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Synopsis  Armor is a multipurpose set of structures that has evolved independently at least 30 times in fishes. In addition to
providing protection, armor can manipulate flow, increase camouflage, and be sexually dimorphic. There are potential tradeoffs
in armor function: increased impact resistance may come at the cost of maneuvering ability; and ornate armor may offer visual
or protective advantages, but could incur excess drag. Pacific spiny lumpsuckers (Eumicrotremus orbis) are covered in rows of
odontic, cone-shaped armor whorls, protecting the fish from wave driven impacts and the threat of predation. We are interested
in measuring the effects of lumpsucker armor on the hydrodynamic forces on the fish. Bigger lumpsuckers have larger and more
complex armor, which may incur a greater hydrodynamic cost. In addition to their protective armor, lumpsuckers have evolved
a ventral adhesive disc, allowing them to remain stationary in their environment. We hypothesize a tradeoft between the armor
and adhesion: little fish prioritize suction, while big fish prioritize protection. Using micro-CT, we compared armor volume to
disc area over lumpsucker development and built 3D models to measure changes in drag over ontogeny. We found that drag and
drag coefficients decrease with greater armor coverage and vary consistently with orientation. Adhesive disc area is isometric
but safety factor increases with size, allowing larger fish to remain attached in higher flows than smaller fish.

Introduction Rief 1985; Ruben and Bennett 1987; Bartol et al. 2005;

Armor is thought to be principally for protection from,
for example, piercing predators or sharp substrates
(Meyers et al. 2012; Yang et al. 2013; Lowe et al. 2021;
Kruppert et al. 2020). Armor has evolved at least 30
times across cartilaginous and bony fishes, and serves
a wide variety of roles. These include, but are not lim-
ited to, physiological storage for calcium, sexual dis-
play, armament for combat, mechanical enhancers of
stiffness, and defense (Kynard 1979; Huntingford 1982;
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Meyers et al. 2012; Yang et al. 2013; Lowe et al. 2021;
Kruppert et al. 2020; Kolmann et al. 2020a, b; Woodruff
et al. 2022). In some fishes, for example, poachers (Ag-
onidae), there is good evidence that armor plates do
serve a protective role. The function is inferred from
damage—abrasive damage on the belly from substrate
contact, and impact damage on the dorsum from com-
bat or predation (Kruppert et al. 2020; Kolmann et
al. 2020a). Pacific spiny lumpsuckers are covered with
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whorls of lightweight, enamel armor that bears witness
to impact damage (Woodruff et al. 2022). Presumably,
in its defensive capacity, armor has several axes of vari-
ation that are important to performance: material prop-
erties, plate structure, and the interactions among plates
(Bruet et al. 2008; Song et al. 2011; Meyes et al. 2012;
Yang et al. 2013; Kruppert et al. 2020; Kolmann et al.
2020a; Lowe et al. 2021). As a first approximation, it is
sensible to suppose that heavier armor, with greater cov-
erage and plate overlap, is more protective than lighter,
less overlapping armor.

It is also useful to consider the hydrodynamic impact
of armor, particularly over ontogeny, because swim-
ming speed and maneuverability are key performance
traits for survival (Webb and Weihs 1986; Wassenbergh
et al. 2015; Larouche et al. 2020; Sagnes et al. 2000).
Bichirs (Polypteridae), gar (Lepisosteiidae), and some
species of poacher (Agonidae) begin life with flexible,
geometrically simplified armor, which grows in den-
sity and complexity over time (Bruet et al. 2008; Song
et al. 2011; Kolmann et al. 2020a). In Polypterus, this
complexity faces inward, and increases the stiffness
of the body through spines and sockets beneath the
skin (Bruet et al. 2008; Song et al. 2011). Their armor,
smooth throughout ontogeny, does not alter flow dif-
ferentially as they get bigger. Conversely, the armor of
spearnose poachers, Agonopsis vulsa, transitions from
being porous plates with large spines in juveniles to
solid scutes with small spines as adults. So, not only can
armor affect flow around a fish, that effect can vary over
ontogeny.

