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Synopsis A rmor i s a mu lt ipurpos e s et of structures th at h a s evo l ved in depen den tly a t lea st 30 times in fis h es. In addi tio n to 

p roviding p rote ct io n, armo r can manipulate flow, in crease cam ouflage, an d be sexua l l y dimorp hic. Ther e ar e potent ia l t rade offs 
in armor fun ction: in crease d imp act resi stance m ay com e at th e cost of man euv erin g a b ili ty; and o r nate ar mo r may o ffer v isu al 
o r p rote ct i ve ad vantages, b ut co uld incur excess drag. Pacific spiny lumpsuc ker s ( Eum icrotrem us o rb is ) are covered in rows of 
odo ntic, co n e-s haped arm or wh or ls, prote ct ing th e fis h from wav e driv en impacts an d th e t hre at o f p re dat ion. We are int erest ed 

in me asur ing t he effects of lumpsucker armo r o n the hydrodyna mic f o rces o n th e fis h. B igg er lumpsuc ker s hav e lar g er an d m ore 
co mplex armo r, w hich may inc ur a gr eater hydr odynamic cost. In addi tio n to their p rote ct ive armo r, l umpsuc ker s have evo l ved 

a vent ra l ad hesive disc, a l lowing t hem to remain st ationary in t h eir environm ent. We hypoth esize a t rade off betwe en t he ar mor 
an d adh esio n: li ttle fish p rio ri t ize suct ion, whi le big fish pr ior it ize prote ct ion. Usin g micro-CT, w e comp are d armo r vol ume to 

disc area over lumpsucker deve lopm ent an d built 3D m ode ls to measure chan g es in drag over ontogeny. We found that drag and 

drag coefficients decrease with greater armor cov erag e a nd va ry co nsistently wi th o rien ta t ion. Ad hesive disc area is isometric 
but sa f et y factor increases w ith size, a l low ing l ar g er fish to rem ain attach ed in high er flows th an sm a l ler fish. 
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ntroduction 

 rmor i s t hought to be pr incip a l ly for prote ct ion from,
 or exa mple, pier cing pr edat or s or s harp su bstrates
 Meyers et al. 2012 ; Yang et al. 2013 ; Lowe et al. 2021 ;
r upper t et al. 2020 ). A rmor h a s evo l ved at least 30

 imes across cart i lag in ous an d bony fis h es, an d serves
 w ide variet y of roles. Th ese in c lude , b ut are no t lim-
t ed t o, p hysio logical s tora ge fo r calci um, sexual dis-
lay, a rma ment f o r co mb at, me chanica l en hancers of
 tiffnes s, a nd def ense ( Kyna rd 1979 ; Hunt ing ford 1982 ;
 dvance A ccess pu blication Jun e 19, 2023 
C Th e Auth or(s) 2023. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
ief 1985 ; Ru ben an d Benn ett 1987 ; Bart ol et al . 2005 ;
eyer s et al . 2012 ; Yang et al . 2013 ; Lowe et al . 2021 ;
r upper t et al. 2020 ; Kolmann et al. 2020a , b ; Wo o druff

t al. 2022 ). In som e fis h es, f or exa mple , poac her s (Ag-
nidae), there is go o d evidence t hat ar mor plates do
erve a prote ct i ve ro le. Th e fun ct ion is inferre d from
amag e—a brasiv e damag e on the belly from s ubs trate
on tact, and im pact damage on the dorsum from com-
at o r p redatio n ( Kru ppert et al. 2020 ; Kolmann et
l. 2020a ). Pacific spiny lumpsuc ker s are covered with
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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wh or ls of lig htweig ht, enam e l arm or that bears witness
to impact damage ( Wo o druff et al. 2022 ). Presumab l y,
in its defen siv e c apacit y, armor h a s s e v eral ax es of vari-
a tion tha t are im portan t to per for m ance: m aterial prop-
ert ies, plate st ructure, an d th e interactions am ong plates
( B ruet et al. 2008 ; Son g et al. 2011 ; Mey es et al. 2012 ;
Yang et al. 2013 ; Kr upper t et al. 2020 ; Kolmann et al.
2020a ; Lo we et al. 2021 ). A s a first appro ximatio n, i t is
sensible to suppose that heavier armo r, wi th greater cov-
erage and plate over lap, is m o re p rote ct ive than lighter,
less ov erlappin g armor. 

