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Synopsis Climat e c han g e wi l l incre ase t h e frequen cy an d intensi ty o f ext reme climat ic events (e .g., st or ms) t hat result in re- 
peate d pu lses of hyposa linity in n ears h or e ecosystems. Sea ur chin s inha b i t th ese ecosystems an d are sten ohalin e (rest ricte d to 

s alinity levels ∼32 ‰), t hus a re pa rticula r ly suscepti ble to hyposalinity e vents. As ke y benthic o mnivo r es, sea ur chins use hy- 
drostat ic ad h esive tu be f eet f or num erous fun ctions, in c luding attac hment t o an d locom otion on th e su bstratum as they graze 
f or f o o d. Hyp osalinity s e verely impacts s ea urc hin locomot or and adhesive per for mance but s e vera l e colog ica l ly relevant and 

c limat e c han g e-relate d quest ions r emain. First, do sea ur chin loco motio n an d adh esion acc limat e t o repeat e d pu lses of hypos- 
a linity? Se con d, h ow do tu b e feet resp ond t o t ensile fo rces d urin g sin gle and repeated hyposalinity events? Third, do th e n egative 
effe cts of hyposa linity exposure persist following a return to normal salinity levels? To answer these questions, we repeate d ly 
expose d g re en sea ur chins ( Stron gyl o centr otus dr o eb achi ensis ) to pulses of three different salini ties (co n trol: 32 ‰, modera te 
hyposalinity: 22 ‰, s e v ere hyposalinity: 16 ‰) ov er the course of two months and measured loco moto r perfo rman ce, adh esive 
per for man ce, an d tu b e fo ot tensile b eh avior. We al so mea sure d these p a ra met er s 20 h aft er sea urc hins returned t o normal 
salinity levels. We found no evidence that tube feet per for man ce an d properties acc limat e t o repeat e d pu lses of hyposa linity, at 
least over the t imesca le examine d in this study. In cont rast, hyposa linity has s e v ere con sequences o n loco motio n, adhesio n, and 

tub e fo ot tensile b e havior, an d th ese impacts are n ot limit ed t o t he hypos a linity exposure. O ur resu lts sug gest bot h moderate 
and s e vere hyposalinity e v ents hav e the potent ia l to increas e s ea urchin dis lodgm ent an d reduce m ovem en t, which may im pact 
sea urchin dist ribut ion and their role in marine co mmuni ties. 
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ntroduction 

ea urchins media te comm unity structure in shallow
o asta l co mmuni t ies ( Stene ck 2020 ). On coral reefs,
ea urchin herb ivo ry red uces th e abun dan ce of a lga l
o mpeti to rs, facili tating co ral growth ( Levi tan 1988 ;
dj adi et al. 2010 ; Lev itan et al. 2023 ). In kel p fo rests,
em pera te sha l low r ocky r e efs, and seag rass mead-
 ws, ho w ev er, sea urchin s ex ert stron g grazin g pres-
ure o n foundatio n al species, decrea sing prim ary pro-
 uctivi ty and eliminating hab i tat-fo rming macro a lgae
 nd pla nts ( St enec k 2020 ). Near shor e sea ur chins en-
ure in tense varia tion in the hydrodyna mic a nd abi-
 dvance A ccess publication March 5, 2024 
C Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
o r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
tic co ndi tio ns (i .e ., waves, currents, t emperature , salin-
ty, a nd a ir exposure) of their n ative h ab i tat, which
ikely pose challen g es to loco motio n, a ttachmen t, and
 razing act ivit ies. Thus, examining how sea urchins
espo nd b io me chanica l ly to fluctu ating env ironmental
o ndi tio ns is essential f or understa nding their natural
istory. 

Sea urchin s ucces s as cons umers is lar g e ly m edi-
ted by their adh esive tu be feet—extensi ble hydrostatic
 ke leto ns co mp rised o f a flexible, co ntractable stem
erminating in an adh esive disc. Tu be feet secure sea
rc hins t o th e su bstratum an d facilitate locomotion v i a
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a duo-gland ad hesive/de-ad hesive system ( Fla mma ng
1996 ). The coordin ated u se of hundred s of tube feet
en ables su st ained att achment under forces exerted by
waves and p redato rs. Under lar g e enough forces, sea
ur chins ar e dislodged fr om th e su bstratum through a
co mb inatio n o f adhesive fail ure o f th e tu b e fo ot disc and
catast rophic fai l ure o f th e tu b e fo ot st em ( Sant os and
Fla mma ng 2008 ; Sta rk et al. 2020 ). Sea urchin s mov e
using a co mb inatio n o f sp in es an d tu be feet, wh er e r e-
pea t a ttachmen t-detachmen t cycles of tube feet allow
sea urc hins t o pu l l th emse lves along surfaces of vari-
ous or ient ations ( Lawrence 1987 ; Domenici et al. 2003 ).
P revious work f ocused on understa nding the influence
of hydrody namics (e.g ., Kawam ata 1998 ; Kon ar 2000 ;
Gag non et a l. 2003 ; Cohen-Reng ifo et a l. 2017 ; Cohen-
Rengifo et al. 2019 ; Narvaez et al. 2022 ), s ubs trat e c har-
act eristics ( Sant os 2005 ; Kawamata 2012 ; C ho et a l.
2014 ; Sta rk et al. 2020 ), a nd the presence o f p reda-
t or s (e .g., Hagen et al . 2002 ; Vadas an d Eln er 2003 ;
McKay and Heck 2008 ; Mo rishi ta a nd Ba rreto 2011 ;
Ur r iago et al. 2011 ; Pess ar rodona et al. 2019 ) on sea
urchin m ovem ent an d attachm ent. How ev er, the impact
o f fluctu ating env iro nmental co ndi tio ns like tempera-
ture and salinity on tub e fo ot p er for m ance i s st i l l rel-
ati vel y unexp lo red (bu t se e Cohen-Reng ifo et a l. 2019 ;
Moura et al. 2023 ). 

Pu lses of hyposa linity (hyposa linity events) in
n ears h ore marin e ecosystems are beco ming mo re fre-
quent a s clim at e c han g e accelerates ( IPCC 2022 ; Röthig
et al. 2023 ). Sea urchins are likely more susceptible to
thes e e vents ( Ir lan di et al. 1997 ; Russe ll 2013 ) because
o f their limi t ed t o n o osm o regulato ry capab ili ty ( Russell
2013 ; Caste llan o et al. 2017 ). Recently, we quant ifie d
the effects of a single hyposalinity exposure on tube
fe et funct ion in the g re en sea ur chin, Stron gyl o centrotus
dro eb achi ensis ( Moura et al. 2023 ). We found that
tub e fo ot p er for m ance i s dram at ica l ly re duce d during-
exposure to a single hyposalinity event, but the salinity
at which a s ubs tant ia l de cline in per for mance occurs is
different between tube foot functions (e.g., adhesion,
loco motio n). How ev er, many wild S. dro eb achi ensis
ar e r epeate d ly expose d t o t emp orary hyp osalinity
e vents, s o an examinatio n o f how sea urchin tube feet
respo nd d uring a nd a f ter repe ated exposure is needed.
P revious studies f ound that popu lat ions expose d to
differ ent hyposalinity r egimes (e.g ., estu aries vs. open
ocean) exhib i t differences in rightin g respon se (time to
right following ov erturnin g) an d m o rtali ty rate under
hypos alinity, sug g estin g local acc limation t o this envi-
ronmenta l st ressor ( Himm e lman et al. 1984 ; Drouin
et al. 1985 ). 

