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a  b  s  t  r  a  c  t

Fish  scales  are  morphologically  diverse  among  species,  within  species,  and  on individuals.  Scales  of  bony
fishes  are often  categorized  into  three  main  types:  cycloid  scales  have  smooth  edges;  spinoid  scales
have  spines  protruding  from  the body  of  the  scale;  ctenoid  scales  have  interdigitating  spines  protrud-
ing  from  the  posterior  margin  of  the scale.  For  this  study,  we  used  two-  and  three-dimensional  (2D and
3D)  visualization  techniques  to  investigate  scale  morphology  of bluegill  sunfish  (Lepomis  macrochirus)
on  different  regions  of  the body.  Micro-CT  scanning  was  used  to visualize  individual  scales  taken  from
different  regions,  and  a new  technique  called  GelSight  was  used  to  rapidly  measure  the  3D surface  struc-
ture  and  elevation  profiles  of in situ scale  patches  from  different  regions.  We  used  these  data  to compare
the  surface  morphology  of  scales  from  different  regions,  using  morphological  measurements  and  surface
metrology  metrics  to develop  a set  of  shape  variables.  We  performed  a discriminant  function  analysis  to
show  that bluegill  scales  differ  across  the  body  −  scales  are  cycloid  on  the  opercle  but  ctenoid  on  the rest
of  the  body,  and  the  proportion  of  ctenii  coverage  increases  ventrally  on  the  fish.  Scales  on the  opercle
and  just  below  the  anterior  spinous  dorsal  fin were  smaller  in height,  length,  and  thickness  than  scales
elsewhere  on  the  body.  Surface  roughness  did not  appear  to differ  over the  body  of  the  fish,  although

scales  at  the  start  of  the  caudal  peduncle  had  higher  skew  values  than  other  scales,  indicating  they  have
a surface  that  contains  more  peaks  than valleys.  Scale  shape  also differs  along  the  body,  with  scales  near
the base  of  the  tail  having  a more  elongated  shape.  This  study  adds  to  our  knowledge  of  scale  structure
and  diversity  in  fishes,  and  the 3D  measurement  of  scale  surface  structure  provides  the basis  for  future
testing  of  functional  hypotheses  relating  scale  morphology  to locomotor  performance.

© 2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Most bony fishes are covered in ossified plates called scales,
hich exhibit a broad range of morphological diversity. The scales

ypical of extant bowfins and teleosts consist of an acellular bone
ayer that covers a plate of haphazardly arrayed collagen fibers
Grande and Bemis, 1998; Sire and Akimenko, 2004). These scales
re then arranged in imbricating patterns where a given scale over-
aps with many others but remains uncovered posteriorly. This
ncovered area is known as the posterior field, and its morphology
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
Lepomis macrochirus. Zoology (2016), http://dx.doi.org/10.1016/j.zool

as been used to categorize and describe fish scales for centuries
Agassiz, 1833). Elasmoid scales of teleosts are also organized into
ifferent types depending on their posterior field morphology:
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944-2006/© 2016 Elsevier GmbH. All rights reserved.
cycloid, ctenoid, crenate and spinoid (Roberts, 1993). Cycloid scales
have a smooth posterior edge without any spines. Ctenoid scales
have a posterior edge that is at least partly made of small, inter-
locking, tooth-like structures called ctenii (singular, ctenus) that
form as separate ossifications and create a spiny posterior edge.
Crenate scales are less common and have extra growths at the
posterior margin that extend in flattened, finger-like projections.
Finally, spinoid scales have spines on the posterior field that are
not made of interlocking ctenii. Instead, their spines are part of the
main body of the scale.

Although features of these basic scale types have been useful
in studies of fish taxonomy (Cockerell, 1911; Lagler, 1947; Batts,
1964; Daniels, 1996; Grande and Bemis, 1998), there is relatively
little work quantifying the pattern of scale variation within individ-
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

uals (however, see Suzuki, 1971; Jawad, 2005; Esmaeili et al., 2007;
Dapar et al., 2012). Further, the three-dimensional (3D) structure
of scales is not well understood but is critical to the construction of
hypotheses regarding the mechanical and hydrodynamic function

dx.doi.org/10.1016/j.zool.2016.02.006
dx.doi.org/10.1016/j.zool.2016.02.006
http://www.sciencedirect.com/science/journal/09442006
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Fig. 1. GelSight was  performed on a standard calibration surface with a sinusoidal
pattern of known dimensions (see Section 2.2). (A) The sinusoid surface with peak-
to-peak amplitude of 19 �m is displayed with a scale bar. (B) Also shown is an oblique
view of the surface imaged with GelSight. (C) A profile of the surface is shown,
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f fish surface ornamentation. Some previous work has investigated
cale-like armor and scale material properties of fishes (Vernerey
nd Barthelat, 2010; Yang et al., 2012; Zhu et al., 2012; Chintapalli
t al., 2014), but there are few investigations on the hydrodynamic
ffects of scales. These previous hydrodynamic analyses have been
onducted using rigid, non-moving models which do not reflect the
attern of oscillatory body bending that occurs during fish swim-
ing (Burdak, 1986; Sagong et al., 2008). To investigate potential

ydrodynamic effects of scale morphology on undulatory locomo-
ion, we need to first understand scale surface morphology in three
imensions. To date, few studies have even quantified the morphol-
gy of teleost scales, and none have done so using the topography
f in situ imbricating fish scales. We  know of only two  studies that
xamine the surface topography of teleost scales − and only one of
hese studies shows data on the elevation of scale surface features,
nd then only for a few individual scales (Sudo et al., 2002; Sagong
t al., 2008). Understanding the 3D topography of scale surfaces
s ultimately important to understanding the 3D hydrodynamic
nteractions happening along the body of fish, therefore scale mor-
hology must be understood before hydrodynamic hypotheses for
cale function can be developed.

The goals of the present study are to qualitatively and quantita-
ively describe the scale morphology of a focal species, the bluegill
unfish (Lepomis macrochirus), while also exploring a new surface
maging technique that allows measurement of the elevation of
cale surface features. In this study, we were able to determine how
he 3D structure of bluegill scales varies over different regions of
he body, while also quantifying the 3D morphology of both scaled
urfaces and single whole scales. Our initial hypothesis was sim-
le: we expected scales to differ across the body of bluegill in both
hape and surface structure, in part due to adaptation to differing
mplitude of motion exhibited along the body during undulatory
ropulsion (Jayne et al., 1996; Drucker and Lauder, 2000; Standen
nd Lauder, 2005). Specifically, we used a novel system called
elSight (GelSight Inc., Waltham, MA,  USA) to image the surface

opography of scale patches from six regions of the body. This tech-
ique allowed us to measure scale shape and surface elevation, and
o calculate surface metrics to describe the fish surface on regions
f scales in situ. We  also used computed tomography (CT) scan-
ing to image individual whole scales from the same six patches to
btain more traditional measurements of size and shape of isolated
cales.

