flat control, indicating that expected friction drag dou-
bles when you remove mucus from a surface and triples
when mucus-covered fish skin is compared to a flat plate
control (typically considered a low drag surface). Re-
sults are similar in direction but with a smaller magni-
tude for changes in median shear stress in the tilapia.
Tilapia surfaces with mucus have a median shear stress
value of around 0.15 N/m?, whereas surfaces without
mucus have values near 0.2 N/m? with the flat control
around 0.27 N/m?. These results show that the median
shear stress—and therefore also friction drag—of scaled
surfaces with mucus is expected to decrease by between
20 and 50% compared to scaled surfaces without mucus
and between 44 and 66% compared to a smooth control

surface (the ranges are for the two species—lower esti-
mates are from the tilapia due to smaller differences in
shear rate among foils).

Friction drag is just one component of total drag
(pressure drag is the other), but theory suggests that for
static, streamlined fish-like objects, friction drag con-
tributes 20-80% of total drag, depending on specifics
of shape (Godoy-Diana and Thiria 2018). Generally,
the more bluff-bodied a shape becomes and at very
high Reynolds numbers, pressure drag will begin to be
more important than friction drag. In addition to the
importance of friction drag for most fish shapes and
normal swimming behaviors, undulatory motions are
suggested to further increase friction drag compared
to static-body predictions due to movement that cre-
ates boundary layer thinning and resulting higher shear
stress (Lighthill 1971; Anderson et al. 2001). The impor-
tance of friction drag in total drag helps us highlight the
potentially deep-relevance of our results. If friction drag
represents 50% of total drag and mucus reduces friction
drag by 50% compared to a scaled surface without mu-
cus, then mucus could provide a 25% reduction in total
drag. It is also worth stating that the proportion of total
drag due to friction drag increases with slower swim-
ming speeds (lower Reynolds number), and most fishes
spend much of their lives swimming at slow speeds.
Similar arguments also hold for fishes of smaller size,
which will also tend to have lower Reynolds numbers.
Therefore, mechanisms (such as mucus) that reduce
friction drag could have greater real world significant
than indicated by experiments in flow tanks.

Similar previous work using trout surfaces and mu-
cus shows that friction drag is likely to decrease by about
50% around Reynolds number of our tests when com-
paring wax model surfaces with those from euthanized
trout that have mucus (Daniel 1981). Other investiga-
tions into mucus drag reduction that have instead tested
different concentrations of mucus mixed with water
in pipe flow have shown that these mucus solutions
can have up to around 60-70% reduction in friction
drag compared to solutions of just water, depending on
species tested (Hoyt 1967, 1974; Rosen and Cornford
1971; Bernadsky and Rosenberg 1992; Bernadsky et al.
1993). It is unclear if those data can be compared with
ours due to the differences in testing methodology, but
regardless our results align with previous work in show-
ing that mucus reduces friction drag, very generally by
around 50% when compared against either flat controls
or scaled surfaces without mucus.

Although it is clear that mucus reduces shear stress
when we pool all of our data across all locations along
foils, we see weaker statistical results when we split our
data on shear stress into three different regions down
the foil—0-30%, 30-60%, and 60-90%. We split our
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data into regions down the foil because, typically, the
boundary layer near a leading edge will be laminar and
thin, but will increase in thickness and could eventu-
ally become turbulent due to changes in local Reynolds
number or surface roughness (Smits 2000). Qualita-
tively, patterns of shear stress down the foil generally
show that scaled skin with mucus has lower shear stress
than the two other surface types, but quantitatively, we
find that most regions do not show statistically signifi-
cant differences among the three surface types. P-values
are close to 0.05 in two of the bluegill regions (30-60%
and 60-90%), and we see that shear stress for mucus-
covered surfaces is lower than for the flat control for
30-60% of the tilapia-skin foils, but the shear stress for
mucus-covered and mucus-absent surfaces is statisti-
cally similar at this particular location on the tilapia-
skin foils.

Our dataset taken as a whole demonstrates fric-
tion drag reduction with mucus, but we lack statis-
tical power and large enough sample sizes to con-
firm these results at different regions down the foil.
Part of the challenge in recovering significant differ-
ences at small sample sizes is due to the increased
variability in shear stresses measured when we com-
pare either fish skin surface to the flat control surface.
The increase in variability, when scales are present, is
true for surfaces both with and without mucus and
could reflect both noise in our measurements or true
varijability in boundary layer dynamics of these more
complex textured surfaces versus flat controls. It is
easy to imagine that the topography of scaled sur-
faces could create complex three-dimensional flows
patterns (Muthuramalingam et al. 2019), and future
work that investigates the spatial variability of bound-
ary layer flows over fish skin would be valuable. Study-
ing how the effects of mucus may change at different re-
gions down the foil and at different Reynolds numbers
would help to better understand how mucus changes
the boundary layer at different fish sizes and swimming
speeds (Anderson et al. 2001; Yanase and Saarenrinne
2015).