It i s al so u sef ul to consider t he hydrodynamic impact
o f armo r, p art icu larly ov er ontog eny, bec ause sw im-
ming spe e d a nd ma neuv era b ili ty a re k ey perf orma nce
tra its f or s urvival ( Web b and Weihs 1986 ; Was senbergh
et al . 2015 ; Larouc he et al . 2020 ; Sagnes et al. 2000 ).
Bic hir s (Po l ypt eridae), gar (Lepisost eiidae), an d som e
sp ecies of p oacher (Agonidae) begin life with flexible,
ge omet rica l l y simp lifie d armor, which g rows in den-
si ty and co mplexi ty over time ( Bruet et al. 2008 ; Song
et al. 2011 ; Kolmann et al. 2020a ). In Po lypt erus, this
co mplexi ty faces inwa rd, a n d in cre ases t h e stiffn ess
of the b o dy through spin es an d so ckets b ene at h t he
skin ( Bruet et al. 2008 ; Song et al. 2011 ). Th eir arm or,
smoot h t hroughou t o ntogeny, does not al ter flow dif-
ferent ia l ly as they get b igger. Co nverse ly, th e arm o r o f
spe ar n ose poach ers, Ago nops i s vul sa , t ransit ions from
b eing p orous pl ates w ith l ar g e spines in juv eniles to
s olid s cu tes wi th sma l l sp ines as ad ul ts. So, not o nly can
a rmor a ffect flow a roun d a fis h, that effect can vary over
ontogeny. 

Pacific spiny lumpsuc ker s, E. o rb is ( Günther 1861 ),
are sma l l , globose , he avily ar mored , c h ari sm atic fish
foun d in th e rock y s ubt ida l and submer g e d intert ida l of
t he Nort her n Pacific O ce an ( Günt her 1861 ; Ar it a 1969 ;
Kel ls et a l. 2016 ; Huie et a l. 2022 ; Wo o druff et al. 2022 ).
Their odontic armor, a lig htweig ht deri vati ve of teeth,
is co mposed o f sma l l enam e l con es t hat f use toget her
a s the fish gets bigger ( Wo o druff et al. 2022 ). Armor
chan g es radica l ly ov er ontog eny, w ith l ar g e fish h aving
m ore arm or p lates, p lates wi th mo re cusps, and a greater
po rtio n o f t heir sur face covered in armor ( Wo o druff et
al. 2022 ; Fig. 1 ). In lar g e in dividuals, th e arm or wh or ls
make up so much of the surface that they must a ffect
vi scou s drag as water flows over the fish. It is difficult
to imagine how these s piny, s pherical fish could sta-
t ion hold in even a light cur rent, but t hey are the only
arm ored fis h with a vent ra l ad hesive di sc ( A r it a 1967 ;
Budn ey an d Ha l l 2010 ; Huie et a l. 2022 ). The co mb i-
natio n o f potent ia l ly high drag armor and an adhesive
di sc m ak es lumpsuck ers a n interes ting sys tem f or exa m-
ining t rade offs betwe en different perf orma nce cha rac-
ter istics of ar m or. Th e scaling re lations hips between ar-
m or an d adh esio n over o ntogeny s h ou ld revea l the role
of the disc in resisting dis lodgem ent due to potent ia l ly
increased drag ( Huie et al. 2022 ; Wo o druff et al. 2022 ). 

Here, w e inv estigate the interactions between armor
a nd hydrodyna mic drag of the Pacific sp iny l umpsucker
ov er ontog eny. The obj e ct i ve of this stud y is to eval-
uate how chan gin g armor over ontogeny a ffects drag
an d wh eth er th er e is a r e lations hip between the hydro-
dynamics of t he ar m or an d th e scaling of th e adh esive
disc of the Pacific spiny lumpsucker. Our goals are four-
fold: (1) to measure drag at s e v eral an gles of attack along
th e h o rizo nta l p a ne a nd at s e vera l spe e ds, across on-
tog eny, usin g simi larly size d 3D m ode ls, (2) ca lcu late
the drag over ontogeny of fish using the coefficient of
dra g meas ur ed fr om our sca le d m ode ls, (3) m easure ad-
hesive disc gro wth o ver ontogeny, and (4) compare ar-
m or m orph ology, drag, an d disc size. We predict that
incre ased ar mor cov erag e le ads to incre a sed drag. Thi s
might be offset by increase d ad hesio n, o r perhaps the ar-
mo r p rotects a gains t th e impacts due to dis lodgem ent.
This t rade off wou ld b e supp orted by positive allome-
try in armor cov erag e, positiv e allometry in drag coef-
ficient, an d n egat ive a l lomet ry of the ad hesive disc, in-
dicating a gr eater r e lian ce 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 down lo ade d 20 micro co mpu t ed t omography
(micro-CT) sca ns of E. or bis , the Pacific spiny lump-
sucker, used in Wo o dr uff et al. 2022 f ro m Mo r-
phosource.or g ( Boy er et al. 2016 ; m orph osource.org,
Supp lementary Tab le S1). We a lso include d an addi-
t iona l spe cimen ( n = 1, at 5.4 mm sta nda rd length [SL]),
capt ive bre d and provide d by M. Holst at the Aquar-
i um o f the Bay, CA, USA. This specimen was imaged at
th e Kare l F. Liem B io-Imagin g Cen ter a t Friday Harbor
Labo rato r ies, Fr iday Harbor, WA, USA, with a Bruker
Skysc an 1173. Sc an s w er e r e const ructe d in NRe con
(Bruk er 2005–2011) a n d segm ented in 3D Slicer (ver-
sio n r29738) wi t h t he S licerMorph ext ension ( Kikinis
et al. 2013 ; Rolfe et al. 2021 ). 