. Materials and methods

.1. Study animals

Bluegill (Lepomis macrochirus) were used for the present study
ue to the considerable body of previous data on body shape,
wimming mechanics, hydrodynamics, and energetics in this
pecies (Kendall et al., 2007; Flammang and Lauder, 2008; Ellerby
nd Gerry, 2011; Flammang et al., 2011; Gerry et al., 2011). L.
acrochirus is a freshwater fish found throughout North Amer-

ca in a wide range of habitats, but it does best in areas of slow
ow. Specimens were taken from the Harvard Museum of Compar-
tive Zoology’s (MCZ) Ichthyology Collection. Three individuals of
he same size class and in good condition were chosen for study
rom MCZ  101480 (Yawgoo Millpond, Slocum, RI, USA; April 8th,
993; 10.84–11.83 cm standard length). Specimens were initially
xed in 3.7% formalin and then preserved in 70% ethanol after
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
Lepomis macrochirus. Zoology (2016), http://dx.doi.org/10.1016/j.zool

xation. It is important that the fish be from the same popula-
ion because intraspecific differences in scale morphology among
opulations have been documented in other species (Richards
nd Esteves, 1997). The three fish used had standard lengths of
where peak amplitude is within 2% of the expected 19 �m and the wavelength is
not  significantly different from the expected 135 �m.

11.31 cm,  10.84 cm,  and 11.83 cm giving a mean standard length of
11.32 cm and a standard deviation of 0.49 cm.

2.2. GelSight imaging and analysis

GelSight is a new surface imaging technique that was used for
the present study. It has been used in robotics to recognize surface
textures and pressures (Li and Adelson, 2013; Li et al., 2014), but
has never before been used for biological surface analysis. GelSight
is a two-component system consisting of a camera and a piece of
elastomer gel (Johnson and Adelson, 2009; Johnson et al., 2011).
Proprietary gels (http://www.gelsight.com/) are made where one
side is coated in reflective paint. The reflective side is pressed into
the object of interest so the gel conforms to the surface of the object.
An array of six LED lights allows illumination of the gel from differ-
ent angles, and six photographs are taken using different angles of
illumination (Fig. 1). Once the system is calibrated using a surface
with known geometry, the GelSight software then processes these
photographs into a 3D surface where each pixel is a 3D point. This
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

system is non-damaging and can be performed on optically clear
and wet  material, allowing us to sample non-destructively with-
out sample preparation, even on clear scales. This is in contrast to

dx.doi.org/10.1016/j.zool.2016.02.006
http://www.gelsight.com/
http://www.gelsight.com/
http://www.gelsight.com/
http://www.gelsight.com/
http://www.gelsight.com/
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Fig. 2. Scales from the opercle region of Lepomis macrochirus. (A) Scales were imaged on the gill cover (opercle) of bluegill sunfish. (B) Grayscale image of the opercular
scale  surface − all panels show scales in this anatomical position. Note that scales are cycloid (without ctenii) and have small concentric circuli. (C) We show the surface
in  three-dimensions as a colored elevation map  with a scale bar. (D) A profile line graph along the black reference line from C shows the topography of the surface − the
plateaus and hills are the posterior fields, which are between 1.5–2.2 mm long with peak to valley heights of 50–100 �m.  The small oscillations on the plateaus are caused
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y  the circuli. (E) We also show an oblique view of the surface with elevation visu
maged  with �CT and an opercle scale is displayed with sagittal and transverse cr
adii-like  ridges are visible in the anterior region of the scales.

ther surface imaging techniques that require sample preparation,
specially on wet or clear material.

We  used three bluegill specimens for GelSight, and on each spec-
men we investigated the same six body regions (with the name we
ave given each region in parentheses): (i) the operculum or gill-
over of the fish (opercle), (ii) between the spinous dorsal fin and
he lateral line (dorsal), (iii) between the lateral line and the pec-
oral fin (central), (iv) between the pectoral fin and the underside
f the body (ventral), (v) below the lateral line at the anterior cau-
al peduncle (peduncle), and (vi) below the lateral line on or near
he hypural plate, but not on the caudal fin rays (tail). We  always
maged the left side of the fish. Panel A in each of Figs. 2–7 shows
he location of the sites sampled (opercle, dorsal, central, ventral,
eduncle, and tail). We  did not attempt to image the exact same
cales on different fish, but limited our sampling to these small
egions and used patches of scales that appeared undamaged. Scale
urfaces were lightly brushed with a paintbrush to clean them of
ebris before imaging. We  used a zoom lens to take images mea-
uring 7.52 mm by 5.01 mm with a point density of 5202 by 3465,
iving pixel resolution of 1.45 �m in the plane of the scan. One scan
t each of the six regions was taken on each of the three fish.
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
Lepomis macrochirus. Zoology (2016), http://dx.doi.org/10.1016/j.zool

To demonstrate the validity of this approach, we  also used
elSight to image a sinusoidal surface standard with known dimen-

ions (Fig. 1). This surface is made of symmetrical sinusoid riblets
f amplitude 19 �m and wavelength 135 �m.  This roughness
aggerated by 10% to illustrate the 3D nature of these data. (F) Whole scales were
ctions. The scales of the opercle are oval in general shape and lack radii, although

standard is #525E (Rubert & Co. Ltd, Cheadle, UK), and repre-
sents a calibrated ISO industry-standard for surface metrology.
GelSight imaging provided values that are very close to the speci-
fied dimensions; after measuring values at eight peaks, we  found
a mean peak-to-peak amplitude of 18.65 �m,  reflecting a small
but significant difference of 0.35 �m,  or about 1.8% of 19 �m (t-
test, t = –2.579, df = 7, p = 0.0365). We found no statistical difference
in wavelength from the manufacturer’s specified 135 �m (t-test,
mean = 134.8 �m,  t = –0.378, df = 7, p = 0.72). These values show that
GelSight is a valid method for recovering surface geometry down
to the micron scale.

