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Synopsis As c limat e c han g e pr ogr esses, it is im portan t to be able to predict h ow th e effects of elevated tem pera tur es ar e 
a ffe cte d by the ab ili ty o f ectot her ms to see k s h e l ter. Many studies o n ectot her m s hav e sugg ested that mob ili ty is a vital charac- 
t eristic t o under s tand how s pe cies wi l l re act to war ming. High ly mobi le e ctot her ms are not of t en exposed t o t her ma l ly st ressfu l 
co ndi tio ns because they can acti vel y select tem pera tures tha t are t her ma l ly beneficia l or benig n. Slo w-mo ving or sessi le e c- 
tot her m s, how ev er, are not able to chan g e ha b i tats quickly enough to escape from t her ma l st ress or even de at h. In order to 

m easure h ow m ob ili ty a ffected how or ganism s cope with tem pera t ure, we q uant ifie d the b o dy temp eratur es, envir onmental 
tem pera tures (using b io mim etic m ode ls), an d th erm al limits u sing r espir ometry of eight intert ida l e ctot her ms in four mobil- 
it y cl a sses: fa st, in termedia te, slow, and sessile. In addi tio n, we also c alcul ated t her mal s a f ety ma r gin s (TS Ms) fo r each o f our 
spe cies. Whi le we pre dicte d th at fa st an d interm ediate ly m o bile s pecies w ould hav e low er t her mal limits and narrower TSMs 
tha n slow a nd sessile a nim al s, we found th at fa ster organi sms h ad lower t her mal limits and nar rower t her mal s afety mar gin s 
t han t he ot her t hre e mobi lit y cl asses. Our fin dings in dica te tha t there is a n effect o f mob ili ty o n how o r ganism s cope with 

tem pera tures and lay the groundwork for understanding how co mmuni ties may respond to climate chan g e. 
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ntroduction 

ctot her mic anim al s a re pa rticula r ly suscepti ble to e l-
vat ed t emperatures caused by c limat e c han g e since
h ey re ly on th eir environm ent to m oderate th eir b o dy
em pera tures ( Jør g en sen et al. 2022 ). On a physio-
og ica l level , t em pera ture ca n a ffect metabolic rates
 S inc lair et al . 2016 ), heat shoc k prot ein p rod uctio n
 Dong et al. 2022 ), and other p rocesses. Behavio ra l ly,
r ganism s may se lect th erma l ly fav ora ble ha b i t ats t hat
ith er s h e lter th em from th erma l st ress or h e lp th em
ar m t heir b o dies. The way or ganism s select ha bi-

ats, how ev er, may be dependent on their mob ili ty—
efined as the c apacit y for m ovem ent ( Crickenber g er
t al. 2020 ). How mob ili ty a ffects hab i tat selectio n could
otent ia l ly buffer, or exacerbat e , the effects of c limat e
han g e since or ganism s that are able to pr imar il y rel y
n sele ct ing a t her ma l ly sa f e hab i tat quickly are not ex-
os ed to s electio n fo r increased p hysio logical responses
 o t em pera ture ( Huey et al. 2012 ). F or exam ple, lizards
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 Anoli s cri statellu s ) have been found to have the same
 o dy temp eratures and p hysio log ica l t her mal limits re-
a rdless of a mbien t tem pera tures ( Huey et al. 2003 ), be-
aus e the y situate thems elves in t her ma l l y suitab le mi-
rosites. How ev er, cur rent ly t here h a s been no com-
re h en siv e comparison of how relative mob ili ty a ffects
 her mo regulato ry behavio r, though studies have indi-
a ted tha t it is an im portan t metric t o under stand ( Huey
nd Tewksbury 2009 ). A co mpariso n o f p hysio logy and
ehavior acros s s pecies of varying mobi lity wou ld lay
h e groun dwor k for un derstan ding h ow species an d
o mmuni t ies cou ld be a ffe cte d by a warming c limat e . 