We a pproxima te d the ad hesive di sc area u sing the
e quat io n fo r t he are a o f an elli pse 

Area = a ∗b ∗ π, (1)

wh ere a , th e m ajor axi s, i s 1 
2 t he lengt h from t he r ight

upper intern al a scen ding process to th e lower fimbriae
of the last right pelvic fin ray and b, the minor axis,
is 1 

2 t he widt h of t he broadest point of the adhesive
disc; across the distal ends of t he t hird pelvic fin rays
( Ar it a 1967 ; Budney and Ha l l 2010 ; Huie et al. 2022 ).
We took these measurements using the markups mod-
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Fig. 1 CT scans of E. orbis odontodes and adhesive discs over ontogeny. (A) Micro-CT scan of an adult lumpsucker (75 mm SL; Scale bar = 

1 cm). (B) Dorsal view of r epr esentativ e 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 = 1 mm). 
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le in 3D Slicer. We then compared our m orph om etric
 easurem ents to previously pu blis h ed data on armor

ol ume fro m t his ser ies o f micro-CT imaged l umpsuck-
rs ( Wo o druff et al. 2022 ). 

odeling 

rom the 21 micro-CT scans co nsidered fo r mo rpho-
 etrics, we se lected six specimens that r epr esented
ajor shifts in arm or m orph ology ( Wo o druff et al.

022 ; Fig. 1 ; Table 1 ). Using 3D Slicer, we generated
olid m ode ls by segm enting out the a rmor a nd fil ling
he empty space between the armor a nd sk eleton holes
i th i teratio ns o f th e wrap solidify m odu le, resu lt ing in
 solid b o dy mo del ( Weidert et al. 2020 ). We co mb ined
 he or ig ina l armor seg ment wit h t he solid b o dy using
he log ica l operat or s t ool ( Pint er et al . 2019 ) t o ensure
ha t n u ances in sc ale m orph ology were not hidden after
 rapping . We fil le d a ny rema inin g v oids in th e m ode l
it h t h e paintbrus h tool ( Pinter et al. 2019 ) and added
 vent ra l su ppo rt t ab to e ach m ode l in Blen der version
.1.2 (Blender F ounda tion, Amsterdam, Neth er lan ds;
 lender.org.). We p laced the tab on the adhesive disc on
h e m ode l’s vent ra l side to a l lo w flo w to trave l across th e
 ode l as it w ould ov er a liv e fis h adh er ing to t h e su b-

trat e . We scaled each m ode l to 100 mm in total length
TL). Scaling by TL was used to sta nda rdize the mod-
l s becau s e the de velop ment o f t he t ail ov er ontog eny is
 o or ly descri bed an d like ly does n ot contri but e muc h
o drag forces. We printed m ode l s u sing an Ultim aker
5 3D printer (Source Graphics, A n aheim, CA, USA)
ith tough PL A (p o l ylact ic acid fila ment; 2.85 mm) a nd
o l yvinyl disso l vab le su ppo rts. We used 0.4-mm noz-
les printing at 55 mm s −1 at fine resol u tio n (0.2 mm),
5% infil l, an d 75% over hang su ppo rt. We p r inted t hese
 ode ls lar g er tha n lif e a n d at th e fin e resol u tio n to

educe the impact of the layer lines on hydrodynam-
cs. Odo ntodes are typ ica l ly ta l ler than 1mm in height
n the models, an order of magnitude higher than the
ne resol u tio n layers (0.02–0.4 mm). We assig ne d ro-
 an numeral s to the models to refer to t hem e asily

n text ( Fig. 2 ; 5.4 mm—I, 13.7 mm—II, 20.3 mm—III,
8.1 mm—IV, 58.4 mm—V, 75.0 mm—VI) and wi l l use
 his letter ing here af ter. 

rag experiments 

e mounted each m ode l by its vent ra l support tab
o a six axis force transd ucer; a co nfiguratio n that al-
owed us to isolate the effects of armor separate from
dh esion. We m ounted th e force transducer in a re-
ircu lat ing fres hwater flum e with a w orkin g area of
52.4 × 38.1 × 50.8 cm (Rol ling Hi l ls Research Corpo-
at ion [RHRC] Eidet ics’ Flow Visua lizat ion Water Tun-
 e l, Mode l 1520; Fig. 3 ) and measured drag at 1.27,
.54, and 5.08 bl s −1 . The f orce tra nsducer rotated and
 ecor ded drag for ce (N) every 10 

◦ for 360 

◦ beginning
ith flow facing the tail (180 

◦) and ending with flow
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Table 1 3D models. Surface area and volume calculated from Blender, Reynolds numbers, based on length, calculated using r efer ence 
values from Vogel (1994, 23) . 