GelSight scans were analyzed individually using TalyMap Plat-
inum v5.1 (Digital Surf, Besanç on, France), which is a surface
analysis software package. Each surface was smoothed using
TalyMap’s “remove form” function. This corrects the surface to
remove any large-scale curvature, while keeping the surface tex-
ture intact − an important correction to allow comparison of
surface structure among samples. We then used TalyMap to gen-
erate values for 30 different surface metrology variables. We
decreased and refined the number of metrology parameters during
our statistical analysis, as explained in Section 3.2.
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

GelSight also creates 2D greyscale images of the regions that
were scanned. We  used these images to measure 2D morpholog-
ical features of each scanned region in ImageJ v1.45s (Rasband,
1997–2015). We  measured six variables on three posterior fields

dx.doi.org/10.1016/j.zool.2016.02.006
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Fig. 3. Scales from the dorsal region of Lepomis macrochirus. (A) Scales were imaged on the dorsal region of fish, in the area between the first dorsal spines, and the lateral
line.  (B) Grayscale image of the opercular scale surface − all panels show scales in this anatomical position. (C) Scales in this region are ctenoid. We show the surface in three-
dimensions as a colored height map  with a scale bar. (D) The reference line in C is graphed as a profile line with zero as the average elevation of the surface. Hills correspond
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o  posterior fields, which are around 2 mm long with peak to valley heights of 50–80
y  10% to illustrate the 3D nature of these data. (F) We imaged individual scales wi
epresentations. Radii are present and widely spaced along the anterior scale marg

or each scan: (i) posterior field height (dorsoventral axis), (ii) pos-
erior field length (anteroposterior axis), (iii) posterior field area,
iv) area covered in ctenii, (v) length of the posterior margin, and
vi) length of the posterior margin made of ctenii. However, three
ull posterior fields were not always visible in each scan, so instead

easurements were taken over half of the posterior field and mul-
iplied by two. The three values for each variable were averaged
or the scan, and that average was then used in statistical analyses.
n addition, we used the six measured variables to calculate three

etrics of posterior field shape and morphology: posterior field
spect ratio, percent of posterior field ctenii coverage, and percent
f the posterior margin made of ctenii. We  calculated posterior field
spect ratio by dividing the posterior field height by the posterior
eld length measurements, meaning lower values correspond to a
osterior field more stretched in the anteroposterior axis. We cal-
ulated percent of posterior field ctenii coverage by dividing the
rea of the posterior field covered with ctenii by the total area of
he posterior field. We  calculated the percent of the posterior mar-
in made of ctenii by similarly dividing the length of the posterior
argin made of ctenii by the entire length of the posterior margin.

hese nine variables, three of which were calculated from the other
ix, were combined with the 30 surface metrology variables in an
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
Lepomis macrochirus. Zoology (2016), http://dx.doi.org/10.1016/j.zool

nalysis to decrease and refine the number of variables as explained
n Section 3.2.
E) We  also show an oblique view of the surface with elevation visually exaggerated
T, allowing us to display cross sections of scales as well as their three-dimensional
ich is covered by more anterior scales and not visible in images B-E.

2.3. �CT imaging and analysis

CT-scans have advantages over traditional microscopy tech-
niques because they allow for a reconstruction of 3D morphology
and they separate hard tissue, supplying data on the density of the
region of interest. For the present study, we  made use of CT scans
instead of microscopy to accurately measure the thickness of scales
and show that scales can be imaged accurately using �CT.

After GelSight scanning, we  removed individual scales from only
the specimen measuring 11.31 cm in standard length. Scales were
taken from all six regions of interest described in Section 2.2 (oper-
cle, dorsal, central, ventral, peduncle, and tail). We  used a SkyScan
1173 micro-CT scanner (Bruker microCT, Kontich, Belgium) at a res-
olution of 6.75 �m voxel size to create our computed tomography
(CT) data. For all scans, we used a voltage of 40 mV  and a current of
200 �A. We  removed four scales from each region sampled (oper-
cle, dorsal, central, ventral, peduncle, and tail) and scanned each
region’s scales together, but only analyzed three scales from each
region. The extra scale allowed us to discard scales that were dam-
aged or bent in preparation but went unnoticed until the scan.
These scans were reconstructed as image stacks using the pro-
gram NRecon v1.6.9 (Bruker microCT). We  used Mimics v16.0.0.235
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

(Materialise, Leuven, Belgium) to resolve our image stacks into 3D
models.

dx.doi.org/10.1016/j.zool.2016.02.006
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Fig. 4. Scales from the central region of Lepomis macrochirus. (A) Scales were imaged between the lateral line and pectoral fin in the area ventral to the spinous dorsal
fin.  (B) Grayscale image of the opercular scale surface − all panels show scales in this anatomical position. (C) Scales in this region are ctenoid. We show the surface in
three-dimensions as a colored elevation map  with a scale bar. (D) The black line in C is shown as a profile, where the mean height is zero. The posterior fields correspond
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Using the 3D models of the scales, we used Mimics to measure
ix variables for each of the three scales from each region: scale
hickness, scale length, scale height, ctenii length, radii count, and
cale aspect ratio. We measured scale thickness in the mediolateral
xis at the approximate geometric center of the scale, scale length
s the length in the anteroposterior axis at approximately 50% of
ts height, scale height in the dorsoventral axis at approximately
0% of its length, and ctenii length as the length of a single chosen
tenus. We  also counted the number of radii present on each scale

 radii are radially oriented thin regions or gaps (where ossifica-
ion is reduced or lacking) in the bony scale matrix on the anterior
ortion of each scale (see panel F in Figs. 3–7). Scale aspect ratio
as calculated by dividing scale height by scale length.

. Results

.1. Qualitative scale morphology

Figs. 2–7 present analyses of scales from the six different body
urface regions we sampled in the following order: opercle, dorsal,
entral, ventral, peduncle, and tail. In all scales, growth rings (cir-
uli) are visible on the posterior field. Radial gaps in the anterior
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
Lepomis macrochirus. Zoology (2016), http://dx.doi.org/10.1016/j.zoo

eld, called radii, are also evident in �CT images of single whole
cales (panel F in Figs. 3–7).

Different regions of the body show clear differences in scale
orphology, both in single whole scales and scaled surfaces. One
n elevation. Small deviations on the plateaus correspond to circuli and ctenii. (E)
the scale bar from C still applies to E. (F) �CT scan of a single scale from this region

 a relatively blunt posterior margin.

of the most obvious differences is that scales on the opercle (Fig. 2)
are cycloid with smooth posterior edges, while scales elsewhere on
the body (Figs. 3–7) are ctenoid with small interlocking spines on
the posterior field. Even on scales with ctenii, there are different
proportions of ctenii coverage in different regions of the body − for
example, dorsal scales (Fig. 3) have fewer ctenii than central scales
(Fig. 4). Scales on the opercle (Fig. 2) also vary more in posterior
field shape and whole scale shape than other regions.