Here , we ext end o ur previo us work by exploring:
(1) the possib ili ty o f adh esive an d locom otor perfor-
m ance acclim a tion to repea te d pu lses of hyposa linity;
an d (2) th e potent ia l for the negat ive effe cts of hypos-
alinity t o per sist aft er the hyposalinity exposure ends.
To do this, we expos ed s ea urchins to pulses of three dif-
ferent salinity trea tmen ts (con trol: 32 ‰; modera te hy-
posalinity: 22 ‰; s e vere hyposalinity: 16 ‰) four times
ov er tw o month s an d m ea sured m aximum loco moto r
spe e d and disc tenacity (adhesive force per unit disc sur-
face are a) dur ing t he hypos alinity exposure a nd a fter
sea urchins were returned to nor mal s alinity (32 ‰). In
addi tio n to adhesive failure of the tub e fo ot disc, me-
cha nical fa il ure o f th e tu b e fo ot stem o ften co ntribu tes
to dis lodgm en t in sea urchins. Th u s, we al so examined
h ow tu b e feet resp ond t o t ensile fo rces d uring a nd a fter
rep eated hyp osalinity events. Sp ecifically, we measured
tub e fo ot stem b reaking fo rce, tub e fo o t to tal extension,
tub e fo ot sp ring co nstant (a measure of stiffn ess), an d
th e wor k to break tu be feet (a m easure of en er gy a b-
so rptio n capaci ty); we co llecti vel y refer to these tensile
pa ra met er s as tube foot tensile behavior. We hypothe-
size d hyposa linity wou ld negat i vel y impact sea urchin
loco moto r and adhesive per for man ce an d tu b e fo ot ten-
sile behavio r. Addi tio nally, we p redicted t hat t h e n ega-
t ive imp acts of hyposa lini ty o n se a urchin per for mance
an d tu b e fo ot tensile behavior would be less s e vere at
later exposures comp are d to earlier exposures (suggest-
ing acclimation) and that any negative effects on perfor-
ma nce a nd tube foot tensile behavior would persist after
exposure. 

Methods 

Sea urchin collection and maintenance 

We col le cte d sea urc hins (49.98 ± 1.64 mm diamet er,
n = 27) from 9 m depth near the University of Wash-
ington Friday Harbor Laboratories on San Juan Is lan d,
Washington (48 

◦32 

′ 26.2392 

′′ N, 123 

◦0 

′ 40.3128 

′′ W) on
October 31, 2021, an d h e ld th em in flow-t hrough se a
tables for 12 days before shipping them to Vi l lanova
Universit y. Immedi ately u po n ar r iva l, we t ra nsf erred
them to a 1000-L r ecir cula ting seawa t er syst em contain-
ing art ificia l se awater (Cryst al Se a ® Mar inemix; Mar ine
En terprises In terna t iona l, Ba lt imore, MD, USA). Sea
urchin s w ere hous ed s eparate ly in PVC en closures with
false bott oms t o a l low seawater circu lat ion (Fig. 1 A).
Eac h sea urc hin re ceive d aerate d seawater from de d-
ica ted ta ps a bov e eac h enc losure t hat flowed t hrough
the false bottom and was fed rehydrated kelp (Wel-
Pac) ad li bi tum wh en n ot un der g oin g a salinity ex-
posure . We c le aned t he se a t able an d m o ni to red wa-
t er t em pera ture and salinit y d ai ly, rotate d enclosures
a mong taps, a nd mo ni to re d water chemist ry (Ca, Mg,
pH, dKH, P, and NH 3 ) weekly. Sea urchins were h e ld in
the labo rato ry fo r 119 days befo re st arting exper iment al
t reat ments. 
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Fig. 1. Schematic of the recirculating seawater table configuration for S . droebachiensis housing and exposure to hyposalinity pulses. (A) Sea 
urchins w er e individually housed in enclosur es fitted with mesh tops and bottoms (dashed black lines). Submersible pumps (gray rounded 
rectangles) supplied seawater to dedicated taps above each enclosure, aerating and circulating the seawater through the sea urchin 
enclosures (dotted white ar ro ws). (B) During the hyposalinity exposures, sea urchins were placed in plastic bins based on their treatment 
group (indicated by the black, dark gray, and light gray bins) and exposed to hyposalinity pulses as described in the methods. Plastic bins 
w er e placed in the seawater table to maintain temperature but did not share water with the seawater table or one another. A submersible 
pump (gray rounded rectangles) and air diffusers (gray lines) provided water circulation and aeration in the plastic bins, r espectiv ely. (C) 
Tenacity tests w er e conducted using a custom-built apparatus composed of a load cell (LC) on a mobile trackway actuated by a DC motor 
(M). A glass capillary tube (CT) was connected to the load cell via monofilament thread fed through a pulley system. Sea urchins w er e 
placed into a small, seawater-filled container and restrained with their oral surfaces facing outward in a sponge-packed PVC collar attached 
to the side of the container. When a single tube foot attached to the capillary tube, the load cell was displaced backward on the apparatus, 
and the adhesive force of the tube foot recorded. (D) Tensile tests were conducted similarly to tenacity tests, but the PVC collar was 
oriented on the bottom of the container, and the glass capillary tube was replaced with an alligator clamp (AC). The clamp was placed on 
the distal end of a single tube foot, the load cell displaced until the tube foot broke, and force-time data recorded. 
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xperimental design 

e divided sea urchins into three grou ps o f equal
ea n test dia meter (ANOVA: SS = 8.28, MS = 4.14,
 2,26 = 0.057, P = 0.94) a nd va ria nce (Levene’s Test:
f = 2, F = 0.17, P = 0.85) and random ly assig ne d
h em to on e of t hree s a linity exposure t reat ments: 32 ‰
mean ± SE: 49.63 ± 3.02 mm diameter, n = 10), 22 ‰
mean ± SE: 50.90 ± 2.56 mm diameter, n = 10), and 16

(mean ± SE: 49.15 ± 3.87 mm diameter, n = 7). We
ol le cte d 30 indiv idu als, int ending t o sp lit them evenl y
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among t reat ment g ro ups ( n = 10) b u t o n e in div idu al
assig ne d to the 16 ‰ t reat ment die d soon after the ex-
p eriment b ega n, a nd two other indiv idu al s a ssigned to
t he 16 ‰ tre a tmen t were (unin ten tion ally) u sed f or a n-
ot her exper iment. We removed t hese indiv idu als from
the analyses. 