Model 

Standard 
length 
(mm) 

Model 
length 
(mm) 

Model 
surface 

area (mm 

2 ) 

Model 
volume 
(mm 

3 ) 

Anterior 
2D frontal 

area (mm 

2 ) 

Lateral 2D 

frontal area 
(mm 

2 ) 
Flow speed 

(bl s −1 ) Live Re Model Re 

I 5 .4 100 13629.49 65159 1642.2 3010.3 1.27 655 .09 12649.30 

2.54 1310 .19 25298.60 

5.08 2620 .37 50597.21 

II 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 

III 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 

IV 38 .1 100 17140.82 76770.6 2116.4 3612.5 1.27 4622 .04 12649.30 

2.54 9244 .08 25298.60 

5.08 18488 .17 50597.21 

V 58 .4 100 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 

VI 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 

Fig. 2 Generation of 3D models. (A) Micro-CT scan of E. orbis (ark:/87602/m4/377572, 13.7 mm; Scale bar = 1 mm). (B) CT filled and 
smoothed using the wrap solidify module (Scale bar = 1 mm). (C) The resulting 3D printed model with added ventral support tab for 
attachment to the force transducer (Scale bar = 1 cm). (D) Ontogenic models, each model is scaled to 10 cm TL to give consistent testing 
conditions (Re; Scale bar = 1 cm). Asterisks denote enlarged Model II 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 ◦. 
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acing t he t ail ( −180 

◦). We nor ma lize d drag by vol-
me to preserve the effect of armor cov erag e v i a sur-

ace area ( Fig. 4 ). The ant erior–post erio r axis o f the
s h m ode l may n ot have b een p er fect ly a lig ne d with 0 

◦

nd 180 

◦ on the motor. To account for this variation,
e measure d loca l minimum fo r posterio r a nd a nterior
 easurem ents an d m easure d loca l maximum for lateral
 easurem ents to account for sma l l differences in orien-

ation ( Table 2 ). 
We ca lcu late d drag coefficient using 

C d = 

2 F d 
ρu 

2 A r 
, (2) 

here C d is the drag coefficient, F d is t he me as ured dra g
orce (N), ρ i s m a ss density (kg m 

−3 ) of the fluid, u is the
ow spe e d (m s −1 ), an d A r is th e r efer ence ar ea (m 

2 ) de-
ned by the frontal surface ar ea fr om the head , side , and
ai l, respe ct i vel y (FIJI po l ygon sele ct ion t ool; Sc hin de lin
t al. 2012 ). Fr ontal ar e a t akes in to considera t ion dire c-
 iona l informat ion about surface a rea a n d s h ape, a s op-
osed to wetted surface area ( Vogel 1994 ; Sagnes et al.
000 ). 

We ca lcu late d the Reynolds number ( Re ) using 

Re = 

ρuL 

μ
, (3) 

here L is the length of the fish specimen (m) and μ is
he dynamic viscosity of the water (m 

2 s −1 ; Vogel 1994 ).
e ca lcu late d the Re for each fish specimen and their
espe ct ive m ode ls across experim enta l flow spe e ds. Va l-
es differ between freshwater (used during m ode l test-

ng), and s altwater (exper ienced by t he live fish). For
he density of freshwater and saltwater at 20 

◦C, we used
.998 × 10 

3 kg m 

−3 and 1.024 × 10 

3 kg m 

−3 , respec-
i vel y ( Voge l 1994 ). Th e dynamic viscosi ty o f freshwa-
er (0 p p t NaCl) at 20 

◦C is 1.002 × 10 

−3 (Pa s), an d th e
y namic v iscosit y of saltwater (35 p p t NaCl) at 20 

◦C is
.072 × 10 

−3 (Pa s) ( Vogel 1994 ). 
We co mpu ted drag fo rce exper ienced by t h e fis h

pecimens at their actual b o dy size using 

F cd = 

1 

2 

C d ρ u 

2 A rs , (4)

here F cd is the co mpu ted drag f orce (N) a nd A rs is the
 efer ence ar ea (m 

2 ) defined by the sca le d fronta l sur-
ace area (2D area measur ed fr om the models, sca le d to
he size of the respe ct ive fish specimen) for the anterior,
osterior, and lateral sides. 