Genera l ly, moderate increases in tem pera ture a bov e
o rmal, amb ient co ndi tio ns are not necess ar ily imme-
iately s tres sf ul for ectot her ms, since sma l l increases

n tem pera tur e may incr ea se organi sm al per for mance
 Hue y and Kings olver 1989 ). Per for mance wi l l ap-
roach an o p timal tem pera tur e wher e the organism
unction s w ell, but bey ond that p oint, p er for mance wi l l
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declin e an d, eventua l ly, a t higher tem pera tures the or-
ganism wi l l die—t his r ise and fa l l in per for m ance h a s
be en terme d a t her mal per for mance curve (TPC, Huey
and K ingso l ver 1989 ). For to leratin g lar g er increases in
environmen tal tem pera tures, the role of av oidin g high
tem pera tures v i a mob ili ty ver sus t olerating high t em-
perature v i a p hysio log ica l me ch ani sms i s p art icu larly
im portan t in cases where or ganism s are experiencin g
sublethal or lethal s tres s. 

The roc ky int ert ida l zon e is a th erma l l y d ynamic en-
vironmen t tha t osci l lates betwe en relat i vel y stab le ocean
tem pera tures a t high tide a nd va riable low-tide tem-
peratures when anim al s a re exposed to a ir tempera-
tures that can fluctuate up to 20 

◦C in just a few hours
( He lmuth et al. 2011 ). Th e hab i tat co mplexi ty o f the
rocky s h o re o f ten cre ates t her mal heterogeneity t hat
varies by microhab i tat and this sma l l-sca le variat ion
can be as great as the variation across many degrees
o f lati tude ( Denny et al. 2011 ; Jur g en s and Gaylord
2018 ). Further, or ganism s of varyin g mobility within
these hab i tats r eact differ ently to thermal s tres s dur-
ing low tide. For example , fast er or ganism s such as
th e s h ore crab Hemi graps u s nudu s wi l l shuttle betwe en
wa rm a nd cool hab i t ats to keep t heir b o dy temp era-
tures low ( McGaw 2003 ). Converse ly, th e s lower se a st ar
Pisas t er ochra c eus must select cooler hab i tats to avo id
its t her mal limi ts ( Mo naco et al. 2016 ). Ev en slow er
s pecies, s uch as limpets, wi l l lif t t h eir s h e lls off th e su b-
stra te and “m ushr oom,” which can r educe their b o dy
tem pera tures ( Wi l liams et a l. 2005 ). This ran g e of ther-
ma l st r ess pr ovides an ideal system for un derstan ding
how or ganism s o f different mob ili ties will be a ffected by
c limat e c han g e. 

Our study aimed to quantify the thermal niches of
eigh t in tert ida l spe cies that r epr esent differ ent mobil-
ities: ([fast]: Pachy grapsu s cras s i p es an d Ligi a o cci d en-
talis ; [in termedia te]: Tegula funebr alis an d Nu cell a ost-
rina ; [s low]: Lotti a scabra an d L. di git alis ; and [sessile]:
Bal anus gl andul a an d Mytil us cal if o rn ian us ). While our
s tudy s pecies are not phylogenet ica l ly independent, this
co mpariso n allows us to quantify t her mal niches of co-
occur r in g or ganism s un der current con ditions an d be-
gin to predict how warming could a ffect them. 

We est imate d t her m al niches u sin g (1) liv e animal
b o dy temp eratures ( T b ); (2) op erative (o r enviro nmen-
tal) tem pera tur es ( T e ) fr om s pecies-s pecific b io mimetic
m ode ls; (3) p hysio log ica l t her mal limits; and (4) ther-
mal sa f ety ma r gin s (TSMs) c alcul ated from t her mal
limits and T e . A TSM, expressed as the difference be-
tween a species’ t her mal tolerance and the extreme op-
era tive tem pera tur es of their envir o nment, p rovides a
met ric to est imate the vu lnerabi lity of or ganism s to
both high and low tem pera tures within their environ-
m ent ( Sun day et al. 2014 ). T e is t ypic a l ly measure d
wi th b io mim etic m ode ls, which mimic th e h eating
and cooling properties of the live or ganism s ( Helmuth
et a l. 2011 ). These physica l m ode ls, in conjun ction with
labo rato ry-measured p hysio logical responses to tem-
perature, can h e lp quant ify spe cies’ TSMs an d, th ere-
fore , pot ent ia l vu lnerabi lity to warming within habitats
under c limat e c han g e ( Helmuth et al. 2011 ). We pre-
dicted that (1) fast an d interm e diate spe cies wou ld be
sele ct ing cooler hab i tats and have lower T b than slow
and ses sile s pecies; (2) fas t an d interm e diate spe cies
w ould hav e low er p hysio log ica l t her mal limits t han slow
a nd sessile orga nisms; a nd (3) the TSMs of fast and in-
t ermediat e or ganism s w ould be narrow er t han t hose of
th e s low an d ses sile s pecies. 