Salinity exposures 

Salinity exp osures o ccurre d biwe ekly for eight weeks
(four exposures). Sea urchin s (in side their enclosures)
were placed into one of three 100-L plastic bins (81.6 cm
length × 48.6 cm width × 34.9 cm height) b ase d on
t reat ment (32, 22, or 16 ‰). The bins were fil le d with
filtere d 32 ‰ seawater and s us pended in t he se a t able
to ma inta in a m bient temperat ure. A sma l l su bm ersi ble
pump a nd a ir diffusers were placed in each bin for cir-
cu lat ion and aeration (Fig. 1 B). For the two hyposalin-
ity t reat m ents, th e salinity in the bins was lowered at a
constan t ra te of 1.99 ± 0.03 ‰ every 10 min by adding
chi l le d deionize d wat er. Aft er the exposure , sea urc hins
wer e r eturned to 32 ‰ at a rate of 1.99 ± 0.04 ‰ every
10 min by adding hypersaline seawater to the hypos-
alini ty b ins. Equivalen t amoun ts of chi l le d 32 ‰ seawa-
ter were added to the 32 ‰ t reat ment bin whi le raising
and low erin g the salinity of the hyposalini ty b in s. G iv en
t he const an t ra te o f salini ty red uctio n, hyposalini ty ex-
posure d uratio n differe d betwe en t reat ment g roups; sea
urchin s w ere exposed to 22 ‰ for 24 h and 16 ‰ for 23 h,
accounting for the 30 addit iona l minutes re quire d to
lower salini ty fro m 22 to 16 ‰ a nd ra is e s eawater from
16 to 22 ‰. This ensured indiv idu als across trea tmen ts
had an ident ica l rate of salinity chan g e and recovery
time . Aft er sea urchins wer e r eturned to 32 ‰, they were
r emoved fr om the plastic bin s (in side th eir en closures)
and placed back into the r ecir cula ting seawa t er table .
Sea urchin s w ere not fed for the duration of the expo-
sure. 

Performance measurements 

We measured maximum loco moto r spe e d (mm s −1 )
an d tu b e fo ot di sc ten aci ty (adhesive fo rce per uni t
area [MPa]) 20 h after exposure to t reat ment sa linity
(during-exposure) and 20 h after sea urchin s w ere re-
turned to 32 ‰ seawater (p ost-exp osure). Per for mance
measur es wer e perfo rmed o n e very s e a urchin wit hin
e ach s a linity t reat ment g roup (32 and 22 ‰: n = 10;
16 ‰: n = 7). Per for man ce m easurem ents during-
exposur e wer e co nd uct ed in seawat er at eac h group’s
t reat ment sa linity, whi le those p ost-exp osur e wer e con-
ducted a t 32 ‰ seawa ter. Tub e fo ot disc area was mea-
sured 24 h p rio r t o eac h salinity exposure in 32 ‰ sea-
water. 
Locomotor performance 

Maximum speed 

L o co moto r perfo rm ance wa s a s ses sed by placing sea
urchins at one end of a 10-ga l lon gl ass aqu a rium a nd
dispen sin g 10 mL of 65 

◦C deionized wa ter a t the ambu-
lacral column o p posite the desired dire ct io n o f move-
m ent. Pre liminary t ria ls indicate d sea urchin m ovem ent
was reliab l y cue d by 65 

◦C deionize d water wi thou t re-
su lt ing in observable harm to ep i th e lia l t is s ue. As de-
scribed in Moura et al . (2023) , sea urc hin m ovem ent
was r ecor ded at one frame per second by a DSLR camera
(N ikon D5600; N ikon USA, Melville, NY, USA) posi-
t ione d bene at h t he aquar i um wi th a 1 cm 

2 sc ale in v iew.
Fra mes f o r the first 30 s o f m ovem en t were isola ted a t 1-
s intervals (resulting in 30 frames) and ana lyze d in Im-
ag eJ usin g the MTrackJ plugin ( Meijering et al. 2012 ).
We t racke d the center of the sea urchin’s exposed jaw
across the 30 frames and ca lcu late d spe e d betwe en suc-
cessive fram es. Maximum locom otor spe e d (cm s −1 )
was ca lcu late d as the maximum f rame-to-f rame spe e d
r ecor ded in each trial ( Moura et al. 2023 ). 

Tube foot adhesive performance 

measurements 

Disc surface area 
To estimate the mean tube foot disc area (mm 

2 ), sea
urchin s w ere rest raine d in a spon g e-p acke d PVC col lar
to p ped with a glass Petri dis h h e ld in a 3-L container of
32 ‰ seawater ( Narvaez et al. 2020 ) 24 h p rio r to each
salinity exposure. Once at least 10 tube foot discs at-
tac hed t o t he glass, t he discs were p hotograp hed with
a 1 mm scale (Nikon D5600; Nikon USA, Melville, NY,
USA). We randomly sele cte d 10 attache d discs, mea-
sur ed their ar ea in ImageJ, and ca lcu late d th e m ean disc
area (mm 

2 ) per indiv idu al. 

Disc tenacity 

Di sc ten acity (m aximum adhesive fo rce per uni t area
[MPa]) o f o ra l tube fe et wa s a s ses sed using the method
describe d by Narvae z et a l. (2020) . Disc ad hesive force
wa s mea sur ed by r estraining sea ur chin s in a spon g e-
p acke d PVC col lar mounte d to the side of a 3-L con-
t ainer of se awater. A digit a l 1 N cap acity lo ad cel l
(FUTEK LSB 200; Irvine, CA, USA) was mount ed t o
a custo m-buil t moto rize d t rack an d conn e cte d to a
m on ofilam ent t hre ad ending in a gl ass c api l lary tube
(Fig. 1 C). The glass capi l lary tube was present ed t o the
exten ded tu be feet. On ce a single tube foot disc at-
tac hed , adhesive force was measured by the motorized
lo ad cel l pu l ling the capi l lary tube at a constant rate
(2.59 cm s −1 ) unt i l detachm ent. Th e peak force value
(N) was r ecor ded as the maximum adhesive fo rce o f the
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ub e fo ot. The adhesive fo rce o f three tube feet was mea-
ured both during- and p ost-exp osure. The maximum
al ue o f adhesive fo rce at each time point was used to
a lcu la te maxim um di sc ten acit y by div iding th e high est
dhesive force by the mean disc area of that sea urchin
e asured pr ior to salinity exposure. 

ube foot tensile behavior 

ub e fo ot tensile b eh avior wa s a s ses sed by res training
ea urchins in a sponge-p acke d PVC col lar mounte d to
he bottom of a 3-L container of seawater and a l low-
ng tube feet to extend natura l ly. A single tube foot was
lamped by a metal clip inlaid with sandpaper (Blast-
 ase Steel To othless Alligato r Cli ps, Jo hn M iller, Inc.)

t the distal tip. Clamped tube feet were pulled in ten-
ion at a constant rate (2.59 cm s −1 ) unt i l brea king us-
ng the custo m-buil t moto rize d t rack describe d a bov e
Fig. 1 D). The metal clip was conne cte d to a 1 N dig-
ta l lo ad cel l (FUTEK LSB 200, Irvine, CA, USA) by a
s hing lin e (12 l b Shak espea re Omniflex; Col umb ia, SC,
SA). Instan ces wh ere tu be feet s lip ped o ut of the clip
ere o mi tted fro m our dataset and we did not observe

ube fe et brea king wh ere th e cl amp was pl ace d. D ur-
ng each pu l l, data were continuously r ecor ded as force-
 ime curves. Force-t ime curves were then converted to
o rce-extensio n curves by mu lt ip l ying tim e e lapsed by
he rate of displacement (2.59 cm s −1 ). Force data were
m ooth ed in R using a cubic s pline (packa ge s t ats ) p rio r
o the ext ract io n o f tensi le p a ra met er s. 