Pacific spiny lumpsuckers, E. orbis (Giinther 1861),
are small, globose, heavily armored, charismatic fish
found in the rocky subtidal and submerged intertidal of
the Northern Pacific Ocean (Giinther 1861; Arita 1969;
Kells et al. 2016; Huie et al. 2022; Woodruff et al. 2022).
Their odontic armor, a lightweight derivative of teeth,
is composed of small enamel cones that fuse together
as the fish gets bigger (Woodruff et al. 2022). Armor
changes radically over ontogeny, with large fish having
more armor plates, plates with more cusps, and a greater
portion of their surface covered in armor (Woodruff et
al. 2022; Fig. 1). In large individuals, the armor whorls
make up so much of the surface that they must affect
viscous drag as water flows over the fish. It is difficult
to imagine how these spiny, spherical fish could sta-
tionhold in even a light current, but they are the only
armored fish with a ventral adhesive disc (Arita 1967;
Budney and Hall 2010; Huie et al. 2022). The combi-
nation of potentially high drag armor and an adhesive
disc makes lumpsuckers an interesting system for exam-
ining tradeoffs between different performance charac-
teristics of armor. The scaling relationships between ar-
mor and adhesion over ontogeny should reveal the role
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of the disc in resisting dislodgement due to potentially
increased drag (Huie et al. 2022; Woodruff et al. 2022).

Here, we investigate the interactions between armor
and hydrodynamic drag of the Pacific spiny lumpsucker
over ontogeny. The objective of this study is to eval-
uate how changing armor over ontogeny affects drag
and whether there is a relationship between the hydro-
dynamics of the armor and the scaling of the adhesive
disc of the Pacific spiny lumpsucker. Our goals are four-
fold: (1) to measure drag at several angles of attack along
the horizontal pane and at several speeds, across on-
togeny, using similarly sized 3D models, (2) calculate
the drag over ontogeny of fish using the coefficient of
drag measured from our scaled models, (3) measure ad-
hesive disc growth over ontogeny, and (4) compare ar-
mor morphology, drag, and disc size. We predict that
increased armor coverage leads to increased drag. This
might be offset by increased adhesion, or perhaps the ar-
mor protects against the impacts due to dislodgement.
This tradeoft would be supported by positive allome-
try in armor coverage, positive allometry in drag coef-
ficient, and negative allometry of the adhesive disc, in-
dicating a greater reliance on adhesion early in life that
would be replaced over ontogeny with armor to protect
them from impacts.

Materials and methods
3D segmentation and model building

We downloaded 20 micro computed tomography
(micro-CT) scans of E. orbis, the Pacific spiny lump-
sucker, used in Woodruff et al. 2022from Mor-
phosource.org (Boyer et al. 2016; morphosource.org,
Supplementary Table S1). We also included an addi-
tional specimen (n = 1, at 5.4 mm standard length [SL]),
captive bred and provided by M. Holst at the Aquar-
ium of the Bay, CA, USA. This specimen was imaged at
the Karel F. Liem Bio-Imaging Center at Friday Harbor
Laboratories, Friday Harbor, WA, USA, with a Bruker
Skyscan 1173. Scans were reconstructed in NRecon
(Bruker 2005-2011) and segmented in 3D Slicer (ver-
sion r29738) with the SlicerMorph extension (Kikinis
et al. 2013 ; Rolfe et al. 2021).

We approximated the adhesive disc area using the
equation for the area of an ellipse

Area = axbx 7, (1)

where 4, the major axis, is 5 the length from the right
upper internal ascending process to the lower fimbriae
of the last right pelvic fin ray and b, the minor axis,
is 2 the width of the broadest point of the adhesive
disc; across the distal ends of the third pelvic fin rays
(Arita 1967; Budney and Hall 2010; Huie et al. 2022).
We took these measurements using the markups mod-
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Fig. | CT scans of E. orbis odontodes and adhesive discs over ontogeny. (A) Micro-CT scan of an adult lumpsucker (75 mm SL; Scale bar =
| cm). (B) Dorsal view of representative odontodes over ontogeny showing crown development. (C) Lateral view of odontodes over
development. Shape and complexity greatly increase throughout lumpsucker development. All scales in panels (B) and (C) are from the
same location highlighted in panel (A) (purple odontode and asterisk). The scale bar under the dark blue odontode in panels (B) and (C) is
set to 0.25 mm, all other scale bars are 1.0 mm. (D) Ventral view of skeletal adhesive discs over ontogeny (Scale bar = | mm).

ule in 3D Slicer. We then compared our morphometric
measurements to previously published data on armor
volume from this series of micro-CT imaged lumpsuck-
ers (Woodruff et al. 2022).