Methods 

Field sites 

We co nd ucted field surveys at two si tes o n the Bodega
Marine Reserve (BMR; Bodega Bay, CA, USA, 38.31 

◦N,
123.07 

◦W ). The intertid al zone at BMR is composed
o f grani t e benc hes that face p redo minantly west. Dur-
ing the summer, it experiences northwesterly waves and
semidiurna l mixe d t ides wit h t he lo west lo w occur-
r ing in t he e ar ly m o rnings. We set u p two 40-m tran-
sects, o ne o n the no rth bench and one in Horseshoe
Cove, in the upper intert ida l zone at shore heights be-
tween + 1.52 and 2.13 m a bov e mean lower low water
(MLLW). 

Habitat surveys 
We quant ifie d the avai labi lity of habitat t ypes (vertic al
sur face, hor izont al sur face, p o ols, and crev ices) w ithin 1
m of the t ranse ct using a 0.25 m 

2 quadrat to quantify the
% cov erag e alon g each tran sect ( n = 160 quadrats/site).

Body temperature surveys 
Surv eys w ere car r ied out in t he late spr ing t o lat e sum-
m er (Jun e–August) from 2021 to 2024 during daytime
lo w tides lo w er than + 1 m a bov e MLLW t hat occur red
af ter sunr ise (2021: n = 7; 2022: n = 15; 2023: n = 16;
and 2024: n = 7). We quant ifie d T b and hab i tat sele ct ion
of our study species within half a meter of the t ranse ct
within 3 h of the low tide. 

Fo r mob i le mol lusc spe cies, we measure d T b within
randoml y p l aced 0.25 m 

2 qu adrats by in sertin g a ther-
mocoup le wire gentl y between th eir s h e ll an d mantle.
For barnacles and mu ssel s, valv es w ere g ently p arte d,
an d th e th erm ocouple wire was inserted inside. For the
fas ter s pecies, we did T b s urveys imm ediate ly u po n ar-
rival at the site as an area search within 1 m of the
t ranse ct since their hab i tat sele ct ion wou ld chan g e in
t he rese archer ’s p resen ce. Ligi a o cci d entalis was m ea-
sured by gently placing a t her mocou ple wire o n the
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op of t he carapace, ver ifie d by init ia l comp arisons
f tem pera tures taken in terna l ly versu s extern a l ly (se e
upp lemental 1 ). Pa chy grapsu s cras s i pe s w ou ld ret reat
eep into crevices if disturbed, so we used a t her mal

ma ging camera (FLIR Sys tems, Model TG267, Goleta,
A, USA; emissiv it y = 0.97) with a ×2 lens so we could
easure crab T b from a dista nce, a fter making pilot

o mpariso ns o f internal b o dy temp erature versus exter-
al tem pera tures ( Supplemen t S1 ). 

iomimetic models ( T e ) 
e created s pecies-s pecific b io mim etic m ode ls of a l l

ight species to quantify the ran g e of T e in the field. All
 io mim etic m ode ls wer e cr eated using r esin epoxy and
 h e lls of live or ganism s. They w ere on av erag e within 1–
 

◦C of live or ganism s (for m eth odolog ica l detai ls, se e
upplem ent 2 ). Th e mimics were p laced hap hazardl y
hro ugho ut the intert ida l zone in sun-exposed and shel-
ered hab i tats fo r the d uratio n o f the low tide and tem-
eratur es wer e r ecor ded on a t her mocouple dat a log ger
very 5 s. 

espiration rate measurements 
n the labo rato ry, we quant ifie d respirat ion rates in air
or P. cras s i p es, Li. o cci d ental is , T. fu nebral is , and N. os-
rina with closed chamber r espir omet ry. Aeria l respi-
a tion ra tes for the remaining four species were taken
ro m the li t erature . Or ganism s w ere captured from the
e ld an d pl aced in a flow-through aqu arium h e ld at
2 

◦C (mo ni to red wi th Onset, H OBO Tidb iT Tempera-
ure Log ger, Bour ne, MA, USA) for at least 1 h before
eing t est ed t o g ive them t ime to recover from han-
 ling st ress. Al l or ganism s w ere t est ed wi thin 72 h o f
apture. 