Tensi le propert ies are t ypic a l ly ext racte d from st ress-
train curves. These curves explain me chanica l behav-
or under tension, in depen dent of sample ge omet ry.
tres s and s tra in a re c alcul ated fro m fo rce and exten-
ion, respe ct i vel y, but r equir e measur es of both cr oss-
e ct iona l area and length. In echinoderm tube feet,
hese pa ra met er s are often est imate d using histolog ica l
rep arat ions and imaging (e .g., Sant os and Flammang
005 ), which were not possible given our experimen-
al setup and logistics. Ther efor e, we o p ted to use force-
xten sion curv es to descr ibe var iation in t hese tensile
a ra met er s we co llecti vel y call tube foot tensile behav-

or: tub e fo ot b reaking fo rce (N), tub e fo o t to tal exten-
ion (cm), tube foot spring constant (N m 

−1 ), and work
o break tube feet (mJ). Tube foot b reaking fo rce was
efin ed as th e maximum for ce r equir ed to cause tube

oot stem failure ( Santos and Flammang 2005 ; Cohen-
eng ifo et a l. 2017 , 2019 ; Narvae z et a l. 2020 , 2022 ).
ub e fo o t to ta l extension was est imate d by ca lcu lat ing
h e differen ce in exten sion betw e en brea king an d wh en
or ce r eac hed 0.0015 N ( sensu Sant os and Flammang
005 ). This for ce thr es h old was ch os en becaus e this is
hen previous work would measure the init ia l length
f tube feet, though we were unable to make length
 easurem ents h ere ( Santos and Flammang 2005 ). Tube
oot spring constant is a measure of tube foot s tiffnes s
nd wa s estim ated a s th e s lope of th e lin ear po rtio n o f
h e J-s h aped force-di splacement curve ju st p rio r to tube
 oot stem fa i lure (simi l ar to c a lcu lat in g Youn g’s mod-
l us fro m a s tres s-s train curv e). The w o rk (o r energy)

o break tube feet was estimated by me asur ing t he are a
n der th e force-displacem ent curve v i a the nu mp y.trapz

unction in the NumPy package in Python (similar to
a lcu lat ing toughness from a st ress-st rain curve). Ten-
i le p a ra met er s of thre e tube fe et per ur chin wer e mea-
ured during and af ter s alini ty exposures o n t he s ame
an domly se lected su bs et of s ea urchins (32 and 22 ‰:
 = 5; 16 ‰: n = 4). The lower sample size of the
6 ‰ sa linity t reat ment was a result of one of the sea
rchin de at h s indicated a bov e. We ca lcu late d the maxi-
um tensile pa ra met er s of three tube feet per sea urchin

uring- and p ost-exp osur e. We wer e unable to col le ct
ata on tube foot tensile behavior during the first expo-
ure because of ma lfunct io ns o f the digi tal load cell. 

tatistics 

l l stat ist ica l ana lyses were per for med using R ( R Core
eam 2023 ). We used linear mixed effects m ode ls v i a the

mer function in the lme4 R package ( Bates et al. 2015 ) to
xamin e th e imp acts of sa linity, exp osure numb er, and
heir interactio n o n loco moto r perfo rm ance (m aximum
pe e d), tube foot disc t enacity, and t ensi le p aramet er s
b reaking fo rce , t otal ext ensio n, sp ring co nsta nt, a nd
ork). A n a lyses include d during-exposure and post-

xposure data separate ly. In div idu al sea urchins were
 ode led as a ra ndom effe ct in a l l linear mixe d effe cts

nalyses to account for repeated m easurem ents on indi-
 idu als across exposures. In the case of significant fixed
ffe cts, Tu key’s Honest Sig nificant Difference (HSD)
ests were used to determine differences a mo ng grou ps
 i a the emmeans package. In the case of significant in-
 eraction t erms, pa irwise compa rison s w ere limit ed t o
ests of simple effe cts. Assumpt io ns o f no rma l ly dis-
 ribute d residua ls an d h om ogen eity of va ria nces were
 est ed with S hapiro-Wi l k an d Leven e’s tes ts, res pe ct i vel y
 Supp lementary Tab les S1 and S2 ). Sev eral respon se
aria bles w ere log tran sform ed to m eet as s umptions
see vari ables indic ated w ith ∗ in Supp lementary Tab le
1 ).Di sc ten acity fai le d to me et th e n o rmali ty as s ump-
ion s ev en usin g tran sfor med dat a. L ine ar mixed effects
nalys es, howe ver, ar e r o bus t to v iol atio ns o f thi s a s-
umption ( Schielzeth et al. 2020 ), so we co nd ucted these
nalyses on the tra nsf or med dat a n on eth e less. Disc area
ai le d to m eet th e h om ogen eity of va ria nce a nd normal-
ty as s umption s ev en usin g tran sfor med dat a. There-
o re, we used no n-pa ra m etric Krus kal-Wallis t ests t o ex-
min e th e im pact of repea te d exposures and sa lini ty o n

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
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Table 1 Linear mixed model tables for maximum speed, disc tenacity, breaking force, total extension, spring constant, and work for both 
during-exposure and post-exposure measurements. 