We co mpu te d ad hesiv e force usin g 

F ca = A d p, (5)

here F ca is the co mpu te d ad hesive force (N), A d is the
dhesive disc a rea, a nd p is the amb ient p res s ure outside
h e adh esive di sc, estim a ted a t 101 kPa ( Wainwrigh t et
l. 2013 ). 

caling 

e invest igate d the sca ling relat io nshi ps betwe en ad he-
ive disc area (mm 

2 ) and armo r vol ume (mm 

3 ) across
ta nda rd length (mm) using R version 4.1.1 (2021-08-
0; R Core Team 2022 ). We ca lcu late d re duce d maj or
xis (RMA) r egr essio ns o n log 10 tra nsf or med dat a using
h e lmo d el2 R package ( Legen dre an d O kansen 2018 ).
MA r egr essions ar e pr eferr ed over oth er Mode l II re-
 ressions be caus e the y acco unt for po tent ia l measure-
ent error in both variables and are the least biased es-

imate of the underly ing rel atio nshi p ( LaB arb era 1989 ).
e comp are d th e RMA s lopes to th e pre dicte d isomet-

 ic growt h s lopes. Scaling re lations hips w ere con sidered
 l lomet ric if the pre dicte d slopes for isometry were out-
ide of the 95% confidence interval (CI) from the RMA
 egr ession slopes. 

esults 

odel morphology 

he sma l les t lumps ucker in our dataset
ark:/87602/m4/529160) had t he le ast complex armor—
ingul ar cones sc attered over the b o dy with space
etween th em. Th er e wer e 24 o donto des, with a com-
 ined vol ume o f 0.0035 mm 

3 (Su pp lementary Tab le
2, Fig. 1 ). The o donto des were concen tra ted in four
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Fig. 4 Normalized drag force across model orientations and flow speeds. The flow speeds in which the models w er e exposed to are to 
the left of their r espectiv e panels. Drag varies most with orientation. The Model II (Turquoise line) has the highest drag across all flow 

speeds with Model III (Green) and Model I (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 ◦). 

Model 
Speed 
(bl s −1 ) Drag (mN mm 

−3 ) Drag coefficients 

–180 –90 0 90 180 range –180 –90 0 90 180 range 

I 1 .27 0 .0005 0 .0012 0 .0005 0 .0011 0 .0005 0 .0007 2 .62 3 .02 2 .4 3 .08 2 .64 0 .67 

I 2 .54 0 .0019 0 .004 0 .0017 0 .004 0 .0019 0 .0023 2 .36 2 .57 2 .13 2 .67 2 .31 0 .53 

I 5 .08 0 .0074 0 .015 0 .0067 0 .0158 0 .0073 0 .0091 2 .27 2 .44 2 .06 2 .65 2 .25 0 .59 

II 1 .27 0 .0011 0 .0026 0 .001 0 .0024 0 .0011 0 .0016 2 .8 3 .29 2 .44 3 .15 2 .87 0 .86 

II 2 .54 0 .0046 0 .0113 0 .0043 0 .0111 0 .0045 0 .007 2 .89 3 .63 2 .67 3 .58 2 .83 0 .95 

II 5 .08 0 .0172 0 .0435 0 .0165 0 .043 0 .0173 0 .027 2 .71 3 .5 2 .58 3 .46 2 .7 0 .92 

III 1 .27 0 .0007 0 .0012 0 .0005 0 .0014 0 .0006 0 .0009 2 .79 2 .34 2 .03 2 .61 2 .43 0 .76 

III 2 .54 0 .002 0 .0044 0 .0019 0 .0046 0 .002 0 .0026 2 .05 2 .09 2 2 .21 2 .02 0 .21 

III 5 .08 0 .0077 0 .0167 0 .0075 0 .0177 0 .0079 0 .0103 1 .99 2 .01 1 .91 2 .14 2 .02 0 .23 

IV 1 .27 0 .0004 0 .0007 0 .0004 0 .0008 0 .0004 0 .0005 1 .86 1 .86 1 .6 2 .21 1 .64 0 .61 

IV 2 .54 0 .0017 0 .0037 0 .0017 0 .0037 0 .0017 0 .002 1 .9 2 .43 1 .88 2 .43 1 .91 0 .56 

IV 5 .08 0 .0068 0 .014 0 .0063 0 .0142 0 .0068 0 .0079 1 .91 2 .31 1 .78 2 .34 1 .91 0 .56 

V 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 

V 2 .54 0 .0016 0 .0037 0 .0015 0 .0039 0 .0016 0 .0025 1 .64 2 .37 1 .54 2 .55 1 .61 1 .02 

V 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 

VI 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 

VI 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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Fig. 5 Drag coefficients across flow speeds. Drag coefficients calculated from raw drag data and 2D frontal area for each orientation, 
r epr esented 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 II (Turquoise) has the highest drag coefficients 
across flow speeds. 
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re as: t he do rsum o f th e h ead, th e base of the dorsal fin,
 bov e the pe ctora l fins, and at the widest point of the
bdom en. Th ese odontodes were only sing le-c usped
on es an d did n ot resemble th e high ly topog raphic
ones observed in bigger fish. 