Modeling

From the 21 micro-CT scans considered for morpho-
metrics, we selected six specimens that represented
major shifts in armor morphology (Woodruff et al.
2022; Fig. 1; Table 1). Using 3D Slicer, we generated
solid models by segmenting out the armor and filling
the empty space between the armor and skeleton holes
with iterations of the wrap solidify module, resulting in
a solid body model (Weidert et al. 2020). We combined
the original armor segment with the solid body using
the logical operators tool (Pinter et al. 2019) to ensure
that nuances in scale morphology were not hidden after
wrapping. We filled any remaining voids in the model
with the paintbrush tool (Pinter et al. 2019) and added
a ventral support tab to each model in Blender version
3.1.2 (Blender Foundation, Amsterdam, Netherlands;
blender.org.). We placed the tab on the adhesive disc on
the model’s ventral side to allow flow to travel across the
model as it would over a live fish adhering to the sub-
strate. We scaled each model to 100 mm in total length
(TL). Scaling by TL was used to standardize the mod-
els because the development of the tail over ontogeny is
poorly described and likely does not contribute much

to drag forces. We printed models using an Ultimaker
S5 3D printer (Source Graphics, Anaheim, CA, USA)
with tough PLA (polylactic acid filament; 2.85 mm) and
polyvinyl dissolvable supports. We used 0.4-mm noz-
zles printing at 55 mm s ~1 at fine resolution (0.2 mm),
15% infill, and 75% overhang support. We printed these
models larger than life and at the fine resolution to
reduce the impact of the layer lines on hydrodynam-
ics. Odontodes are typically taller than Imm in height
on the models, an order of magnitude higher than the
fine resolution layers (0.02-0.4 mm). We assigned ro-
man numerals to the models to refer to them easily
in text (Fig. 2; 5.4 mm—I, 13.7 mm—II, 20.3 mm—III,
38.1 mm—IV, 58.4 mm—YV, 75.0 mm—V1I) and will use
this lettering hereafter.

Drag experiments

We mounted each model by its ventral support tab
to a six axis force transducer; a configuration that al-
lowed us to isolate the effects of armor separate from
adhesion. We mounted the force transducer in a re-
circulating freshwater flume with a working area of
152.4 x 38.1 x 50.8 cm (Rolling Hills Research Corpo-
ration [RHRC] Eidetics’ Flow Visualization Water Tun-
nel, Model 1520; Fig. 3) and measured drag at 1.27,
2.54, and 5.08 bl s7!. The force transducer rotated and
recorded drag force (N) every 10° for 360° beginning
with flow facing the tail (180°) and ending with flow
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Table | 3D models. Surface area and volume calculated from Blender, Reynolds numbers, based on length, calculated using reference
values from Vogel (1994, 23).

Standard Model Model Model Anterior  Lateral 2D
length length surface volume 2D frontal frontal area Flow speed

Model (mm) (mm) area (mm?) (mm?) area (mm?) (mm?) (bls~") Live Re Model Re

| 5.4 100 13629.49 65159 1642.2 30103 1.27 655.09 12649.30
2.54 1310.19 25298.60
5.08 2620.37 50597.21

Il 13.7 100 7637.67 24735 1227.5 2380.3 1.27 1661.99 12649.30
2.54 3323.99 25298.60
5.08 6647.98 50597.21

1] 20.3 100 13284.80 50684 1530 3252.7 1.27 2462.66 12649.30
2.54 4925.33 25298.60
5.08 9850.65 50597.21

\% 38.1 100 17140.82 76770.6 2116.4 36125 1.27 4622.04 12649.30
2.54 9244.08 25298.60
5.08 18488.17 50597.21

\% 584 100 16200.82 84308.2 2523.8 4037.2 1.27 7084.70 12649.30
2.54 14169.41 25298.60
5.08 28338.82 50597.21

\ 75 100 14460.27 77384.6 2142.1 3177.8 1.27 9098.51 12649.30
2.54 18197.02 25298.60
5.08 36394.03 50597.21

= &

(Model IV, 38.1 mm SL)