Response variable 
Measurement 
time Predictor SS MS NumDF DenDF F P 

Maximum speed During-exposure Exposure number 5.71 1.90 3 72 16.88 < 0.0001 

Salinity 6.47 3.23 2 24 28.67 < 0.0001 

Exposure number ∗salinity 1.75 0.29 6 72 2.59 0.025 

Post-exposure Exposure number 2.27 0.76 3 72 5.39 0.002 

Salinity 2.02 1.01 2 24 7.19 0.004 

Exposure number ∗salinity 0.24 0.04 6 72 0.29 0.94 

Disc tenacity During-exposure Exposure number 0.004 0.001 3 70.80 1.68 0.18 

Salinity 0.08 0.04 2 23.96 44.38 < 0.0001 

Exposure number ∗salinity 0.01 0.002 6 70.75 2.15 0.06 

Post-exposure Exposure number 0.003 0.001 3 69.62 1.46 0.23 

Salinity 0.01 0.01 2 23.03 9.27 0.001 

Exposure number ∗salinity 0.003 0.0005 6 69.58 0.74 0.62 

Breaking force During-exposure Exposure number 0.05 0.02 2 33 0.51 0.61 

Salinity 1.05 0.53 2 33 10.71 0.0003 

Exposure number ∗salinity 0.40 0.10 4 33 2.02 0.11 

Post-exposure Exposure number 0.004 0.001 3 44 0.34 0.80 

Salinity 0.062 0.031 2 44 8.35 0.0008 

Exposure number ∗salinity 0.009 0.002 6 44 0.41 0.87 

Total extension During-exposure Exposure number 0.15 0.07 2 33 2.00 0.15 

Salinity 0.28 0.14 2 33 3.72 0.03 

Exposure number ∗salinity 0.09 0.02 4 33 0.62 0.65 

Post-exposure Exposure number 1.55 0.52 3 33.00 2.52 0.07 

Salinity 0.05 0.02 2 11.00 0.12 0.89 

Exposure number ∗salinity 1.01 0.17 6 33.00 0.82 0.56 

Spring constant During-exposure Exposure number 0.22 0.11 2 22 1.44 0.26 

Salinity 1.10 0.55 2 11 7.37 0.009 

Exposure number ∗salinity 0.35 0.09 4 22 1.16 0.36 

Post-exposure Exposure number 207.56 69.19 3 33 1.11 0.36 

Salinity 319.42 159.71 2 11 2.56 0.12 

Exposure number ∗salinity 417.80 69.63 6 33 1.11 0.38 

Work During-exposure Exposure number 0.03 0.02 2 22 0.18 0.83 

Salinity 0.40 0.20 2 11 2.27 0.15 

Exposure number ∗salinity 0.70 0.18 4 22 1.97 0.13 

Post-exposure Exposure number 0.54 0.18 3 44 1.46 0.24 

Salinity 1.73 0.86 2 44 7.00 0.002 

Exposure number ∗salinity 0.03 0.00 6 44 0.03 0.9998 

Bold values indicate significant P -values ( P < 0.05). 
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disc area ( Supp lementary Tab le S3 ). For a l l stat ist ica l
analyses, α = 0.05. 

Results 

Locomotor performance 

Maximum speed 

During-expos ure maximum s pe e d varie d sig nificantly
as a functio n o f exposure number, salinity, and the inter-
act ion betwe en exposure number and salinity ( Table 1 ;
Fig. 2 A). We describe the salient resul ts o f the inter-
act ion betwe en exposure number and salinity below—
com plete sta t ist ica l resu lts (e.g., p airwise comp arisons)
ca n be f ound in Fig. 2 A a n d th e Supplem entary
Info rmatio n ( Su pp lementary Tab le S4 ). Across a l l four
exposur es, sea ur c hins exposed t o 16 ‰ seawat er had
significantly lower during-exposure maximum spe e d
t han t hos e expos ed to 32 ‰ s eawater (a l l comp arisons

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
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Fig. 2. The impacts of repeated hyposalinity exposures on green 
sea urchin ( S . droebachiensis ) locomotor performance. (A) 
During-exposure maximum speed was significantly impacted by 
the interaction between exposure number and salinity treatment. 
Groups connected by a bracket and ∗ indicate significant 
differ ences betw een salinity tr eatment groups within a particular 
exposure (i.e., within exposures 1–4; P < 0.05). Lowercase letters 
indicate statistical differences in maximum speed across different 
exposures within a particular salinity treatment group (i.e., within 
32, 22, and 16 ‰ treatments; P < 0.05). (B) Post-exposure 
maximum speed was significantly impacted by salinity and 
exposur e number. Ther e was no significant interaction betw een 
exposure number and salinity, thus all pairwise comparisons 
indicated in this panel are of main effects only (i.e., exposure 
number or salinity individually). Groups connected by a bracket 
and ∗ indicate significant differences between salinity treatment 
groups ( P < 0.05); significant differences were consistent across 
exposures (i.e., no interaction). Uppercase letters indicate 
statistical differences in maximum speed across different exposures 
(exposures 1–4; P < 0.05). 
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 < 0.05). During-exposure maximum spe e d of sea
rc hins exposed t o 16 ‰ seawat er was significantly

ower than those exposed to 22 ‰ during the first
 hrough t hird exposures (a l l comp arisons P < 0.05).
uring-exposure maximum spe e d of sea urchins ex-
osed to 22 ‰ was g enerally betw een that of the other
a linity t reat ments, a lt hough st at ist ica l differences var-
ed depending on exposure n umber. Maxim um spe e d
f a l l sea urchins de crease d sig nificantly during the sec-
nd exposure comp are d to the firs t expos ure (a l l com-
arisons P < 0.05) but returned to firs t expos ure levels
ur ing t he t hird a nd f ourth exposures (a l l comp arisons
 > 0.05). 
Pos t-expos ure maximum spe e d varie d sig nificantly

s a function of exposure number and salinity treat-
 ent. Th ere was n o significan t exposure n umber-

a linity interact ion on p ost-exp osure maximum sp e e d
 Table 1 ; Fig. 2 B). Sea urchins exposed to 32 and 22 ‰
eawater had sig nificantly g reater p ost-exp osure maxi-
um spe e d s th an thos e expos ed to 16 ‰ (32 vs. 16 ‰:
 = 0.02; 22 vs. 16 ‰: P = 0.004). Pos t-expos ure max-

mum spe e ds of s ea urchins expos ed to 22 and 16 ‰
eawater were not s tatis tically different from one an-
ther ( P = 0.77). Maximum spe e ds of a l l sea urchins
 ere significantly low er followin g th e secon d exposure

omp are d to those following the first ( P = 0.003) and
hir d exposur es ( P = 0.007). Maximum spe e ds fol low-
ng the fir st, third , a nd f ourth were not s tatis tically dif-
er ent fr o m o n e an oth er (a l l comp arisons P > 0.05).

aximum spe e ds fol lowing t he fourt h exposur e wer e
ot s tatis tically different from those following the sec-
nd exposure ( P = 0.10). 

ube foot adhesive performance 

isc tenacity 
ub e fo ot disc area did not va ry significa ntly as a
unctio n o f exposure o r salini ty ( Su pp lementary Tab le
3 and Fig. S1 ). During-exposure di sc ten acity var-
e d sig nificant ly as a f unctio n o f salini ty bu t not
s a function of exp osure numb er or the exposure
 umber-salinity in teraction ( Table 1 ; Fig. 3 A). During-
xposure disc tenacity was significantly lower in sea
rc hins exposed t o 16 ‰ comp are d to thos e expos ed

o 32 ‰ ( P < 0.0001) and 22 ‰ seawater ( P < 0.0001).
ea urchins exposed to 32 and 22 ‰ seawater did
ot vary significantly in disc tenacity during-exposure
 P = 0.33). 

Pos t-expos ure di sc ten acity varie d sig nificantly as a
unctio n o f salini ty bu t n ot as a fun ctio n o f exposure
umber or the exposure number-salinity interaction
 Table 1 ; Fig. 3 B). Pos t-expos ure disc tenacity was sig-
ificantly lower in sea urchins exposed to 16 ‰ com-
 are d to those exposed to 32 ‰ ( P = 0.001) and 22 ‰

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae003#supplementary-data
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Fig. 3. The impact of repeated hyposalinity exposures on disc 
tenacity of S. droebachiensis tube feet. During-exposure (A) and 
post-exposure (B) disc tenacity were significantly affected by 
salinity. Groups connected with a bracket and ∗ indicate significant 
differ ences betw een salinity tr eatment groups (i.e., within 32, 22, 
and 16 ‰ treatments; P < 0.05). There was no significant 
interaction betw een exposur e number and salinity, thus all pairwise 
comparisons indicated in this figure are of the main effect of 
salinity regardless of exposure number. 
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seawater ( P = 0.004). Sea urchins exposed to 32 and
22 ‰ seawater did not vary significantly in disc tenac-
ity p ost-exp osure ( P = 0.90). 