An important goal of our experimental design was to
compare real mucus-covered fish skin to the same skin
without mucus and also to a flat control surface. We gen-
erally find that shear stress is statistically lower with mu-
cus present compared to the flat control surface, despite
flat surfaces being considered low-drag surfaces. These
results indicate that not only do mucus-covered fish
scales outperform fish scales without mucus, but that
mucus-covered fish scales also have lower shear stress
than a stereotypical low drag surface. This demonstrates
that mucus-based drag reduction could be used for hu-
man applications where lower drag is important—if we
can better understand how mucus is having these phys-
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ical effects, we may be able to develop bioinspired ways
of mimicking mucus’ drag reduction. More recent ef-
forts in modeling how mucus behaves and reduces drag
on surfaces point toward eventual biomimetic applica-
tions (Ma et al. 2021; Zhang et al. 2022), but we be-
lieve that additional experimental testing of real fish
skin would assist in laying a strong foundation for un-
derstanding the physics of mucus and boundary layers.
As has been suggested by previous authors, the better-
understood concept of polymer drag reduction may in-
clude the effects of mucus that we describe here (Hoyt
1974; Bernadsky et al. 1993; Daniels 1996; Othman et al.
2023). While polymer drag reduction in pipe flow has
been easier to implement (White and Mungal 2008), an
active target of research is developing methods for cre-
ating polymer coated surfaces that reduce drag but can
also be easily recharged with those polymers (Rowin et
al. 2021; Lin et al. 2023). Collaborative and multidisci-
plinary studies to understand what molecules and prop-
erties of mucus are causing drag reduction may help to
confirm mucus-based drag reduction as a case of poly-
mer drag reduction.

Our data also allow us to compare the effect of mu-
cus between two species, bluegill sunfish and tilapia.
Our results suggest that bluegill demonstrate a slightly
enhanced degree of mucus-based drag reduction com-
pared to tilapia, although we find no significant differ-
ence in shear stress for foils with mucus between the
two species (Fig. 6). Both bluegill and tilapia have gen-
erally similar ecologies—both can live in a variety of
freshwater habitats but tend to prefer bodies of water
with weak or no currents, so we do not necessarily ex-
pectalarge difference in the drag-reducing properties of
their mucus. With that being said, past work that inves-
tigated mucus drag reduction in pipe flow across species
by using mucus mixed with water has shown that differ-
ent species have mucus with very different effects. Some
fishes with high cruising performance, such as mackerel
and bonito, might be expected to have mucus with ex-
cellent drag reduction, but instead they have some of the
weakest effects, with mackerel requiring a much higher
concentration of mucus mixed into water to get simi-
lar drag reduction as other fishes, and bonito showing
no drag reduction compared to water alone (Rosen and
Cornford 1971; Hoyt 1974). These studies on pipe flow
generally show wide variation in drag performance for
fish mucus solutions, and this variation could be due to
variation among ecology and locomotor patterns: accel-
erating (ram-suction) predators like barracuda, halibut,
and grouper may show higher experimental drag reduc-
tion (Rosen and Cornford 1971; Hoyt 1974; Bernadsky
et al. 1993). In contrast, mucus from species with high
cruising performance, like mackerel and bonito, does
less to reduce friction drag (Rosen and Cornford 1971;
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Bernadsky et al. 1993). We hypothesize that high-speed
swimming may be doing two things (1) stripping mu-
cus away too fast to make it worth replacing and (2)
the benefit of reducing friction drag becomes diminish-
ing as you increase Reynolds number, because you in-
crease the proportion of pressure drag relative to total
drag. In contrast, ambush hunters move less and may
not lose much mucus from routine swimming, which
leaves plenty available for burst swimming. More work
on comparative drag performance of fish mucus in re-
alistic situations like steady versus unsteady flow could
reveal drag performance of mucus as an important axis
of functional diversity for fish biomechanics.