(Model Il, 13.7 mm SL) (Model V, 58.4 mm SL)

(Model 111, 20.3 mm SL) (Model VI, 75 mm SL)

Fig. 2 Generation of 3D models. (A) Micro-CT scan of E. orbis (ark/87602/m4/377572, 13.7 mm; Scale bar = | mm). (B) CT filled and
smoothed using the wrap solidify module (Scale bar = | mm). (C) The resulting 3D printed model with added ventral support tab for
attachment to the force transducer (Scale bar = | cm). (D) Ontogenic models, each model is scaled to 10cm TL to give consistent testing
conditions (Re; Scale bar = | cm). Asterisks denote enlarged Model Il depicted in (C) and (D).
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Fig. 3 Model testing in flow. (A) Schematic diagram of the Rolling
Hills Research Corporation 6-axis force transducer in the fresh
water flume. Models are mounted ventrally to the force transducer,
which records drag force in Newtons (N) at various speeds and
positions. The entire assembly rotates around its axis via the
rotational motor (B), recording drag every 10° from —180° to
180°.

facing the tail (—180°). We normalized drag by vol-
ume to preserve the effect of armor coverage via sur-
face area (Fig. 4). The anterior—posterior axis of the
fish model may not have been perfectly aligned with 0°
and 180° on the motor. To account for this variation,
we measured local minimum for posterior and anterior
measurements and measured local maximum for lateral
measurements to account for small differences in orien-
tation (Table 2).
We calculated drag coeflicient using
2FE;

Cy = , 2
4= A (2)

where C; is the drag coeficient, F, is the measured drag
force (N), p is mass density (kg m ) of the fluid, u is the
flow speed (ms™!), and A, is the reference area (m?) de-
fined by the frontal surface area from the head, side, and
tail, respectively (FIJI polygon selection tool; Schindelin
et al. 2012). Frontal area takes into consideration direc-
tional information about surface area and shape, as op-
posed to wetted surface area (Vogel 1994; Sagnes et al.
2000).
We calculated the Reynolds number (Re) using
Re = 24, 3
s

where L is the length of the fish specimen (m) and w is
the dynamic viscosity of the water (m? s™!; Vogel 1994).

We calculated the Re for each fish specimen and their
respective models across experimental flow speeds. Val-
ues differ between freshwater (used during model test-
ing), and saltwater (experienced by the live fish). For
the density of freshwater and saltwater at 20°C, we used
0.998 x 10° kg m~ and 1.024 x 10° kg m~>, respec-
tively (Vogel 1994). The dynamic viscosity of freshwa-
ter (0 ppt NaCl) at 20°C is 1.002 x 107 (Pa's), and the
dynamic viscosity of saltwater (35 ppt NaCl) at 20°C is
1.072 x 1073 (Pas) (Vogel 1994).

We computed drag force experienced by the fish
specimens at their actual body size using

1
Fq= Ecdp u? A, (4)

where F,; is the computed drag force (N) and A is the
reference area (m?) defined by the scaled frontal sur-
face area (2D area measured from the models, scaled to
the size of the respective fish specimen) for the anterior,
posterior, and lateral sides.

We computed adhesive force using

E:a =Ad P, (5)

where F,, is the computed adhesive force (N), A, is the
adhesive disc area, and p is the ambient pressure outside
the adhesive disc, estimated at 101 kPa (Wainwright et
al. 2013).

Scaling

We investigated the scaling relationships between adhe-
sive disc area (mm?) and armor volume (mm?) across
standard length (mm) using R version 4.1.1 (2021-08-
10; R Core Team 2022). We calculated reduced major
axis (RMA) regressions on log;o transformed data using
the Imodel2 R package (Legendre and Okansen 2018).
RMA regressions are preferred over other Model 1T re-
gressions because they account for potential measure-
ment error in both variables and are the least biased es-
timate of the underlying relationship (LaBarbera 1989).
We compared the RMA slopes to the predicted isomet-
ric growth slopes. Scaling relationships were considered
allometric if the predicted slopes for isometry were out-
side of the 95% confidence interval (CI) from the RMA
regression slopes.