Tube foot tensile behavior 

Pa ra met er s describing tube foot tensile behavior (tube
f oot breaking f orce , ext en sion, sprin g con sta nt, a nd
wor k) did n ot va ry significa nt ly as a f unctio n o f expo-
sure number or the interaction between exposure num-
ber and salinity ( Table 1 ) for both during- and post-
exposure va lues. D uring-exposure, tube foot breaking
f orce a nd sprin g con sta nts va rie d sig nificantly as a func-
tio n o f salini ty ( Tables 1 an d 2 ). Tu be feet of sea urchins
exposed to 16 ‰ ( P = 0.008) and 22 ‰ ( P = 0.004) sea-
wa ter broke a t significan t ly lower forces t han t hose ex-
pos ed to 32 ‰ s eawater. Tube feet of sea urchins exposed
t o 16 ‰ seawat er had significant ly lower spr ing con-
st ants t han t hos e expos ed to 32 ‰ s eawater ( P = 0.008);
tube feet of sea urchins exposed t o 22 ‰ seawat er had
in termedia te sp ring co nstants closer in magnitude to
t he se a urc hins exposed t o 16 ‰ seawat er b ut were no t
s tatis tically dis tinct fro m ei t her tre a tmen t group (32 vs.
22 ‰: P = 0.07; 22 vs. 16 ‰: P = 0.36). During-exposure
tub e fo o t extension did no t differ significa ntly across
sa linity t reat ments ( Tables 1 and 2 ), but the tube feet of
sea urchins exposed to 22 and 16 ‰ seawater tended to
have greater extension than those exposed to 32 ‰ sea-
water. Durin g-exposure w o rk to b rea k tube fe et did not
differ significa nt ly between s a linity t reat ments ( Tables 1
and 2 ). 

Tub e fo ot b reaking fo rce o f s ea urchins expos ed to 22
and 16 ‰ seawater cont inue d to be significantly lower
t han t hos e expos ed to 32 ‰ s eawater p ost-exp osure
( P = 0.01 for both comparisons). Tube foot exten-
sio n and sp ring co nstants did not differ significa ntly
amongst t reat ment g roups p ost-exp osure ( Tables 1
and 2 ), while the work to break tube feet was signifi-
cantly lower in sea urchins exposed to 22 and 16 ‰ sea-
water t han t hos e expos ed to 32 ‰ s eawater ( P = 0.02 for
bot h compar isons). 

Discussion 

Hyposalinity events in n ears h ore marin e ecosystems
wi l l be com e m or e fr equen t and in t ense as c limat e
chan g e inten sifies ( IPCC 2022 ; Röthig et al. 2023 ).
Sten ohalin e or ganism s, such as sea ur chins, ar e par-
t icu larly suscept ible to these extreme climatic events
( Ir lan di et al. 1997 ; Russe ll 2013 ), as th ey gen erally lack
the, or have a limit ed , ability t o p hysio log ica l ly adapt
to sa linity ( Russel l 2013 ; Castel lano et a l. 2017 ). Re-
cen tly, we quan t ifie d the co nsequences o f hyposalini ty
exposure on the per for mance of g re en sea urchin ( S .
dro eb achi ens is ) t ube feet ( Moura et al . 2023 ), anat omi-
ca l st ructur es that ar e essent ia l for surviva l be caus e the y
function in adhesio n, loco motio n, feeding, resp iratio n,
and sen sin g ( Law rence 1987 ; Fl a mma ng 1996 ; Leddy
and Johnson 2000 ). We found hyposalinity dramat ica l ly
re duce d tube foot per for mance, but t he deg re e of per-
f orma nce deg radat ion depende d on the coordination
r equir ements of the activ it y. Here we examined the re-
spo nse o f g re en sea urchin ( S . dro eb achi ensis ) locom o-
to r perfo rman ce, adh esive perf orma nce, a nd tube foot
tensile behavior to repeated pulses of hyposalinity to an-
swer three key questions raised by o ur previo us work
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Table 2 Green sea urchin ( S . droebachiensis ) tube feet tensile behavior parameters as a function of measurement time (during- or 
post-exposure) and salinity treatment. 

Salinity 

Response variable Measurement time 32 ‰ 22 ‰ 16 ‰

Breaking force (N) During-exposure 0.28 ± 0.02 a 0.20 ± 0.01 b 0.20 ± 0.02 b 

Post-exposure 0.31 ± 0.01 a 0.24 ± 0.01 b 0.24 ± 0.01 b 

Extension (cm) During-exposure 1.88 ± 0.07 2.26 ± 0.11 2.25 ± 0.16 

Post-exposure 2.06 ± 0.11 1.98 ± 0.13 1.97 ± 0.12 

Spring constant (N/m) During-exposure 40.10 ± 3.38 a 29.30 ± 1.44 ab 25.64 ± 2.90 b 

Post-exposure 45.90 ± 1.84 38.81 ± 2.02 38.05 ± 2.42 

Work (mJ) During-exposure 1.28 ± 0.1 0.95 ± 0.08 1.28 ± 0.22 

Post-exposure 1.44 ± 0.09 a 1.08 ± 0.06 b 1.06 ± 0.08 b 

Values are means ± s.e.m. Means with different letters indicate statistical differences. 
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 Moura et al . 2023 ). Fir st, do es the p erf orma nce of sea
rchin tube feet acclimate to repeated pulses of hypos-
 linity? Se con d, h ow does tu be foot tensile behavior re-
pond to both single and repeated hyposalinity events?
hir d, ar e the negat ive effe cts of hyposa linity limite d to

he exposur e, or ar e they per sist ent following a return
o normal salinity levels? 