There are also qualitative differences among the �CT-scanned
whole scales (panel F in Figs. 2–7). Opercle scales are ellipsoid in
shape, dorsal scales have more rounded corners, peduncle scales
have flared anterior corners, and tail scales have a slightly pointed
posterior edge. Also, radii in the anterior portion of bluegill scales
differ among different regions. Notably, opercle scales have no radii
(Fig. 2F), and dorsal scales have the widest radii, giving them the
widest gaps in their anterior field (Fig. 3F).

Elevation profiles for each region are shown in panel D of
Figs. 2–7. Note that each profile shows three to four posterior fields,
each indicated by the larger plateaus in each graph. Posterior fields
range in peak-to-valley heights from 35 �m to 125 �m:  opercle
posterior fields show peak-to-valley heights from 50 to 100 �m,
dorsal from 40 to 80 �m,  central from 35 to 80 �m,  ventral from 40
ee-dimensional analysis of scale morphology in bluegill sunfish,
l.2016.02.006

to 70 �m,  peduncle from 60 to 75 �m,  and tail from 75 to 125 �m
(panel D in Figs. 2–7). Color scale bars in panel C of Figs. 2–7 also
show the elevation range across the entire surface.

dx.doi.org/10.1016/j.zool.2016.02.006
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Fig. 5. Scales from the ventral region of Lepomis macrochirus. (A) Scales were imaged on the ventral surface of bluegill sunfish, between the pectoral fin and the pelvic fin.
(B)  Grayscale image of the scale surface − all panels show scales in this anatomical position. (C) Ventral scale surface in three-dimensions shown as a colored height map
with  a scale bar. (D) An elevation profile graph along the black line in C shows topography of the scaled surface − the hills are the posterior fields of scales, which are around
1.8  mm long with peak to valley heights of 30–50 �m.  Oscillations in the height of the line in the plateau regions are caused by the circuli and ctenii. (E) An oblique view of
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.2. GelSight results

Using GelSight we were able to measure 39 variables, which
ncluded 30 surface metrology variables and 9 parameters of size,
hape, and ctenii coverage on posterior fields. Because of our large
umber of exploratory variables, we first reduced the number of
ariables for analyses, specifically to remove highly correlated vari-
bles. We  used a correlation matrix to find variables that were the
ost positively or negatively correlated with one another. Because

ighly correlated variables show similar trends, we  then removed
ariables until we had a set of only weakly correlated variables (cor-
elation coefficients with an absolute value <0.82, although most
re <0.6). This process left us with seven standard surface metrol-
gy variables: root-mean-square roughness, skew, kurtosis, texture
irection, texture aspect ratio, mean hill area, and peak density, and
wo morphometric variables: posterior field aspect ratio, and per-
ent of ctenii coverage. The variables that show significant trends
re discussed below and incorporate aspects of 3D, 2D, and lin-
ar measurements. Although choosing one variable from a group
f correlated ones can be arbitrary, we chose these variables for
urther analyses because they are both commonly used in surface

etrology studies (Whitehouse, 1994) and more easily understood
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
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han other metrics.
With these nine variables, we used a MANOVA to test for dif-

erences among the six regions of the body. Differences among
ndividuals are much smaller than the differences among scale
e data. (F) Whole scales were imaged with �CT and a representative ventral scale
enii, and a more rounded posterior edge. Radii are similar to those in central body

regions (Fig. 8). The MANOVA showed a significant difference in
scale surface structure among body regions: Wilks: p = 0.0018, Pil-
lai: p = 0.0027. To display this result, we use a discriminant function
analysis, which creates discriminant functions composed of the
nine variables that best group the data by body region (Fig. 8A).
Our first discriminant function explains over 75% of the variability
between groups, while our second discriminant function explains
nearly 14% (Fig. 8A). With MANOVA results indicating differences
among scale patches from different regions of the body, we  then
ran post hoc ANOVAs on each variable to determine which were
the ones contributing to differences among scale patches. Four
variables showed significant trends: percent of ctenii coverage
(p = 0.0036), aspect ratio (p = 0.0057), skew (p = 0.035), and texture
direction (p = 0.038). A Tukey HSD test was  then performed on each
significant variable to see which specific regions of the fish differed
with respect to each variable using a standard alpha level of 0.05.
These results are presented graphically in Fig. 8B–E, with statistical
groups shown by the grey and black lines at the top of each graph.

As seen in Fig. 8B, the percent of ctenii coverage shows two
groups with much overlap; ctenii coverage on tail scales is greater
than on opercle and dorsal scales, while ctenii coverage on ventral
scales is greater than on opercle scales (Tukey HSD; tail–opercle:
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

p = 0.004, tail–dorsal: p = 0.026, ventral–opercle: p = 0.016). In gen-
eral, we observe more ctenii coverage as we move ventrally on the
fish from dorsal to central and then ventral scales, and ctenii cov-
erage is higher on scales from the posterior part of the fish on the

dx.doi.org/10.1016/j.zool.2016.02.006
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Fig. 6. Scales from the peduncle region of Lepomis macrochirus. (A) Scales were imaged between the lateral line and posterior base of the anal fin. (B) Grayscale image of the
surface − all panels show scales in this anatomical position. (C) Ctenii are present and ctenii fields are triangular. Scale surface in three-dimensions as a colored elevation
map  with a scale bar. (D) An elevation profile graph along the black line in C shows topography. The plateaus are posterior fields − around 2.2 mm long and showing peak to
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alley  heights of 60–80 �m.  (E) Oblique view of this surface with elevation exaggera
eduncle scale is displayed, including sagittal and transverse cross-sections. Pedun
entral edges. Radii nearest the lateral edges are not fully open.

eduncle and tail regions. Values fluctuate from around 10% ctenii
overage of the posterior field in the dorsal region to 35% in the tail
egion.

Fig. 8C shows the relationship between aspect ratio of the pos-
erior field and region of the body. We  find that posterior fields of
percle scales have a smaller aspect ratio than those on the cen-
ral and ventral regions (Tukey HSD; opercle–central: p = 0.0073,
percle–ventral: p = 0.0047). Aspect ratio is lowest on the opercle
egion and increases from dorsal to central on the body of the fish.