Results
Model morphology

The smallest lumpsucker in our dataset
(ark:/87602/m4/529160) had the least complex armor—
singular cones scattered over the body with space
between them. There were 24 odontodes, with a com-
bined volume of 0.0035mm? (Supplementary Table
S2, Fig. 1). The odontodes were concentrated in four
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Normalized Drag
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Fig. 4 Normalized drag force across model orientations and flow speeds. The flow speeds in which the models were exposed to are to
the left of their respective panels. Drag varies most with orientation. The Model Il (Turquoise line) has the highest drag across all flow
speeds with Model Ill (Green) and Model | (Dark blue) with the next highest drag values.

Table 2 Drag and drag coefficients at different orientations. Drag varies most with orientation. Drag coefficients calculated from raw drag
data and 2D frontal area for each orientation. Anterior (0°) of the fish had the lowest drag coefficient, then the posterior (—180°, 180°),
with the lateral sides of the fish having the highest drag coefficients (—90°, 90°).

Speed
Model (bls™") Drag (mN mm~3) Drag coefficients
-180 -90 0 90 180 range -180 -90 0 90 180 range
| 1.27 0.0005 0.0012 0.0005 0.001 1 0.0005 0.0007  2.62 3.02 24 3.08 2.64 0.67

| 2.54 0.0019  0.004 0.0017  0.004 0.0019  0.0023 236 2.57 2.13 2.67 231 0.53
| 5.08 0.0074  0.015 0.0067  0.0158  0.0073  0.0091 227 244 2.06 2.65 2.25 0.59
Il 1.27 0.0011 0.0026  0.001 0.0024  0.0011 0.00l16 28 3.29 2.44 3.15 2.87 0.86
Il 2.54 0.0046  0.0113 0.0043 0.0111 0.0045  0.007 2.89 3.63 2.67 3.58 283 0.95
Il 5.08 0.0172  0.0435 0.0165  0.043 0.0173  0.027 2.71 35 2.58 3.46 2.7 0.92
1] 1.27 0.0007  0.0012  0.0005 0.0014  0.0006 0.0009 279 2.34 2.03 2.6l 243 0.76

1] 2.54 0.002 0.0044 0.0019 0.0046 0.002 0.0026  2.05 2.09 2 221 2.02 0.21
1] 5.08 0.0077 0.0167 0.0075 0.0177 0.0079  0.0103 1.99 2.0l 1.91 2.14 2.02 0.23
\% 1.27 0.0004 0.0007 0.0004 0.0008 0.0004  0.0005 1.86 1.86 1.6 221 1.64 0.6l
\% 2.54 0.0017 0.0037 0.0017 0.0037 0.0017  0.002 1.9 243 1.88 2.43 1.91 0.56
\% 5.08 0.0068 0.014 0.0063 0.0142 0.0068  0.0079 1.91 231 1.78 2.34 1.91 0.56
\ 1.27 0.0004 0.0008 0.0003 0.0009 0.0004  0.0005 1.7 2.1 1.43 2.23 1.6 0.8
\ 2.54 0.0016 0.0037 0.0015 0.0039 0.0016  0.0025 1.64 2.37 1.54 2.55 1.6l 1.02
\ 5.08 0.0061 0.0136 0.0058 0.0154 0.006 0.0096 1.58 2.19 1.49 2.48 1.56 |
\ 1.27 0.0004 0.0008 0.0004 0.0008 0.0004  0.0004 1.79 2.34 1.86 2.38 1.94 0.59
\ 2.54 0.0017 0.0034 0.0016 0.0035 0.0017  0.0019 1.97 2.58 1.79 2.55 1.89 0.79

Vi 5.08 0.0068 0.0141 0.0064 0.014 0.0066  0.0078 1.92 2.59 1.79 2.57 1.85 0.81
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Drag Coefficients across flow speeds
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Fig. 5 Drag coefficients across flow speeds. Drag coefficients calculated from raw drag data and 2D frontal area for each orientation,
represented by the legend on the right. Anterior (0°) of the fish had the lowest drag coefficient, then the posterior (—180°, 180°), with the
lateral sides of the fish having the highest drag coefficients (—90°, 90°; Table 2). Model Il (Turquoise) has the highest drag coefficients

across flow speeds.

areas: the dorsum of the head, the base of the dorsal fin,
above the pectoral fins, and at the widest point of the
abdomen. These odontodes were only single-cusped
cones and did not resemble the highly topographic
cones observed in bigger fish.