Our experimental design also allows us to evaluate
the shear stress and expected friction drag differences
between scaled surfaces and a flat control. Generally,
our results find almost no statistically significant differ-
ences between scaled fish surfaces that lack mucus and
our flat control, indicating that scales alone do not have
alarge enough degree of drag reduction to perform bet-
ter than a completely flat surface. One interpretation is
that the scales of tilapia and bluegill do not produce drag
reduction without mucus (qualitatively, the trends sug-
gest that shear stress may be slightly lower compared to
flat surfaces, but we do not have the statistical power
needed to demonstrate these differences). Another per-
spective on this result is that scales do not increase shear
stress on average compared to a known low-drag sur-
face. Perhaps scales of the bluegill and tilapia are con-
structed to maintain relatively low drag because their
main function lies elsewhere in protection or modify-
ing body flexibility. The textured surfaces of bony fish
scales may also function to retain and reduce wash-
out of mucus on the surface during locomotion as sug-
gested by previous work (Sperry and Wassersug 1976;
Wainwright and Lauder 2018). These results where we
find no drag benefit of scales are somewhat at odds with
a number of morphological and experimental studies
that suggest scale-like textures can reduce drag during
fish swimming (Burdak 1986; Wainwright and Lauder
2018; Muthuramalingam et al. 2019; Viertler et al. 2021;
Wainwright et al. 2022). Future work that studies addi-
tional species and diverse surface morphologies beyond
what we tested here (Fig. 2) would help build a more
complete working model that connects scale morphol-
ogy with hydrodynamic function.

In this study, we focused on the slimy and scaly
surfaces of bony fishes, but a parallel line of inquiry
also exists to understand the diversity, hydrodynamic
function, and hydrodynamic mechanisms of shark sur-
faces (Raschi and Musick 1984; Bechert et al. 1997;
Dean and Bhushan 2010a; Oeftner and Lauder 2012;
Wen et al. 2014; Gabler-Smith et al. 2021). Shark scales,
often called denticles, are more three-dimensionally

13

complex than the typical flat plate-like scales of bony
fishes. Shark denticles have a tooth-like structure with
an embedded root base and an erupted neck that ends
in crown that often has ornamentation like posterior-
pointing tines and surface ridges (Reif 1985). Sharks do
have mucus on their skin, but as far as we know, shark
mucus occurs below the crowns of denticles (Bachar-
Wikstrom et al. 2023) and therefore should not interact
with boundary layer flows except in species with more
space between denticles where the epidermis and mu-
cus layer are more exposed (Castro 2010; Ankhelyi et
al. 2018). In multiple tests of shark scale hydrodynam-
ics performance, the denticles (scales) of sharks have
been shown to create drag reduction and also increase
in thrust performance in different experiments that test
shark skin or physical models of shark skin in flow
(Raschi and Musick 1984; Dean and Bhushan 2010b;
OefIner and Lauder 2012; Wen et al. 2014). In the fastest
swimming sharks, such as the mako, large regions of the
body exhibit passively flexible scales shown to reduce
micro-scale, backward propagating vortices (Du Clos et
al. 2018), and thus a coating of mucus would interfere
with scale movement and be detrimental in this case.
If these general patterns hold true and if shark mucus
plays little role in hydrodynamics, it could be that bony
fishes and sharks have taken different strategies to im-
prove hydrodynamic performance. Sharks may be using
fields of mineralized denticles to reduce drag and in-
crease hydrodynamic performance, whereas our results
show that bony fishes use mucus to improve hydrody-
namic performance, while scales alone do not improve
shear stress. More work needs to be done to better un-
derstand the presence of mucus and how it affects the
surface of shark skin, alongside additional experimen-
tal investigations of boundary layer flow over shark skin.
Such studies would facilitate comparisons with our data
to reveal differences and similarities in the design and
hydrodynamic performance of shark and bony fish sur-
faces.