Fig. 8D shows that skew is lower in the tail region than it is in
he peduncle region (Tukey HSD, peduncle–tail: p = 0.022). Skew is a
urface metrology metric where positive values indicate a predom-
nance of peaks on the surface, whereas negative values indicate

ore valleys. The peduncle region is the only region with positive
kews, although values for all regions of the bluegill are close to
ero, indicating that surfaces contain equivalent peaks and valleys

 evident from the profile lines given in panel D of Figs. 2–7.
Finally, in Fig. 8E we show the texture direction over different

egions of the body. Texture direction is the direction of the primary
attern of a surface and is measured in degrees counterclockwise
elative to the y-axis. A texture direction value of 90◦ means the
rominent pattern of the surface would be arranged along the x-
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
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xis of the images (left to right in images presented). Although
here are no differences between groups with a Tukey HSD test
sing a 0.05 alpha level, texture direction shows a significant
y 10% to illustrate the 3D nature of these data. (F) �CT reconstruction of an anterior
ales show radii, ctenii, and have rounded posterior margins with flared dorsal and

overall effect, indicating that while texture differences among any
pair of regions is small, significant variation still exists across all
regions (considered together) in this metric.

3.3. �CT results

Measurements from �CT reconstructions include scale length,
height, thickness, ctenii length, number of radii, and scale aspect
ratio, and these data are shown in Fig. 9. Scale length is measured
along the anteroposterior axis, scale height is measured along the
dorsoventral axis, and scale thickness is measured in the medio-
lateral axis (for details see Section 2.3). MANOVA analysis shows
a difference among scales from different body regions using these
six variables (Wilks: p < 0.001, Pillai: p < 0.001).

Scales from different regions show differences in length
(ANOVA, p < 0.001), although the pattern among regions is com-
plex (Fig. 9A). Scales from the opercle are shorter in length
than scales from the central, ventral, peduncle, and tail regions
(Tukey HSD; opercle–central: p < 0.001, opercle–ventral: p < 0.001,
opercle–peduncle: p = 0.0073, opercle–tail: p = 0.0012). Addition-
ally, dorsal scales are shorter than scales from the central,
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

ventral, and tail regions (Tukey HSD; dorsal–central: p = 0.0067,
dorsal–ventral: p = 0.017, dorsal–tail: p = 0.041). Overall, scales are
shorter on the opercle and dorsal regions (∼4 mm)  and longer on
the rest of the body (∼5 mm).

dx.doi.org/10.1016/j.zool.2016.02.006
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Fig. 7. Scales from the tail region of Lepomis macrochirus. (A) Scales were imaged above the hypural plate at the base of the tail, and below the lateral line. (B) Grayscale
image  of the surface − all panels show scales in this anatomical position. Ctenii present. Note the replacement scales with more distantly spaced circuli in the bottom right,
top  right, and left edges of the image. (C) The scale surface is shown in three-dimensions as a colored elevation map  with a scale bar. (D) An elevation profile graph from the
black  line in C shows the topography of the scaled surface − the plateaus are the posterior fields, which are around 2.4 mm long and show vertical deviations of 80–120 �m.
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E)  Oblique view of the surface with elevation visually exaggerated by 10% to illustr
cale  is displayed, including sagittal and transverse cross-sections. Scales have dull
adii  nearest the lateral edges are not fully open.

Scales are also different in height (ANOVA, p < 0.001) as shown
n Fig. 9B. Opercle scales are shorter in height compared to
cales from the central, ventral, and peduncle regions (Tukey
SD; opercle–central: p < 0.001, opercle–ventral: p = 0.0014,
percle–peduncle: p = 0.0026). Similarly, dorsal scales are shorter
han scales from the central, ventral, and peduncle regions (Tukey
SD; dorsal–central: p = 0.0055, dorsal–ventral: p = 0.023, dorsal-
eduncle: p = 0.045). Tail scales are also shorter than central scales
Tukey HSD; tail–central: p = 0.020).

Fig. 9C shows that the thickness of scales is different on dif-
erent regions of the fish (ANOVA, p < 0.001). Scales from the
percle region are thinner than scales from the central, ventral,
nd peduncle regions (Tukey HSD; opercle–central: p = 0.0024,
percle–ventral: p = 0.025, opercle–peduncle: p = 0.013). Moreover,
cales from the dorsal region are thinner than scales of the cen-
ral, ventral, peduncle, and tail regions (Tukey HSD; dorsal–central:

 < 0.001, dorsal–ventral: p = 0.0011, dorsal–peduncle: p < 0.001,
orsal–tail: p = 0.011). Opercle and dorsal scales are thinnest, at
bout 65 �m,  while central, ventral, and peduncle scales are much
hicker, at around 110 �m.

Fig. 9D shows that length of ctenii is different among different
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
Lepomis macrochirus. Zoology (2016), http://dx.doi.org/10.1016/j.zool

egions on bluegill (ANOVA: p < 0.001). The only statistical differ-
nce here is that scales from the opercle region have no ctenii, in
ontrast to ctenii being present on all other scale regions (Tukey
SD: all pairwise comparisons between opercle and other regions
e 3D nature of these data. (F) Whole scales were imaged with �CT and a single tail
ed posterior edges, straightened lateral edges, and slightly flared anterior margins.

p < 0.001). In the present study we have chosen to characterize the
cycloid scales of the opercle as having ctenii of zero length, but an
argument could be made for treating ctenii presence as a categor-
ical variable. However, some research suggests that with growth
of a fish, cycloid scales become ctenoid scales in some species,
indicating that some cycloid and ctenoid scales are on the same
ontogenetic spectrum of scale types (Burdak, 1986). It is possible
that finer differences would be seen with a larger sample size. Dor-
sal, central, ventral, peduncle, and tail regions have ctenii about
110 �m long.

Fig. 9E shows that scale radius number differs among regions
(ANOVA: p < 0.001). Opercle scales are different from other regions
because they have either very few or no radii (Tukey HSD: all pair-
wise comparisons between opercle and other regions p < 0.001).
The pairwise comparison between the counts of central versus
peduncle radii is close to significance (p = 0.081) − indicating a
larger sample size could reveal significant differences.

Fig. 9F shows that scale aspect ratio is different among regions
on bluegill (ANOVA: p = 0.033). Tail scales have a lower aspect ratio
than peduncle scales (Tukey HSD; tail–peduncle: p = 0.045). Lower
aspect ratios indicate that scales are shorter in the dorsoventral
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

axis or longer in the anteroposterior axis. Ventral and opercle scales
have more variability in aspect ratio compared to other scales, as
shown by the standard error bars in Fig. 9F.

dx.doi.org/10.1016/j.zool.2016.02.006
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Fig. 8. Scale surface morphology data from GelSight, comparing measurements from different body regions. (A) Discriminant function analysis using 9 different variables
categorized with scale location. Discriminant function 1 (DF1) accounts for 75.7% of the diversity among groups, while discriminant function 2 (DF2) accounts for 13.7%.
Panels  B–E show variables that demonstrate significant differences among scale locations. Black and grey bars at the top of graphs indicate the groups that are not statistically
different using Tukey HSD test. Bars are ± 1 standard error and points are means. (B) Percent of the posterior scale field covered in ctenii. (C) Aspect ratio (height divided by
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ength)  of the posterior field within scales. (D) Skew and scale location. (E) Texture
esulting in positive angle values. Although the ANOVA shows a significant effect w
0  degrees, which is expected for horizontally arranged scales.