The segmented models allowed us to quantify surface
area, volume, and armor morphology over ontogeny
(Table 1 and Supplementary Table S2). Model I was
smooth, with very little armor. Model IV had ~6 times
the armor of Model II and ~4.5 times the armor vol-
ume of Model III. Models V and VI were completely
covered in armor, while the other models had unpro-
tected areas. Model VI had ~17 times the armor than
IV, and &3 times the armor of Model V. Increases in
armor volume and coverage decreased surface area to
volume ratio. Model II with widely spaced, rugose ar-
mor had the highest surface area to volume ratio at
3.08. Model III had a lower surface area to volume
ratio at 2.62. The most heavily armored lumpsucker
had a surface area to volume ratio of 1.87, ~60% of
Model II.

Across ontogeny, lumpsuckers experience a wide
range in Re, spanning the transitional range (100
to ~210,000). The length of the specimens, combined
with our experimental flow speeds gave a Re between
655 and 36,394 (Table 1). The largest specimens would

experience flow dominated almost entirely by inertial
forces. In contrast, our models operated from the low
end of the inertial flow regime and up, so the forces
were functionally exclusively inertial (12,649-50,597;
Table 1).

Drag, drag coefficient, computed drag, and
computed adhesion

Normalized drag (F,) varied in magnitude across all
models and flow speeds, with the larger lumpsuckers
(Models 1V, V, and VI) experiencing less F, than the
smaller lumpsuckers (Models I, II, and III). The sec-
ond smallest lumpsucker (Model IT) experienced about
three times the amount of F,, as the largest lumpsuck-
ers (Figs. 3 and 4; Table 2). F, varied most with model
orientation and was consistently lower when the ante-
rior of the fish model (0°) was toward oncoming flow.
F,, was slightly higher for all models when the posterior
of the fish model (180, —180°) was facing the oncoming
flow (Fig. 3; Table 2). The lateral faces of all models (90°,
—90°) experienced on average 2.4 times the amount of
F,, than any other surface. This was expected as the lat-
eral face of the fish model also represents the largest pro-
jected area into the flow.
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Drag coeflicients (C;) followed a similar pattern to
the measured drag force, but with variation across
model orientation. Larger lumpsuckers (Models IV, V,
and VI) had lower C; than smaller lumpsuckers (Mod-
els I, II, and III; Fig. 5; Table 2). C4 varied consistently
with orientation; anteriorly facing models (0°) had the
lowest Cg4, posteriorly facing models (180°, —180°) had
slightly higher C;, and models perpendicular to the
flow (90°, —90°) had coeflicients that were on aver-
age 1.33 times greater than anteriorly facing models
(Table 2). Across the anterior (0°) and posterior (180°,
—180°) model faces and at each flow speed (1.27, 2.54,
5.08 bl s71), Model V had the lowest C,, followed by
Model IV, Model VI, Model III, Model I, then Model
II. This corresponded with changes in armor morphol-
ogy and coverage, with larger lumpsuckers possess-
ing armor that approximates single-cusped cones, and
smaller lumpsuckers possessing widely spaced aggrega-
tions of cones on their armor, particularly Models II
and IIT (Figs. 1 and 2). The lateral sides of the model
had a slightly different trend across flow speeds. At slow
speeds (1.27 bl s7!), Model IV had the lowest Cy, fol-
lowed by Model V, Model VI, Model III, Model I, then
Model II. But at medium (2.54 bl s7!) and high flow
speeds (5.08 bl s71), Model III had the lowest C,, fol-
lowed by Model IV, Model V, Model VI or Model I, then
Model II.

Computed drag (F.;) increased with body size and
flow speed (Fig. 6; Table 3). The smallest lump-
sucker experienced 23.7mN of force, while Model
IT at twice the length experienced an ~2-fold in-
crease in Fy. The largest lumpsucker, which is ~14
times longer than the smallest, experienced a ~16-
fold increase in F.;. Computed drag increases by ~2-
fold when the orientation of the model is lateral to
the flow, except for Model II, which was closer to
three-fold.