The resp iratio n c hamber s were al uminum co ntain-
rs (volume = 52.3 mL) with a paper towel (4 cm 

2 )
o a ke d with 2 mL of seawater to keep humidity near
00%. For sma l ler or ganism s, w e used resin bloc ks t o re-
uce the volume of air in the chamber so they would be
ble to measurab l y reduce oxygen in the c hamber s (vol-
me = 8–35 mL). We submer g e d the respirat ion cham-
er s in wat er bat hs (Ther moFisher Scient ific, Wa ltham,
A, USA) at 14.5 

◦C, which were th en h ea ted a t a ra te
f 8 

◦C h 

−1 to the t reat ment t emperature . Chamber s had
orts that were left open during the ramping p erio d to
 l low air ex chan g e and closed once the t reat ment tem-
eratur e was r eac hed , follo wed b y a 1-h sampling p erio d
here oxygen s ens or spo ts (Pt3, PreSens, Regensb urg,
ermany) placed inside the chamber were sampled us-

ng fiber o p t ic cables attache d to a dat a log ger (oxy-4,
reSen s). Tw elv e indiv idu als p er sp ecies were exposed
 o eac h t em pera tur e tr ea tmen t ( ∼14.5, 26, 32 

◦C), and
ach indiv idu a l was on ly use d in one t ria l. Tem pera tures
ere sele cte d start ing wit h t he av erag e air tem pera tures
t BMR during summ ertim e m orning low tides (14.5 

◦C,
. M. McIn tire, un pu blis h ed) an d in creased to b e b e-

ow previo usly p ublished limits for eith er close ly re lated
pecies or their thermal limits in water ( McGaw 2003 ;
 ber l et al. 2013 ; G lea so n and Burto n 2013 ; Hayfo rd
t al. 2018 ). An empty chamber was included in each
 ria l to serve as a co ntrol fo r potent ia l s ens or dr if t,
nd s ens o rs were calib rated using a two-point calibra-
io n p rocess at 0% O 2 usin g nitrog en gas, and water-
a tura ted air for n orm oxia. 

hermal limits (LT 50 s) and thermal safety margins
TSMs) 

e mo ni to red mo rtali ty d uring resp iro met ry t ria ls to
eter mine t he tem pera ture a t which 50% mo rtali ty
LT 50 ) was ac hieved . Organisms would be removed
rom the c hamber s and observed for 30 min, and if
o response was elicited by gentle p rob ing, the o rgan-
 sm wa s co nsidered dead. If 100% mo rtali ty was not
c hieved , we then would increase the tem pera tur e tr eat-
en t un t i l co mplete mo rtali ty occurred ([ P. cras s i pes :

5.0, 36.9, 37.4 

◦C]; [ Li. o cci d entalis : 36.7 an d 38.6 

◦C];
 T. fu nebral is: 40.6 and 44 

◦C]; and [ N. ostrina : 37.1 and
9.1 

◦C]). We used pu blis h e d LT 50 va l ues fo r L. di git alis
 Do ng and So mer o 2009 ), M. cal if o rn ian us ( Jur g en s and
aylord 2016 ), and B. gl andul a ( Gilman et al. 2015 ).
hile L. scabra LT 50 m easurem ents w ere unavaila ble in

he lit erature , Mi l ler et a l. (2015) measure d t he cr it ica l
axim um tem pera ture (39.6 

◦C, CT max ) as the tem per-
tur e wher e loco moto r functio n was lost ( Or st e d et a l.
022 ). 