. Discussion

In the present paper we present data on morphological differ-
nces among in situ patches and individual scales from six different
egions of the body of bluegill sunfish. We  collected our data using
oth a new surface analysis technique that allows 3D reconstruc-
ion of a fish’s surface, and �CT to focus on the morphology of
ndividual scales. We  found numerous differences among regions
f the body in both the shape and pattern of scales.

Fish scales have been the subject of research on topics rang-
ng from species description (Jordan and Evermann, 1898; Miller,
945) and analysis of age and growth (Everhart, 1950; Lane, 1954;
eardsley, 1967) to population discrimination (Barlow and Gregg,
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
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991; Margraf and Riley, 1993; Unwin and Lucas, 1993). Scales
an be well preserved in the fossil record, and have been used to
haracterize species assemblages (Shackleton, 1987; McDowall and
ee, 2005), inform diet and food webs (Maisey, 1994), and describe
ion measured with respect to the y-axis, with clockwise turns in texture direction
s variable, there are no differences among groups using Tukey HSD. Values are near

extinct taxa (Goodrich, 1907; Zylberberg et al., 2010). Scale mor-
phology has also been used to infer taxonomic relationships among
fish taxa, starting notably with Louis Agassiz and his categoriza-
tion of fish diversity based on scale morphology, but continuing to
the present day (Agassiz, 1833; Goodrich, 1907; Kobayasi, 1955;
Randall, 1955; Roberts, 1993; Kuusipalo, 1998; Lippitsch, 1998).

However, detailed descriptions of scale morphology and vari-
ation over the body have remained limited due to the lack of a
method for imaging surface topography on patches of overlap-
ping scales. Scanning electron micrographs and alizarin-stained
scales provide clear images for 2D and linear morphometrics, but
are not suitable for quantitative metrology and 3D analysis, or for
examining the relationships among scales in situ on the body. Per-
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

haps in part due to the general lack of quantitative imaging of fish
scales, inferences about the hydrodynamic and locomotor func-
tion of scales have remained mostly indirect and speculative. Even
basic questions such as “how rough is the surface of a fish?” and

dx.doi.org/10.1016/j.zool.2016.02.006
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Fig. 9. Graphs of scale �CT data for scales all taken from the same individual to show differences in morphology among scales from different body regions. Lines at the
top  of graphs refer to groups determined with post-hoc Tukey HSD tests. Points are means and error bars are ± 1 standard error. (A) Scale length in the anterior-posterior
direction. Scales from opercle and dorsal regions have the smallest lengths (3.5–4.3 mm)  and bluegill scales show a range of lengths between 3.5–5.25 mm. (B) Scale height
(dorsal–ventral direction). Scales from opercle, dorsal, and tail regions have the smallest heights, and variation of all scales is between 3 and 6.5 mm.  (C) Scale thickness.
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cales  from dorsal and opercle regions are thinnest. Thickness ranges from 50 to 12
ave  no ctenii. (E) Radii counts from different scale regions. Opercle scales have zero
cales  are usually larger in height than length, except for scales on the tail and oper

how does roughness vary across a fish’s body surface?” have not
een quantitatively addressed. Without this information, hypothe-
es about either how water flow is altered by scale morphology or
egarding the effects of scales on boundary layer flows cannot be
pecified. To our knowledge, the present data on bluegill represent
he first analysis of the 3D surface structure of scale patches and the
se of �CT scans to investigate dimensional variation in individual
cales around the body.

.1. Bluegill scale morphology

Bluegill scales vary both qualitatively and quantitatively among
ifferent regions of the body. Figs. 2–7 illustrate scales from our six
hosen regions. We  particularly note the presence of ctenoid scales
n all regions except the cycloid-scaled opercle, but differences do
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
Lepomis macrochirus. Zoology (2016), http://dx.doi.org/10.1016/j.zool

ot end there.
Of our nine GelSight-measured variables for in situ scale

atches, ctenii coverage, posterior field aspect ratio, skew, and tex-
ure direction show significant differences among different regions
. (D) Ctenii length; all ctenii appear similar in length where present. Opercle scales
w radii, while other scales have between 11 and 16. (F) Aspect ratio of whole scales.
gions.

of the bluegill. In addition, �CT data on individual scales show dif-
ferences in length, height, thickness, ctenii length, number of radii,
and aspect ratio. Both the GelSight and �CT variables often show
differences in the opercle, dorsal, peduncle, or tail regions com-
pared to others, leading us to hypothesize that these regions may
be good candidates for observing within-species scale diversity in
other species. For example, to study differences in scale morphol-
ogy within a species, scales from the opercle, dorsal, peduncle, and
tail regions may  be important to sample because these regions are
most often different from other regions in the dataset we  present
here. Furthermore, because these regions appear to be most dif-
ferent, they may  hold information on the functional significance
of scale diversity − especially if similar patterns are seen in other
species as some other studies suggest (Burdak, 1986; Grande and
Bemis, 1998; Ibañez et al., 2009). Scales from the central and ven-
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

tral regions are always very similar in our analyses and often have
average values for metrics that we  quantified; these may be good
regions to use when investigating differences between species or
describing the scales of a species.

dx.doi.org/10.1016/j.zool.2016.02.006
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Differences in the shape of the posterior fields are evident in
ur GelSight images of scale patches (panel B in Figs. 2–7). These
ifferences are reflected in our analysis of posterior field aspect
atio (Fig. 8C) where we find the lowest aspect ratio on the opercle,
ollowed by dorsal, peduncle, and tail regions, and then central and
entral regions. This aspect ratio pattern is mirrored in the analysis
f whole scales (Fig. 9F) with a few differences. First, the aspect ratio
f whole opercle scales has a much higher variability (Fig. 9F) than
hat of other regions, evidence that scale shape is more variable
n the opercle than in other regions. Second, the aspect ratio of

hole peduncle scales is high compared to that of other regions,
ut peduncle posterior fields have average aspect ratios. This last
oint is evidence that posterior field shape is not only the result
f the shape of the whole scale; instead, scale shape interacts with
he arrangement of neighboring scales to create different posterior
eld shapes. However, the general agreement between posterior
eld and whole scale aspect ratio patterns may  indicate that whole
cale shape often dictates posterior field shape, at least in bluegill.