Th e segm ented m ode ls a l lowe d us to quant ify surface
rea, volume, an d arm or m orph ology over ontogeny
 Table 1 an d Supplem entary Table S2). Model I was
moot h, wit h very litt le ar m or. Mode l IV had ≈6 times
 he ar mo r o f Model II and ≈4.5 times t he ar mor vol-
me of Model III. Models V and VI were comp letel y
overed in armor, while t he ot her models had unpro-
 ect ed area s. Model VI h ad ≈17 times t he ar mor t han
V, and ≈3 times the armor of Model V. Increases in
rmo r vol ume and cov erag e de crease d sur face are a to
olum e ratio. Mode l II w ith w idely sp ace d, rugose ar-
or had the highest surface area to volume ratio at

.08. Model III had a lower surface area to volume
a tio a t 2.62. Th e m ost h e avily ar mo red l umpsucker
ad a surface area to volume ratio of 1.87, ≈60% of
odel II. 
Across o ntogeny, l umpsuc ker s experience a wide

an g e in Re , spanning the t ransit iona l ran g e ( ≈100
o ≈10,000). The length of the specimens, co mb ined
ith our experimental flow speeds gave a Re between
55 and 36,394 ( Table 1 ). The lar g es t s pecimen s w ould
xperience flow dominated alm ost entire ly by in ertial
o rces. In co ntrast, our m ode ls operated from th e low
nd of the inert ia l flow regime and up, so the forces
ere funct iona l l y exclusi vel y inert ia l (12,649–50,597;
able 1 ). 

ra g, dra g coefficient, computed drag, and 

omputed adhesion 

orma lize d drag ( F n ) varied in ma gnitude acros s all
 ode ls an d flow spe e ds, wit h t he lar g er lumpsuc ker s

Models IV , V , an d VI) experien cing less F n t han t he
ma l ler lumpsuc ker s (Mode ls I, II, an d III). Th e sec-
nd sma l les t lumps ucker (Mo del II) exp erienced ab out
hre e t im es th e am ount of F n as th e lar g es t lumps uck-
rs ( Figs. 3 and 4 ; Table 2 ). F n varied most with m ode l
r ient ation and was con sistently low er when the ante-
io r o f th e fis h m ode l (0 

◦) was toward o nco ming flow.
 n was slig htly hig her for a l l m ode ls wh en th e posterior
f the fish model (180, −180 

◦) was facing the o nco ming
ow ( Fig. 3 ; Table 2 ). The lateral faces of all m ode ls (90 

◦,
90 

◦) experienced on av erag e 2.4 times the amount of
 n tha n a ny ot her sur face. Thi s wa s expe cte d as the lat-
ral face of the fish model also r epr esents the lar g est pro-
 e cte d area into the flow. 
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Drag coefficients ( C d ) fol lowe d a simi lar p att ern t o
th e m eas ured dra g fo rce, bu t wi t h var iation across
m ode l or ient ation. Lar g er lumpsuc ker s (Models IV, V,
and VI) had lower C d than sma l ler lumpsuc ker s (Mod-
els I, II, and III; Fig. 5 ; Table 2 ). C d varied consistently
wi th o rien ta tion; an teriorly facing models (0 

◦) had the
lowes t C d , pos terior ly facing m ode ls (180 

◦, −180 

◦) had
slig htly hig her C d , and mo dels p erp endicular to the
flow (90 

◦, −90 

◦) h ad coefficients th at w ere on av er-
age 1.33 times greater than anteriorly facing models
( Table 2 ). Across the anterior (0 

◦) and posterior (180 

◦,
−180 

◦) m ode l faces an d at each flow spe e d (1.27, 2.54,
5.08 bl s −1 ), Model V had the lo west C d , follo wed b y
Model IV, Model VI, Model III, Model I, then Model
II. This co rrespo nded wi th chan g es in arm or m orph ol-
ogy and cov erag e, w ith l ar g er lumpsuc ker s pos ses s-
ing armor that approximates sing le-c usped con es, an d
sma l ler lumpsuc ker s possessing widely sp ace d agg rega-
tio ns o f co nes o n t heir ar mor, p art icu lar ly Mode ls II
a nd III ( Figs. 1 a nd 2 ). The lateral sides of the model
had a slightly differ ent tr end acr os s flow s pe e ds. At slow
spe e ds (1.27 bl s −1 ), Model IV had the lowest C d , fol-
lo wed b y M odel V, M odel VI, M odel III, M ode l I, th en
Model II. But at medium (2.54 bl s −1 ) and high flow
spe e ds (5.08 bl s −1 ), Model III had the lowest C d , fol-
lo wed b y M odel IV, M odel V, M odel VI or M ode l I, th en
Model II. 

Co mpu ted drag ( F cd ) incre ased wit h b o dy size and
flow spe e d ( Fig. 6 ; Table 3 ). The sma l lest lump-
sucker experienced 23.7 mN of force, while Model
II at t w ice t he lengt h exper ienced a n ≈2-f old in-
crease in F cd . The lar g es t lumps uc ker, whic h is ≈14
times lon g er t han t he sma l lest, experience d a ≈16-
fold increase in F cd . Co mpu ted drag increases by ≈2-
fold wh en th e or ient atio n o f th e m ode l is lat eral t o
the flow, except for Model II, which was closer to
three-fold. 