We ca lcu late d the TSMs by subt ract ing the 99th
ercent i le of T e observed for biomimics of each
pecies and that species’ t her mal limits (LT 50 or
T max ). This a l lowe d us to encomp as s the mos t s tres s-

ul co ndi tio ns d uring a t ypic al n orth ern California
ummer. Nega tive n umbers indica te tha t a hab i tat is
 ot th erma l ly sa f e f o r o r ganism s, an d th ey may n e e d

o avoid s tres sful T b , while positive values indicate that
em pera tures t ypic a l ly do not exce e d spe cies’ t her mal
imits ( Sunday et al. 2014 ). 

ata analysis 
e ca lcu late d the fre quency at which T b and T e val-

es were within a ran g e of s tres sful tem pera tures and
t/a bov e the thermal limits in the field. St ressfu l tem-
eratur es wer e define d b ase d on o p t ima l tem pera tures
rom TPCs (see be low). Differen ces in T b between
 pecies were tes ted using ANOVA an d th e post-h oc
ukey test. To compare T b acros s mo b ili ty grou ps, we
sed a hierarchical m ode l with species as a random fac-

or. 
Resp iratio n rates were ca lcu late d using the slopes

f the best-fit least-squar es r egr ession line between

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf078#supplementary-data
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Fig. 1 Left panel: Mass-adjusted mean respiration TPCs for (A) Li. occidentalis , (B) P. crassipes , (C) N. ostrina , and (D) T. funebralis. Right panel: 
thermal limits (LT 50 , CT max ) of all species ( Li. occidentalis ; P . crassipes ; T . funebralis ; N. ostrina [all LT 50 , this study]; L. scabra [CT max , Miller et al.
2015 ]; L. digitalis [LT 50 , Dong and Somero 2009 ]; B. glandula [LT 50 , Ober et al. 2019 ]; M. californianus [LT 50 , Monaco et al. 2016 ]). 
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elapse d t ime and oxygen concen tra tion, and ra tes were
comp are d within spe cies using ANOVA. The data vio-
lated the as s umptio n o f ho mogenei ty o f va ria nces, so we
used the nlme pac kage t o weigh each average p ropo r-
t iona l to its va ria nce ( P in heiro et a l . 2025 ) in R (ver sion
4.1.2, R Core Team 2021 ). Post-hoc Tukey co mpariso ns
were made using the mul tco mp package ( Hot hor n et al.
2008 ). O pt ima l tem pera tur es wer e determined by fit-
ting a TPC to the resp iratio n data (S harpe-Sc h oolfie ld;
S mith et al . 2019 ) using the pac kage rTPC ( Padfield
et al. 2025 ). Fo r li teratur e sour ces, we u sed Im ageJ
( Schneider et al. 2012 ) to estimate t he pe ak of their
resp iratio n rates. LT 50 val ues were c alcul ated by fitting
a curve to the mo rtali t y d ata in the MASS package
( Venables and Ripley 2002 ). 

Results 

Respirometry and LT 50 

Am ong th e fast-m oving pair of species, Li. o cci d entalis
and P. cras s i pe s, there w ere no significa nt differences in
resp iratio n rate b etween temp eratur e tr eatments. For Li.
o cci d ental is, r esp iratio n rates were low at 14.5 

◦C and
their resp iratio n rates pea ke d at 36.6 

◦C, whi le at higher
tem pera tures (39.1 

◦C) their resp iratio n rat es dec lined ,
an d th ey began to die ( Fig. 1 ; LT 50 = 36.8 

◦C, non-
sig nificant ANOVA resu lts are s h own in Supplem ent 3 ).
Pachy grapsu s cras s i pe s con s umed les s oxygen between
14.5 and 20.1 

◦C but pea ke d at 35.8 

◦C ( Fig. 1 ) and had an
LT 50 = 33.5 

◦C ( Fig. 1 ). Their resp iratio n peaked a bov e
th eir LT 50 sin ce th ey died over a wide range of temper-
atures. 