In the order of largest to smallest, the largest scales in length,
eight, and thickness are the scales of the central, ventral, peduncle,
nd tail regions (Fig. 9A–C). Dorsal and opercle scales are overall
mallest in those three simple size measurements. Ctenii length
aw no pattern besides the lack of ctenii on opercle scales, although
t is possible that slight differences exist, because central ctenii
ppear to be shorter than others (Fig. 9D). Radii show a pattern
here opercle radii counts are different from those of other regions

Fig. 9F), yet radii counts appear to have small standard deviations
n the central, ventral, and peduncle regions. Although we  were
nable to detect a significant difference between radii counts with
ur sample size, the pattern we describe here suggests a signifi-
ant trend may  emerge with further study and a larger sample size.
ecause radii are gaps in the ossification of scales, they naturally
rovide increased flexibility for scales. It is interesting to note that
he highest radii counts come from regions of the body that are
ither naturally curved (dorsal) or experience higher lateral cur-
ature during swimming (the caudal peduncle and tail). Because
he opercular region does not bend during swimming, perhaps it
s unsurprising that opercle scales have almost no radii, and hence,
imited expected flexibility.

.2. Functional significance of scale structures for solid mechanics

Research into the solid mechanics of fish scales has largely
ocused on biomimetic applications of fish-scale-like armor
Vernerey and Barthelat, 2010; Yang et al., 2012; Chintapalli et al.,
014). Much of this research has investigated thickened ganoid
cales typical of Polypteridae and Lepisosteidae (Bruet et al., 2008;
ong et al., 2011) but the mechanical properties of elasmoid scales
s seen in bluegill and most bony fishes have also been investigated
Zhu et al., 2012; Browning et al., 2013). Here we present several
ypotheses relevant to the solid mechanical function of fish scales
ased on the features that we have observed in bluegill scales.

First, the slight curvature of scales may  function to stiffen scales
n specific loading regimes. Scales appear to be curved so that
heir interior surfaces, facing medially, are concave (cross-sections
n panel F of Figs. 2–7). This curvature would be expected to
ncrease bending stiffness of the scale and allow it to resist bend-
ng in the anterior–posterior plane, which could be important in
esisting injury or local deformation during swimming and escape
vents. Current mathematical and physical models of scales do not
ake scale curvature into account (Vernerey and Barthelat, 2010;
rowning et al., 2013). Presumably scales contact and slide past
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
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ne another during body and fin undulation (scales can be present
n fins), but the degree and nature of scale-to-scale relative motion

s unknown. It is also possible that scales could store elastic energy
uring either standard undulatory locomotion or high lateral
 PRESS
ology xxx (2016) xxx–xxx 11

bending maneuvers such as escape responses. Any elastic energy
stored would be returned to the fish to accelerate lateral bending of
the body in the opposite direction and scale curvature would affect
the amount of energy stored. This hypothesis could be examined
by first understanding the kinematics of fish scales during differ-
ent modes of locomotion and then determining the extent of scale
movement and bending in vivo.

Second, the circuli and other microroughness features on scale
surfaces may  function to limit tensile stresses to the valleys
between circuli during bending of the scale (Yang et al., 2012).
Limiting tensile stress in this way will minimize tensile stress
during the bending of scales, which could affect the amount of stress
necessary to produce a given amount of bending.

Third, circuli and other microroughness features of both scale
medial and lateral surfaces could increase the second moment of
area for scales. Increasing the second moment of area by placing
material farther from the axis of bending would increase the stiff-
ness of scales, with implications for swimming and protection as
noted above.

Fourth, fields of interlocking ctenii at the posterior edge of scales
may  function as regions of flexibility. Because ctenii are made of
many interlocking structures, it is reasonable to assume they are
not as stiff as the body of the scale made of solid ossified tissue. The
interlocking ctenii would create decreased resistance to flexibility,
which could be important for lessening the force to bend arrays of
scales when they are touching. This hypothesis is dependent upon
the kinematics of scales during swimming and assumes that the
posterior part of a scale will touch the scale posterior to it, creating
a bending force.

A fifth hypothesis relevant to scale function is that radii may
allow increased scale flexibility, thereby reducing body bending
forces (Taylor, 1916) and the locomotor cost of transport. Radii are
gaps in the ossified layer on scales, found on the anterior portion
of scales on bluegill and other fishes (panel F in Figs. 3–7) (Daniels,
1996). Radii may  decrease the bending stiffness of scales and these
gaps could provide flexibility without sacrificing protective func-
tions because radii are located under the surface of the neighboring
scales in the anterior direction.

A final hypothesis on the solid mechanics of scales is that the
microroughness of scales, including circuli and ctenii, could provide
a substrate for the attachment of the epidermal and mucous layers
atop fish scales. The epidermis and mucus could decrease friction
among overlapping scales and make it easier for scales to slide past
one another as the body bends, allowing for greater amounts of
body curvature before scales begin to bend and resist body curva-
ture. Interactions among biomimetic 3D-printed scales have been
suggested to increase the cost of transport during locomotion, and
scale mobility in sharks may  act to decrease the energy required to
bend the body (Wen  et al., 2015).

4.3. Functional significance of scale structures for fluid mechanics

Scale morphology not only has relevance for solid mechan-
ics and how fish body bending occurs, but for fluid mechanics
as well. Several features of the pattern of scale variation across
the body suggest functional hypotheses for future experimen-
tal testing. First, one hypothesis regarding scale function is that
ctenoid scales increase turbulent energy in the boundary layer.
This hypothesis originated in the Russian literature (Burdak, 1986),
which states that spiny ctenoid scales create organized turbulence
to either create or maintain a turbulent boundary layer, thereby
delaying boundary layer separation and the associated increase in
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

pressure drag. Although laminar boundary layers generate less fric-
tion drag than turbulent ones, turbulent boundary layers have a
greater energy and are less prone to separation (Anderson et al.,
2001; Anderson, 2005). If a fish were to ‘trip’ the boundary layer

dx.doi.org/10.1016/j.zool.2016.02.006
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rom laminar to turbulent, it could therefore decrease drag by being
ess likely to incur separation − the spines on scales could be used
s a turbulator (turbulence generator) in this manner. Our limited
nowledge of swimming fish boundary layers shows that fish gen-
rate mainly laminar boundary layers (Anderson et al., 2001) at
low to moderate swimming speeds. However, turbulent boundary
ayers can occur posteriorly on the body and the tail, and during
igher-amplitude motions such as escape responses. Also, larger
sh may  incur turbulent boundary layers proportionally further
nteriorly on their bodies simply due to their large length − a factor
n determining the Reynolds number and organization of bound-
ry layer flows. For example, if the laminar-to-turbulent transition
appens at 10 cm down the length of both a 15 cm salmon and a
0 cm salmon, the transition occurs proportionally further anteri-
rly on the 60 cm fish and we may  expect the surface structure of
he fish to reflect this. The hypothesis that ctenii increase turbulent
nergy in the boundary layer is often presented as if it was well sup-
orted (Bone and Moore, 2008; Helfman et al., 2009), but in fact we
re not aware of any experimental studies that have investigated
his idea explicitly.