Computed adhesive force (F,,) increased by over
100-fold across our size range (Supplementary Table
S2, Figs. 7 and 8). Safety factor, the ratio between com-
puted adhesion and computed drag, was lower in the
smaller lumpsuckers (Models I, II, and III), and higher
in the larger lumpsuckers (Models IV, V, and VI). The
smallest lumpsucker had a safety factor less than two
for all orientations, while Models IT and III had similar
safety factors, between 2 and 6. Model IV had safety fac-
tors between 3 and 8, while Model V and Model VI had
safety factors between 6 and 16.

Allometry of armor and adhesive disc

Large lumpsuckers (>30mm SL) had proportionally
more armor than smaller lumpsuckers, but similarly
sized discs (r* = 0.93; Fig. 7). We found positive al-
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lometric growth of armor volume over ontogeny (iso-
metric slope = 3, actual slope = 3.82, 95% CI = 3.38,
4.32, * = 0.94). Adhesive disc area was isometric (iso-
metric slope = 2, actual slope = 1.90, 95% CI = 1.84,
2.00, ¥ = 0.99) and armor volume over disc area
was positively allometric (isometric slope = 1.5, actual
slope = 2.01, 95% CI = 1.76, 2.29, r* = 0.99).

Discussion

For Pacific spiny lumpsuckers, it pays to be bumpy.
As we predicted, bigger lumpsuckers have greater to-
tal drag (F) but importantly, a lower than expected
drag coefficient (C;). This means that larger lumpsuck-
ers, completely covered in complex armor, experience
proportionally less normalized drag (F,) than smaller,
less well armored fish (Figs. 4, 5, 6, and 8). We pro-
pose normalized drag (F,) and drag coefficients (Cy)
increase from the smallest to the next smallest fish be-
cause the widely spaced armor plates transition from
smooth to highly rugose, widely spaced structures that
stick out quite far from the surface. As the fish grows
beyond this high normalized drag (F,) size, the armor
becomes more closely spaced and regular, and the nor-
malized drag (F,) decreases because these bumps serve
to increase the attached flow, much as the dimpling in a
golf ball decreases drag. The relative decrease in surface
area from aggregate spines to cones should also decrease
friction (viscous drag) of the water over the surface of
the fish (Vogel 1994; Fletcher et al. 2014; Kruppert et al.
2020; Kolmann et al. 2020a).

Armor serves different functions over ontogeny
(Kruppert et al. 2020; Kolmann et al. 2020a; Eigen et
al. 2022). Increased normalized drag (F,) on smaller
fish may simply be the cost of growing complex armor,
or proportionally large spines may protect small lump-
suckers from predation by increasing the gape neces-
sary to consume them (Kolmann et al. 2020a; Woodruff
et al. 2022). Pea sized lumpsuckers may also use in-
creased normalized drag (F,) to their advantage. The
smallest lumpsuckers live in the transitional regime
(I < Re < 1000, Table 1) and may use their armor to
slow sinking in the water column. Northern spearnose
poachers, Agonopsis vulsa, are another heavily armored
fish native to the Northern Pacific ocean. Both poach-
ers and Pacific spiny lumpsuckers lack swimbladders
and cannot regulate their buoyancy internally (Budney
and Hall 2010; Kolmann et al. 2020a). Juvenile poach-
ers spend more time feeding in the water column and
have proportionally longer spines on their armor than
the benthic adults (Kolmann et al. 2020a). Juvenile ar-
mor morphology in both groups may increase viscous
drag and facilitate feeding in the water column, a niche
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Fig. 6 Computed drag across flow speeds. Computed drag calculated from drag coefficients and scaled 2D frontal area for each
orientation, represented by the legend on the right. Frontal area measured from 3D models, then scaled to the size of the live fish. Drag

increases with body size.

Table 3 Computed drag at different orientations. Computed drag calculated from drag coefficients and scaled 2D frontal area for each

orientation. Frontal area measured from 3D models, then scaled to the size of the live fish. Drag increases with body size.