For the int ermediat e pairing, T. fu nebral is r esp iratio n
rates pea ke d at 40.6 

◦C ( Fig. 1 ; LT 50 = 40 

◦C), though
tem pera tur e tr ea tmen ts were not significa ntly differ-
ent from each other ( Supplemental 3 ). Nuc ella ostrin a
resp iratio n rates were s tatis tically differ ent fr om each
other between lower and higher tem pera tures ( Fig. 1 ;
Supp lemental 3 ; AN OVA; F 4,61 = 6.12; P < 0.01).
At 14.5 and 26.1 

◦C, their resp iratio n rates were sim-
i lar (Tu key; Z 4,11 = 0.43; P = 0.99), but respiration
rates increase d sig nificantly at higher temperatures be-
tween 32.5 and 34.2 

◦C, peaking at 36.1 

◦C ( Fig. 1 ;
LT 50 = 35.3 

◦C). 
We took slow s pecies res p iratio n an d th ermal lim-

i ts fro m the li t erature . L ottia s cabr a respira tion ra tes
pea ke d at 35 

◦C and their CT max was 39.6 

◦C ( Fig. 1 ;
Mi l ler et a l. 2015 ). Lottia di git alis resp iratio n rates
pea ke d at 35 

◦C ( Bj e lde an d Todgha m 2013 ) a n d th eir
LT 50 wa s mea sured at 38.4 

◦C ( Fig. 1 ; Dong and Somero
2009 ). 

Ses sile s pecies’ t her mal per for m ances were al so taken
fro m the li t erature . Mytilus calif o rn ian us resp iratio n
rates pea ke d at 27 

◦C ( Monaco et a l. 2016 ) an d th eir LT 50
was 38 

◦C ( Fig. 1 ; Jur g en s and Gaylord 2016 ). For B.
gl andul a , resp iratio n rates were highest at 30 

◦C ( Ober

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf078#supplementary-data
https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf078#supplementary-data
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Fig. 2: Average T b of species from field surveys during low tide. There was no statistical difference between the mobility classes (ANOVA; 
F 3,2278 = 4.2; P = 0.10), but there was a difference between species within those classes (ANOVA; F 7,2274 = 22.05; P � 0.01). Letters 
r epr esent statistical similarity. Bars r epr esent standard errors. 
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t al. 2019 ) and their LT 50 was 40.5 

◦C ( Fig. 1 ; Gilman
t al. 2015 ). 

 b and T e 

l l spe cies were found to n onran domly se lect habi-
a ts ( Supplemen t 4 ). T b in the field did not vary
ignific antly bet ween mob ili t y cl asses (ANOVA;
 3,2278 = 4.2; P = 0.10), but there was st i l l a trend
 oward fast er sp ecies b eing co oler t han t he ot her

ob ili t y cl asses ( Fig . 2 ). There were also differences
 etween sp ecies within th e m ob ili t y cl asses ( Fig . 2 ;
NOVA; F 7,2274 = 22.05; P � 0.01). Further, a l l spe cies
er e pr edominate ly foun d in cooler, nont ressfu l tem-
eratures ( ∼12–20 

◦C; Fig. 3 ). How ev er, T b val ues o f the
as t s pecies, Li. o cci d entalis an d P. cras s i pe s , w ere nev er
 bov e their thermal limits and indiv idu als were rarely
ound wit hin t her ma l ly st ressfu l ran g es ( Fig. 3 A and B).
n the t ypic al summer co ndi tio ns at our sites, their T e 
a s al so rarely a bov e t heir t her mal limits ( Fig. 3 A and
). Similar ly, th e interm ediate ly m obile T. fu nebral is
 ere nev er a bov e t heir t her mal limits or within their
 tres sful ran g e ( Fig. 3 C). Nu cell a ostrina , h ow ev er, was
ithin a s tres sful tem pera ture ran g e 6% of t he s ampling
 erio d, but never above their lethal limits ( Fig. 3 D). The
 low-m ov ing species, L. s cab ra and L. di git alis , were
ever in their s tres sful ran g e ( Fig . 3 E and F). Simil arly,

heir T e was never above their thermal limits or within
heir s tres sful ran g e ( Fig. 3 E and F). The ses sile s pecies,
. gl andul a an d M. calif o rn ian us , w ere nev er found
 bov e t heir t her mal limi ts, bu t their T was within their
b 
 tres sful ran g e 6 an d 10% of th e tim e an d th e b io mimic
 e was wit hin t heir s tres sful ran g e 1 and 10% of the
 ime, respe ct i vel y ( Fig. 3 G and H). 