Second, the increased ctenii coverage we observe towards the
ail could indicate the use of more turbulators, such as ctenii, to
elay separation of the boundary layer as the fluid’s pressure gra-
ient changes further back on the fish. We  observed an increase in
he coverage of ctenii as we move ventrally and posteriorly on the
ody (Fig. 8B), and as above, ctenii may  be acting as turbulators to
reate a turbulent boundary layer and delay separation. In addition,
t has been shown that both streamwise (parallel to the flow) riblets
nd the riblet-like features of shark’s placoid scales reduce drag in
urbulent boundary layers (Dean and Bhushan, 2010; Oeffner and
auder, 2012; Wen  et al., 2014) and the patterns of spines on fish
cales could function similarly to reduce drag where there is turbu-
ence. Furthermore, the increased ctenii coverage ventrally on the
luegill body might be explained by the increased turbulence cre-
ted by pectoral fin oscillation during swimming at speeds of less
han one body length per second (Gibb et al., 1994; Drucker and
auder, 1999). In short, more ctenii are found where there appears
o be increased turbulent flow, indicating that increasing the num-
er the number of ctenii may  be useful for controlling turbulence

ntensity near the body.
A related hypothesis for scale function is that the transition from

ycloid scales on the anterior part of the body to ctenoid scales on
he posterior part of the body could indicate the transition from a
aminar to a turbulent boundary layer (Aleyev, 1977). Here, ante-
ior cycloid scales would reduce drag in a laminar boundary layer by
irtue of their smooth surface (Aleyev, 1977; Burdak, 1986). If the
oundary layer becomes turbulent after the gill opening where fluid

s injected into the boundary layer (Tytell and Alexander, 2007),
hen spiny-edged ctenoid scales could organize turbulence to pre-
ent separation, as above. To test this hypothesis, experimental
easurements of boundary layer flows could be made to determine

f there is a match between where scales transition from cycloid to
tenoid and where the boundary layer transitions from laminar to
urbulent flow.

Third, one of the surface metrology parameters measured from
elSight, skew, shows a pattern where the only positive values are

een on the peduncle region. Skew is a measurement of the dom-
nance of peaks versus valleys on the surface, with positive values
ndicating more peaks. For reference, most sandpapers have skew
alues from 0.7 to 1.0 (a flat surface with grains that create peaks)
nd our data shows skew values of about 0.4 for the peduncle,
ndicating dominance of peaks. The peduncle of fish experiences
Please cite this article in press as: Wainwright, D.K., Lauder, G.V., Thr
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arger amounts of bending than other regions, and the flow speed
f the fluid near the peduncle is increased due to higher body
scillation amplitudes. In addition, the peduncle is a region of com-
lex three-dimensional flow (Nauen and Lauder, 2001). Perhaps
 PRESS
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the positive skew values in the peduncle region have some rela-
tionship to the complex and possibly separated flows in this region
(Anderson et al., 2001).

Although there has been discussion about the role of ctenii in
hydrodynamics (see above), it is possible that the circuli may  also
function as turbulators. Circuli are concentric growth rings on the
body of scales that protrude a small amount (∼5 �m in bluegill)
from the scale surface. On the dorsal and ventral areas of each scale,
these circuli have streamwise grooves, while the posterior parts
of scales have circuli perpendicular to flow. Circuli could generate
turbulence to create or maintain a turbulent boundary layer. Cir-
culi could also concentrate fluid shear stress on their ridges while
experiencing a drop in shear stress over valleys, with the effect of
decreasing friction drag overall.

Finally, the epidermis and mucus that cover the body and scales
of many fish may  have a profound effect on scale function. It is
possible that the mucus layer and epidermis of live fish covers or
partially obscures some of the morphological features described
above. Values for thickness of the epidermis for trout and salmon
vary from about 30 �m to 90 �m (Fast et al., 2002), which if similar
in bluegill, may  obscure microroughness created by circuli. Ctenii
appear to project through the epidermis and mucus coating, as they
are visible in experimental GelSight imaging of the surface of live
bluegill swimming (D.K.W., unpublished observations). However,
the epidermis may  also conform to the scale surface, allowing many
of the larger features to affect the fluid moving past the body.

Our study used preserved specimens but the epidermis is still
sometimes present as a smooth area with small 10 �m bumps (per-
haps goblet cells) in the anterior part of posterior fields of the
images shown (Figs. 2B and 7B). However, the epidermis is likely
distorted and damaged by the preservation process and live fish
may look quite different. Mucus is almost certainly not present in
our images, as the fixation and preservation process often causes
mucus to slough off. If the epidermis and mucus of fish normally
cover features such as circuli and ctenii, then these structures are
not likely to have a direct effect on the boundary layer of a swim-
ming fish, thereby limiting the fluid dynamic effect of several scale
features. In fact, circuli and fields of ctenii may  have a role in retain-
ing the mucus coat on the scale surface.

Despite this range of hypotheses concerning scale function, the
nature of fluid flow at the level of fish scales remains unknown,
and so the effect of scale microstructure on flow dynamics over the
body of swimming fishes is an area very much in need of future
study.

4.4. The future of 3D fish scale imaging

With the use of both established �CT techniques and the new
3D surface imaging provided by GelSight, we  have shown that it
is possible to collect quantitative data on fish scale morphology.
Describing scale morphology in 3D is crucial to understanding any
potential hydrodynamic interactions scales may  be having with the
external fluid, and such data may  also shed light onto other func-
tional roles for scales. The scales of more species could be studied
with these techniques to measure patterns of scale morphology in a
phylogenetic context, which may  lead to further hypotheses about
the functional roles of scale 3D structure. Furthermore, it would be
interesting to see if the general patterns across the body that we
observed in bluegill hold in other species. GelSight is a powerful
imaging tool that can be used to study scales from fossil fish to the
surfaces of live fish. Additionally, 3D shape data allows us to create
ee-dimensional analysis of scale morphology in bluegill sunfish,
.2016.02.006

physical models of fish surfaces using 3D printing techniques and
then test their performance during both swimming and static tests
(Wen  et al., 2014, 2015). In this way  we can link form to function by
testing the mechanical and hydrodynamic performance of different

dx.doi.org/10.1016/j.zool.2016.02.006
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