otential for acclimation to hyposalinity events 

e expe cte d tube foot per for man ce an d properties in
ea ur chins r epeate d ly expose d to hyposa linity to im-
ro ve o ver tim e an d becom e similar to th ose of th e n or-
a l sa linity t reat ment (i .e ., 32 ‰) if acc limatio n o f these

a ra met er s occurred . We did not obs erve thes e p art ic-
 lar t rends in our dat a, sug g estin g that we have no sup-
o rt fo r the acclimatio n o f sea urchin loco motio n, ad-
 esion, an d tu be fe et tensi le behavior to rep eated hyp os-
linity events. This result is surprising because previous
or k foun d po p u lat iona l differ ences in S. d ro eb achi ensis

ightin g respon se, an activ it y that r equir es s ubs tant ia l
ub e fo ot co o rdinatio n, to var iable s alini ty co ndi tio ns
 Himm e lman et al. 1984 ). Furt her more, t he growt h rate
f S. dro eb achi ensis acc limat es t o repeat ed exposure t o
yposalinity in the labo rato ry ( Russell 2013 ). The phys-

olog ica l me ch ani sm s drivin g acc limation t o hyposalin-
ty in these pa ra met er s are un known. Mu lt iple hypothe-
es exist pre dict ing how e c hinoderms may acc limat e t o
nd t olerat e osmot ic st ress, in cluding th e invo l vement
f heat shock proteins ( Russell 2013 ) and p hysio logi-
al or behavioral modifications (e.g., re duct ion of sur-
ace area by muscle cont ract ion; Castel lano et al. 2018 ;
r r ib as et a l. 2022 ). Thes e respons es have b een do c-
mented in echinoderms ( Vidolin et al. 2002 ; Meng
t al . 2011 ; Cast e llan o et al. 2018 ), but they have not yet
e en conne cte d to whole organism out comes suc h as
cclima tion in righ tin g respon s es and growth ( Russ ell
013 ; Ar r ibas et al. 2022 ). Furt her mo re, i t is unclear why
hes e process es wo uld no t ext end t o th e aspects of tu be
o ot p er for man ce studied h ere (i .e ., loco motio n, disc
 enacity, and t ensile behavio r). Fu ture wo rk is clearly
e e de d to ident ify th e m ech ani stic ba ses of acclim ation

n sea urchin funct iona l responses to hyposalinity and
h eth er th ey explain the lack of acclimation observed
ere. 

Although we did not detect acclimation to hyposalin-
ty exposures, we did observe that a l l sea urchins (in-
luding those exposed t o 32 ‰ seawat er) had signifi-
antly re duce d lo comotor p er for mance dur ing t he sec-
nd exposure comp are d to the first exposure (Fig. 2 A).
lthough we ca nnot expla in this unexpe cte d resu l t, o ne
ypothesi s i s th at the s tres s induced by handling and/or
t her exper iment al protocols ( Bose et a l. 2019 ) resu lte d

n t his decre ase in per for mance, wit h se a urchins ad-
usting to this s tres s after the second exposure. In any
ase , locomot or per for mance retur ned t o fir s t expos ure
ev els durin g t he t hird a nd f ourth expos ures, s ugges t-
ng t hat t his finding has little impact on our results and
n terpreta tions. 

egative effects of 
yposalinity—during-exposure 

he impacts of hyposalini ty o n loco moto r an d adh esive
er for mance are consistent with our previous work on
his to pic. Mo ura et al. (2023) fo un d that locom otor per-
 orma nce de crease d lin ear ly with decreases in salinity,
hi le ad hesive per for m ance wa s m ain tained un til rela-

i vel y s e vere hyposalinity levels (i .e ., 16 ‰ seawat er). In
his study, we observed that sea urchins attained signifi-
an tly lower maxim um spe e ds during-exposure to 16 ‰
eawa ter rela tive to thos e expos ed to 32 and 22 ‰ s ea-
ater (Fig. 2 A). Although maximum spe e d did not dif-

 er significa nt ly between t he se a urc hins exposed t o 32
nd 22 ‰ seawater consistently thro ugho ut o ur experi-
ent, w e observ ed a g enera l t rend of de crea sing m axi-



10 A. M. Garner et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icae003/7623019 by Syracuse U

niversity C
ollege of Law

 user on 08 M
arch 2024
mum spe e d with de cre asing s alini ty d ur ing e ach expo-
sure . Disc t enacity did not differ significa ntly between
t he se a urc hins exposed t o 32 and 22 ‰ seawat er but was
sig nificantly re duce d in the sea urchins exposed to 16 ‰
seawater (Fig. 3 A), which is consistent with our previ-
o us work ( Mo ura et al. 2023 ). The p hysio logical and/or
be havioral m ech ani sm s explainin g the impacts of hy-
posalini ty o n loco moto r and adhesive per for mance are
not clear ( Moura et al. 2023 ) but may be the result of
the dil u tio n o f essent ia l io ns fo r effe ct ive neuromuscu-
lar functioning ( Carafoli 2005 ; Hi l l et al. 2012 ), genera-
tio n o f adhesive bo nd s ( Henne bert et al. 2015 ; L eb esgue
et a l. 2016 ), or ad hesive glue se cret ion ( L eb esgue et al.
2016 ). Hyposa linity a lso resu lts in sea urchins taking up
more water in their tis s ues, which may also impact tube
fo ot p er for mance ( Santos et al. 2013 ). 

We also t est ed the impacts of hyposalinity on the ten-
sile behavior of tube feet by me asur ing t he f orce a nd ex-
tensio n o f tu be feet un der tension unt i l brea kin g. Ov er-
a l l, tube fe et of s ea urchins expos ed to 22 and 16 ‰ s ea-
wa ter break a t significan tly lower forces ( Ta ble 2 ), hav e
genera l ly lower spring constants ( Table 2 ), but absorb
simila r a m ounts of en ergy (i .e ., w ork; Ta ble 2 ) com-
p are d to sea urchins exposed to 32 ‰ se awater. A line ar
mixe d effe cts ana lysis revea le d tota l tub e fo ot extension
varie d sig nificantly as a functio n o f salini ty bu t post-
hoc Tukey pairwise co mpariso ns s h owed n o significant
differences betwe en g roups. Neverth e less, tu be feet ex-
posed to 22 and 16 ‰ sea water ha v e g enera l ly g reater
extension than those of sea urchins exposed to 32 ‰
seawater ( Tab le 2 ). Co l le ct i vel y, t hese findings sug gest
that tube feet are easier to break in hyposaline condi-
tion s y et hav e great er ext en sion and a low er sprin g con-
s tant, which res u lts in relat i vel y similar energy absorp-
t ion cap acit ies. It is possible that chan g es in material
pr operties ar e not dr iving t he effe cts on tensi le behavior,
as w e w ere una ble to quantify g eom etrically in depen-
dent values of s tres s and s tra in. Tube f oot m orph ology
t ypic a l ly sca les with test diameter ( Parvez et al. 2018 ;
Narvaez et al. 2020 ), and our trea tmen t groups had
n ear l y equi valent mean test diamet er s an d varian ces.
Desp i te this, hyposalini ty may differ entially r esult in
m orph olog ica l chan g es that w e w ere not a ble to capture
in our experiment (e .g., st em thic kness, different ia l im-
p act on t is s ues as soci ated w i th tensile p roperties) and
thu s m ay be driving or cont ribut ing to the chan g es in
tensile behavior we observed. Although we cannot as-
cr ibe t he mech ani sms of the chan g es in tensile behavior,
our m easurem ents are both e colog ica l ly and function-
a l ly relevant as t hey direct ly descr i be h ow tu be feet as
an in tegra te d unit wi l l respond to me chanica l lo ads in
th ese con dition s. Future w ork on this topic s h ould im-
plem ent experim ental m eth ods to confirm the relative
co ntribu tio ns o f mo rp ho logy and materia l propert ies in
tub e fo ot tensile b e havior un der vary ing hyposalinit y
co ndi tio ns. 