Co mpu te d ad h esive force ( F ca ) in creased b y o ver
100-fold across our size ran g e (Supplementary Ta ble
S2, Figs. 7 and 8 ). Safety factor, the rat io betwe en com-
pute d ad h esion an d computed drag, was lower in the
sma l ler lumpsuc ker s (Mode ls I, II, an d III), an d high er
in the lar g er lumpsuc ker s (Models IV, V, and VI). The
sma l les t lumps uck er had a sa f ety factor less tha n two
for a l l or ient at ions, whi le Mode ls II an d III had similar
sa f ety fact or s, between 2 and 6. Model IV had sa f ety fac-
t or s between 3 and 8, while Model V and Model VI had
sa f ety fact or s between 6 and 16. 

Allometry of armor and adhesive disc 

Lar g e lumpsuc ker s ( > 30 mm SL) had proport iona l ly
m ore arm or than sma l ler lumpsuc ker s, but similarly
sized discs ( r 2 = 0.93; Fig. 7 ). We found positive al-
lomet ric g rowth of armo r vol ume over ontogeny (iso-
m etric s lope = 3, actual s lope = 3.82, 95% CI = 3.38,
4.32, r 2 = 0.94). Adhesive disc area was isometric (iso-
m etric s lope = 2, actual s lope = 1.90, 95% CI = 1.84,
2.00, r 2 = 0.99) and armor volume over disc area
was positi vel y allo metric (iso m etric s lope = 1.5, actual
slope = 2.01, 95% CI = 1.76, 2.29, r 2 = 0.99). 

Discussion 

Fo r Pacific sp iny l umpsuc ker s, it pays t o be bumpy.
As we pre dicte d, b igger l umpsuckers have greater to-
tal drag ( F cd ) bu t impo rt ant ly, a lower than expe cte d
drag coefficient ( C d ). This means that lar g er lumpsuck-
er s, complet ely covered in complex ar mor, exper ience
p ropo rtio nally less normalized drag ( F n ) than sma l ler,
less well armored fish ( Figs. 4 , 5 , 6 , and 8 ). We pro-
pose norma lize d drag ( F n ) and drag coefficients ( C d )
incr ease fr om the sma l lest to th e n ext sma l lest fish be-
c ause the w idely sp ace d armor plates t ransit ion from
smooth to highly rugose, widely sp ace d st ructures that
stick out quite far from the surface. As the fish grows
beyond this high norma lize d drag ( F n ) size, the armor
becom es m ore close ly sp ace d and regu la r, a n d th e n or-
ma lize d drag ( F n ) decreases because these bumps serve
to increase th e attach ed flow, much as the dimpling in a
golf b a l l de cr eases drag. The r elat ive de cre ase in sur face
ar ea fr om aggr egate spines to con es s h ou ld a lso de crease
friction (vi scou s drag) of the water over the surface of
th e fis h ( Voge l 1994 ; Flet c her et al . 2014 ; Kr upper t et al.
2020 ; Kolmann et al. 2020a ). 

Armor serves different functions over ontogeny
( Kr upper t et al. 2020 ; Kolmann et al. 2020a ; Eigen et
a l. 2022 ). Increase d norma lize d drag ( F n ) on sma l ler
fish m ay simp l y be the cost of growing co mplex armo r,
o r p ropo rtio nally lar g e spines may prote ct sma l l lump-
suc ker s from pre dat ion by increasing the gape neces-
sary to consume them ( Kolmann et al. 2020a ; Wo o druff
et al. 2022 ). Pea sized lumpsuc ker s m ay al so u se in-
cre ased nor ma lize d drag ( F n ) to their advantage. The
sma l les t lumps uc ker s live in the t ransit iona l reg ime
(1 < Re < 1000, Table 1 ) and may use their armor to
slow sinking in the water col umn. No rt her n spe ar nose
poac her s, Agonop si s vul sa , a re a n oth er h eavily arm ored
fish n ative to the Northern Pacific o cean. Both p oach-
ers and Pacific spiny lumpsuc ker s lac k swimbladder s
a nd ca nnot regulate their buoyancy interna l l y ( B udney
and Ha l l 2010 ; Kolmann et al. 2020a ). Juveni le po ach-
ers spend more time fe e ding in the water column and
have p ropo rtio na l ly lon g er spines on t heir ar mor t han
t he bent hic ad ul ts ( Ko lmann et al. 2020a ). Ju venile ar-
m or m orph ology in both groups may increase viscous
drag and facilitate fe e ding 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, r epr esented 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 −1 ) −180 −90 0 90 180 Range 