Model Speed (bl s~') —180 -90 0 90 180 Range
| 1.27 1.89 3.99 1.73 4.07 1.9 1.73
| 2.54 6.8 13.6 6.15 14.08 6.65 6.15
| 5.08 26.13 51.54 23.69 55.9 25.89 23.69
1l 1.27 3.79 8.65 33 8.29 3.89 33
Il 2.54 15.66 38.15 14.5 37.66 15.36 14.5
Il 5.08 58.87 147.48 56.07 145.65 58.69 56.07
11l 1.27 6.98 12.46 5.08 1391 6.08 5.08
11l 2.54 20.5 44.52 20.05 47.14 20.23 20.05
11l 5.08 79.55 171.57 76.66 182.4 80.91 76.66
v 1.27 12.08 20.68 10.42 24.57 10.66 10.42
v 2.54 49.49 107.96 48.81 107.79 49.66 4881
v 5.08 198.29 410.13 184.73 415.22 198.29 184.73
\% 1.27 20.16 40.01 16.94 42.34 19.02 16.94
\% 2.54 77.93 180.02 73 194.31 76.63 73

\ 5.08 301.34 667.62 283.16 755.95 296.14 283.16
\ 1.27 23.15 45.04 24.05 45.71 25.12 23.15
\ 2.54 102.09 198.5 92.75 195.83 98.08 92.75
\ 5.08 397.01 797.34 37031 790.67 383.66 370.31

lost with growth and size (Kolmann et al. 2020a; Figs.
1,2, and 4).

Adhesion in fish has evolved at least eight times and
typically larger discs produce more adhesive force, scal-
ing with disc area (Wainwright et al. 2013; Maie and
Blob 2021; Huie et al. 2022). We hypothesized that for
small fish living in a viscous, low Re environment, ad-

hesion would provide an avenue of protection separate
from armor, and these smaller fish would have propor-
tionately larger discs. Bigger fish living in a high Re
environment do not face the same types of hydrody-
namic forces (Alexander 1968; Vogel 1994; McHenry
and Lauder 2006). Therefore, we expected that as ar-
mor coverage increases, the disc would be less im-
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Fig. 7 Allometry of armor and suction disc over ontogeny via reduced major axis (RMA) regressions. (A) Positive allometric growth of
armor volume over ontogeny (Isometric slope = 3, actual slope = 3.82,95% Cl = 3.38,4.32, 2 = 0.939). (B) Isometric growth in suction
disc over ontogeny (Isometric slope = 2, actual slope = 1.90,95% Cl = 1.84,2.00, 2 = 0.991). (C) Disc area against armor volume
(Isometric slope = 1.5, actual slope = 2.01 ,95% Cl = 1.76,2.29,r* = 0.991). Axes are log scaled. (Scale bars = | mm)
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Fig. 8 Computed drag compared to computed adhesion and model drag. (A) Computed total drag at 1.27 bl s™' by computed adhesion for
live lumpsuckers. Computed adhesion is estimated from adhesive disc area. Computed drag does not scale linearly with computed
adhesion. (B) Safety factor calculated as the ratio between computed adhesion and computed drag. The red dashed line indicates a safety
factor of 2,and the black line indicates a safety factor of 10. Safety factor increases with body size. (C) Computed drag by model drag,
normalized by volume. Larger fish experience higher total drag forces, but smaller amounts of drag per unit volume, and less proportional

change in drag based on orientation.

portant, and thus proportionately smaller. Instead, we
found the disc grows isometrically, as does adhesion
(Fig. 7). Coupled with the decreasing relative computed
drag (F,4), this leads to an increasing safety factor as the
fish grows (Fig. 8). In other words, larger fish can re-
main attached in higher flows than can smaller fish. It
is hypothesized that safety factor increases in response
to unpredictable forces in limpets, seaweed, and bar-
nacles (Murdock and Currey 1978; Alexander 1981;
Lowell 1985; Koehl 1999). In waterfall-climbing gob-
ies, safety factor increases over ontogeny (Maie and
Blob 2021), potentially due to post-recruitment move-
ment and migration through high flow waterfalls and
seasonal flooding. There is a lack of literature on the
ecology and behaviors of Pacific spiny lumpsuckers, so
we must rely on field observations and what we know
mechanistically to make predictions about their ecol-
ogy. Momentum increases with mass, and larger lump-

suckers sustain damage to their armor from impacts
(Woodruff et al. 2022), so a higher safety factor may
mitigate the number of impacts endured in adulthood.
Lumpsucker adults are also globose, while smaller fish
are better able to hide from flow in the complex in-
tertidal, sitting between rocks, shielded from wave ac-
tion.
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