Negative effects of 
hyposalinity—post-exposure 

After 20 h in 32 ‰ seawater, the loco moto r and ad-
hesive per for mance of se a urc hins exposed t o 16 ‰
seawa ter con tin ued to be n egative ly imp acte d by se-
vere hyposalinit y, indic a ting tha t im pairmen t ca used by
hyposalinity exten ds we ll beyon d th e init ia l exposure
(Figs. 2 B and 3 B). Alt hough t his difference is signifi-
cant, sea urchins exposed to 16 ‰ seawater appear to
regain a limited amount o f loco moto r and adhesive per-
f orma nce 20 h p ost-exp osure. These hyp osalinity “af-
tereffects” a re interesting consider ing t he ions essent ia l
f or effe ct ive neuromuscu lar funct ioning ( Ca ra f oli 2005 ;
Hi l l et a l. 2012 ), ad h esive bon d gen eration ( Henn ebert
et al. 2015 ; L eb esgue et al. 2016 ), o r gl ue se cret ion
( L eb esgue et al. 2016 ) have returned in 32 ‰ seawa-
ter. Th ese fin din gs sugg est t hat t her e ar e addi tio nal
mech ani sm s at w ork th at h av e lon g er term im plica tions,
resu lt ing in re duce d locomotor and adhesive perfor-
mance in hyposaline co ndi tio ns. 

Tub e fo ot b reaking fo r ce also r emaine d sig nificantly
re duce d in sea urchins exposed to 22 and 16 ‰ seawa-
ter 20 h p ost-exp osure ( Table 2 ), while total tube foot
exten sion ( Ta ble 2 ) and sprin g con stant ( Ta ble 2 ) w ere
no lon g er imp acte d. This shift in tensile behavior post-
exposur e r esu lte d in the tube feet of sea urchins exposed
to 22 and 16 ‰ seawater having significantly re duce d
wo rk to b re ak ( Table 2 ). As such, se a urchins exposed
to these salinity trea tmen ts not only con tin ued to have
re duce d brea king force 20 h p ost-exp osure, but al so h ad
sig nificantly re duce d ener gy a bso rptio n capaci ties. The
me chanica l propert ies of sea urchin tube fe et a re la r g ely
the resul t o f co nne ct ive t is s ue , whic h can be modi-
fied by the io nic enviro nment. Previous wo r k dem on-
st rate d the absence o f calci um increases the compliance
of sea urchin tube f eet ( Sa ntos et al. 2005 ). Thus, the
in creased extensi b ili ty and decreased s tiffnes s during-
expos ure and s ubseq uent ret ur n to nor ma l va lues post-
exp osure may b e explain ed by th e re duce d concent ra-
tio n o f calci um in hyposalin e con ditions an d th e return
o f these io ns p ost-exp osure. How ev er, th e persisten ce
of a re duct ion in breaking force p ost-exp osure suggests
other tempo rary o r potent ia l l y irreversib le cel lu lar or
su bce l lu la r cha n g es impact the st ructura l integ ri ty o f
th e tu b e fo ot stem. Aga in, we ca nno t disco unt the dif-
ferent ia l effe ct of hyposa linity on tub e fo ot morp ho logy
th at m ay co ntribu t e t o or drive differences in t ensile be-
havior p ost-exp osur e. Futur e r esear ch is ne e de d to un-
derst and t he morp ho log ica l, p hysio log ica l, and cel lu lar
mech ani sm s respon sible f or cha n g es in loco moto r and
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dhesive per for man ce an d tensile behavio r d uring and
f ter hypos alinity events. 

Our findings s ugges t that expos ure to hyposalinity
 ay increa se the ri sk of di slodgment for sea urchins by
 redato rs and hydrodynamic fo rces, co nsistent wi th our
 revious wo rk ( Moura et al. 2023 ). We foun d n o ab ili ty
f sea urchins to acclimate their tube feet b io mechanics
o hyp osalinity exp os ure, at leas t un der th e s h ort tim e
ra mes exa mined in this study. Lon g er term studies have
emonst rate d acclimat ion in g re en sea urchin g rowth.
us sell (2013) s ubj e cte d juveni le g re en sea urc hins t o
 hyposalinity events over 16 wee ks. Th es e s ea urchins
 h owed n egative effects on growth for the first 4 expo-
ures but acc limat ed in exposures 5 through 8. There-
o re, lo n g er term studies may dem onstrate th e acclima-
io n o f tub e feet p er for man ce an d proper ties. Never the-
ess, hyp osalinity exp osur es wer e per for med on a tot al
f four occasion s ov er the course of 2 mon ths, sim u-

ating four events at which dis lodgem ent or other fit-
ess imp acts cou ld have occurre d s h ould sea urchins
ave exper ienced t hese s a linit ies in their n atural h abi-
at. As such, we posit that the time frame studied here is
n e colog ica l ly relevant t ime sp an g iven that sig nificant
ecrements in per for mance even after a single exposure
ould have s ubs tan tial nega tive effects on an indiv idu al
i .e ., b eing dislo dged from a s ubs trate or unable to move
o forage or relocate). 

Th e in cl usio n o f tub e fo ot tensile b eh avior in thi s
 tudy res u lte d in t he discovery t hat tube f eet ca n re-
a in attached a nd absorb simila r a m ounts of en ergy

 t modera t e salinity levels (e .g., 22 ‰) but that they are
 ore suscepti ble to breaking un der tensi le lo ads. These

ndin gs sugg est tha t modera te hyposalinity m ay h ave
imi lar imp acts on sea urchin dis lodgm ent ris k as se-
ere hyposalinity events. Re duce d brea king force and
a inta ine d ad hesive per for man ce in m o derate hyp os-

lini ty co ndi tio ns may e ven pres ent thems elves as a
reat er c hallen g e for sea urchins p ost-exp osure than se-
ere hyposalinity. The catast rophic fai l ure o f tube feet,
s o p pose d to ad hesive fai lure, may impose g reater en-
r g etic dem and s a s sea urchins m ay ne e d to rea l locate
nergy to the r egr owth of damaged structures ( Narvaez
t al. 2020 , 2022 ). Our work also indicated t hat t h e n eg-
t ive effe cts of hyposa lini ty o n tub e fo ot b io mechan-
cs are not limited to the hyposalinity event. Some of
hese effects a re ma inta ine d (re duce d spe e d , disc t enac-
 ty, b reaking fo rce) o r n ove l (re duce d wo rk to b reaking)
 ost-exp osure, p otent ia l ly incre asing t he window of
is lodgem ent an d impacts o n fitness. As c limat e c han g e
on tin ues to increase the intensity and frequency of at-
 osph er ic r iv er ev ents and nearshor e fr eshwa ter in put

 IPCC 2022 ; Röthig et al. 2023 ), sea urchins are likely
o experien ce m ore num erous an d s e vere hyposalinity
v ents. Our w or k in dicates that the anatomical struc-
ur es sea ur chins r ely o n fo r many cri t ica l organi sm al
unctions are s e verely imp acte d by hyposa linity. Thus,
e may expect to observe shifts in the dist ribut ion of

ea urchins in the future , whic h may directly a ffect their
 colog ica l co mmuni ties. 
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