I 1 .27 1 .89 3 .99 1 .73 4 .07 1 .9 1 .73 

I 2 .54 6 .8 13 .6 6 .15 14 .08 6 .65 6 .15 

I 5 .08 26 .13 51 .54 23 .69 55 .9 25 .89 23 .69 

II 1 .27 3 .79 8 .65 3 .3 8 .29 3 .89 3 .3 

II 2 .54 15 .66 38 .15 14 .5 37 .66 15 .36 14 .5 

II 5 .08 58 .87 147 .48 56 .07 145 .65 58 .69 56 .07 

III 1 .27 6 .98 12 .46 5 .08 13 .91 6 .08 5 .08 

III 2 .54 20 .5 44 .52 20 .05 47 .14 20 .23 20 .05 

III 5 .08 79 .55 171 .57 76 .66 182 .4 80 .91 76 .66 

IV 1 .27 12 .08 20 .68 10 .42 24 .57 10 .66 10 .42 

IV 2 .54 49 .49 107 .96 48 .81 107 .79 49 .66 48 .81 

IV 5 .08 198 .29 410 .13 184 .73 415 .22 198 .29 184 .73 

V 1 .27 20 .16 40 .01 16 .94 42 .34 19 .02 16 .94 

V 2 .54 77 .93 180 .02 73 194 .31 76 .63 73 

V 5 .08 301 .34 667 .62 283 .16 755 .95 296 .14 283 .16 

VI 1 .27 23 .15 45 .04 24 .05 45 .71 25 .12 23 .15 

VI 2 .54 102 .09 198 .5 92 .75 195 .83 98 .08 92 .75 

VI 5 .08 397 .01 797 .34 370 .31 790 .67 383 .66 370 .31 
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ost with growth and size ( Kolmann et al. 2020a ; Figs.

 , 2 , and 4 ). 
Adhesion in fish h a s evo l ved at least eight times and

 ypic a l ly lar g er discs p rod uce mo re adhesive fo rce, scal-
ng with disc area ( Wainwright et al. 2013 ; Maie and
lob 2021 ; Huie et al. 2022 ) . We hypothesized that for
ma l l fish living in a vi scou s, low R e environment, ad-
esio n would p rovide an avenue o f p rote ct ion sep arate
ro m armo r, an d th ese sma l ler fish wou ld have p ropo r-
ionately lar g er discs. B igg er fish livin g in a high Re
nvironment do not face the same types of hydrody-
a mic f orces ( Alexa n der 1968 ; Voge l 1994 ; McHenry
n d Lauder 2006 ). Th er efor e , we expect ed th at a s ar-
or cov erag e incre ases, t he 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% CI = 3.38, 4.32, r 2 = 0.939). (B) Isometric growth in suction 
disc over ontogeny (Isometric slope = 2, actual slope = 1.90, 95% CI = 1.84, 2.00, r 2 = 0.991). (C) Disc area against armor volume 
(Isometric slope = 1.5, actual slope = 2.01 , 95% CI = 1.76, 2.29, r 2 = 0.991). Axes are log scaled. (Scale bars = 1 mm) 

Fig. 8 Computed drag compared to computed adhesion and model drag. (A) Computed total drag at 1.27 bl s -1 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. 
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porta nt, a nd thus p ropo rtio nately sma l ler. Inst ead , we
foun d th e disc grows i sometrically, a s does adhesion
( Fig . 7 ). Coupled w it h t he decre asin g relativ e co mpu ted
drag ( F cd ), this leads to an increasing sa f ety factor as the
fish grows ( Fig. 8 ). In other w ords, lar g er fish can re-
main attached in higher flows than can sma l ler fish. It
is hypot hesized t hat s a f ety factor increases in response
to unp redictable fo rces in limpets, seawe e d, and b ar-
nac les ( Murdoc k and Currey 1978 ; Alexander 1981 ;
L owell 1985 ; Ko ehl 1999 ). In wat erfall-c limbin g g ob-
ies, sa f ety factor increases ov er ontog eny ( Maie and
B lob 2021 ), pot ent ia l ly due to post-re cruit m ent m ove-
m ent an d mig rat ion through high flow waterfa l ls and
s eas onal flo o ding . There is a l ack o f li terature o n the
ecology and behavio rs o f Pacific spiny lumpsuc ker s, so
we must rely on field observations and what we know
mech ani stically to make p redictio n s a bout their ecol-
ogy. Mom entum in cre ases wit h m a ss, a nd la r g er lump-
suc ker s susta in da mage to their armo r fro m impacts
( Wo o druff et al. 2022 ), so a higher sa f ety factor may
mitiga te the n umber of im p acts endure d in adu ltho o d.
Lumpsucker ad ul ts are also g lobose, w hi le sma l ler fish
are better able to hide from flow in the complex in-
tert ida l, sitt in g betw een rocks, s hie lded from wave ac-
tion. 
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