Limitations and future directions

When studying a delicate and physiologically active
substance such as fish mucus, it is reasonable to won-
der how any change to the fish or skin affects the mucus
layer. In this study, we used a common fish anesthetic
(MS-222) to euthanize fishes and create our fish-skin
foils, all in an effort to limit stress and pain for the ani-
mals. Fishes are known to increase mucus production
and change mucus viscosity when exposed to stress-
ful conditions such as hypoxia, increased nitrate load,
disease, or changes in salinity (Shephard 1994; Roberts
and Powell 2005; Vatsos et al. 2010; Fernandez-Alacid
et al. 2019); however, we have been unable to find stud-
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ies that examine how exposure to MS-222 specifically
changes mucus production or viscosity. There is an in-
creasing amount of attention in reporting how exudates
in mucus change with exposure to stressors as a way
of monitoring fish health in a minimally invasive way
(Guardiola et al. 2016; Soltanian et al. 2018; Ordonez-
Grande et al. 2020; Wang et al. 2020). Such studies have
shown that compounds in mucus, such as cortisol and
glucose, will change with prolonged exposure (hours to
days) to non-lethal levels of MS-222 that simulate its use
on the transport of fishes (Guardiola et al. 2016; Wang
et al. 2020). Although this related body of work ex-
ists, we have been unable to find studies that investigate
how MS-222-induced euthanasia changes mucus secre-
tion, makeup, or physical properties. Despite the appar-
ent lack of specific results concerned with how termi-
nal exposure to MS-222 affects mucus, it seems possible
that mucus production, properties, or content could be
changed with acute exposure to MS-222 because other
studies have found a relatively fast response (15-min
post-exposure) of mucus to acute stress, such as 3 min
in “hypoxic conditions” in air (Fernandez-Alacid et al.
2019). Nonetheless, we feel as though any changes to the
mucus would be physiologically mediated by the fish
and therefore still biologically relevant. In addition, it
is difficult to conceive of a method to study the hydro-
dynamic effects of fish mucus without in some way af-
fecting the fish in a way that could change mucus ex-
udates, production, or physical properties. Our meth-
ods and experiments here remain a valuable step for-
ward in understanding how mucus and scales change
the boundary layer, and it would be interesting to com-
pare mucus properties and amount with hydrodynamic
effects in the future.

Alongside exposing the mucus layer to MS-222, we
also exposed the mucus layer to prolonged flow dur-
ing testing. We were unable to directly measure the
thickness of the mucus layer during our experiments
here, but it would be illuminating to devise methods
that measure the thickness and properties of the mucus
layer during flow. The thickness and position of the mu-
cus layer would be interesting in the context of bound-
ary layer flows because determining the exact edge of
the mucus provides additional confidence in obtaining
measurements of shear stress from the linear sublayer
(the very start of the boundary layer). Furthermore, in-
formation on position of mucus over time would be rel-
evant to understanding how mucus layers change with
time underflow, letting us understand how mucus de-
grades during experiments or other conditions. Mu-
cus is a thin and transparent layer atop the epidermis
making it difficult to visualize optically, and we are not
currently aware of methods that can measure mucus

D. K. Wainwright et al.

thickness non-destructively. There are ways of scraping
mucus in an attempt to quantify the amount of mucus
being produced (Roberts and Powell 2005; Fernandez-
Alacid et al. 2018; Fernandez-Alacid et al. 2019), but
these methods destroy the mucus layer and also likely
combine both the mucus and epidermal layers. We have
had past success in using gel-based profilometry to im-
age the scaled surface of specimens with and without
mucus (Wainwright and Lauder 2018), but opted not to
do that here as it could disrupt the mucus layer before
boundary layer PIV. In addition, profilometry would
not be able to measure mucus thickness or be used to
track the mucus layer during videos of boundary layer
flows but would simply allow for comparisons of the rel-
ative surface topography at different time points, such as
in Fig. 2. Future work that creates methods to measure
or track the mucus layer, especially in a non-destructive
way, would enhance confidence in boundary layer PIV
of mucus and would allow us to understand mucus layer
structure and dynamics on fish skin.

There are a number of interesting directions for fu-
ture work on the hydrodynamic function of fish mucus.
Currently, there are few measurements of the viscosity
of fish mucus across species (Roberts and Powell 2005;
Wang et al. 2015; Fernandez-Alacid et al. 2018; Zhang
et al. 2022), yet this is a fundamental material property
that could affect mucus function, including hydrody-
namics. Also, past work has demonstrated the possibil-
ity that different species have mucus with very differ-
ent hydrodynamic properties (Hoyt 1974; Daniel 1981;
Bernadsky et al. 1993); therefore, it would be interesting
to pair measurements of viscosity with detailed mea-
surements of boundary layer flows across species. Doing
so could connect viscosity with hydrodynamics, thus
simplifying the use of viscosity as a proxy for hydro-
dynamic performance. Furthermore, a demonstration
that mucus properties and functions are variable across
species would show that mucus is an undescribed but
functionally relevant axis of diversity for fishes. In ad-
dition, it would be interesting to pair detailed PIV of
the boundary layer with direct measurements of drag
on a surface using a force transducer. Direct measure-
ments of drag may allow for shear stress calculations
from the boundary layer to be connected to differ-
ences in the measured total drag force, which could
aid in our interpretation of how large an impact mu-
cus might have on total drag in fishes. Lastly, tracking
the mucus and boundary layer on live fishes or flapping
foils (simple physical models of undulatory swimming)
would help us understand how complex body shapes
and swimming kinematics impact the mucus and drag
on swimming fishes (Anderson et al. 2001; Yanase and
Saarenrinne 2015).
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