TSMs were sma l lest for P. cras s i p es, an d Li. o cci d en-
 alis and N. os tr ina b oth h ad sm a l l TS Ms ( Fig. 4 ). W hile
. fu nebral is h a s a higher c apacit y for m ovem ent, it h a s
 com para ti vel y high t her mal limit ( Fig. 1 ) and TSM
 Fig . 4 ). L ottia s cab ra, L. di git a lis , M. ca lif o rn ian us , and
. gl andul a a l l had relat i vel y lar g er positiv e TSMs be-
ause of their high th ermal limits; th er efor e, they ex-
er ience fewer r isky days than their faster counter par ts
uring a t ypic al Nort her n Califor nia summer ( Fig. 4 ). 

iscussion 

vera l l, t her mal limits and TSMs for fast species were
ower t han t hose of inter mediat e , slow, and sessile
pecies, except f or N. ost ri na . We had pr e dicte d that
ast an d interm e diate spe cies wou ld be simi lar but
ound that T. fu nebral is was more similar to slow and
es sile s pecies. Slow and sessile species’ wider ther-
al niches are potent ia l ly a consequence of their re-

ian ce on ce l lu la r-level a nd orga n-system-level phys-
olog ica l responses rather than behavior, while faster
pecies are av oidin g t her ma l st r ess, r esu lt ing in a nar-
ow t her mal t olerance nic he ( Buc kley et a l. 2015 ). Li ke
ur fast-moving crust ace an spe cies, high ly mobi le crabs

n the genus Petro lis th es that li ve in coo ler micro hab-
t ats t han our s tudy s pe cies a l so h ave n arrow TSMs
 St i l lma n a n d Som ero 2000 ). Consequently, less-m obile

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icaf078#supplementary-data
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Fig. 3: Densities of animal body temperatures ( T b ) and operative temperatures of biomimics ( T e ) based on field measurements during 
daytime low tides. The left edge of each shaded region is the temperature at which the species’ respiration rate peaked, while the right 
edge denotes the species’ thermal limits from this study or the indicated r efer ence: (A) Li. occidentalis ; (B) P. crassipes ; (C) T. funebralis ; 
(D) N. ostrina ; (E) L. scabra (CT max , Miller et al. 2015 ); (F) L. digitalis (LT 50 , Dong and Somero 2009 ); (G) B. glandula (LT 50 , Ober et al. 2019 ); 
and (H) M. californianus (LT 50 , Monaco et al. 2016 ). 
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or ganism s are potent ia l ly les s s uscepti ble to in creased
tem pera tures sin ce th ey have high er th ermal limits.
Conversel y, highl y mob ile o r ganism s may be at higher
ris k un der c limat e war ming since t hey are unable to
p hysio log ica l ly cope with elevated tem pera tures if ther-
mal r efuges ar e unavailab le ( B uc kley et al . 2015 ). Our
data were col le cte d under typica l n orth ern California
summ er con ditions, but TSMs could be narrower un-
der extreme heatwave events that can occur in north-
er n Califor ni a, particul arly in the spring when the low-
est tides are during midday ( Harley 2008 ). Furt her, t he
effects of a mosaic o f microhab i t at war ming cou ld a lso
be a factor ( Woods et al. 2015 ). For example, crevices
may warm less than ho rizo ntal surfaces; how ev er, for
spe cies li ke our fas t s pecies, e ven a fe w deg re es of warm-
ing could be detr iment al and could re legate th em to
onl y coo ler micro hab i tats. 

It is im portan t t o ac knowledge t hat t he s tudy s pecies
we ch ose n ecess ar il y invo l ved a p hylogen etic confoun d,
a s the fa s t-moving s p ecies are b ot h crust ace ans, while
t he inter mediate and slo w-mo ving species are all gas-
trop o d s. Thi s lead s to m orph olog ica l differences that
a re importa nt f or t her ma l relat ions (i .e ., warming from
co ntact wi th s ubs trate by molluscan foot versus crus-
t ace an legs or th e en er gy expen se o f moll uscs creating
a mucus layer to move). Our study design is driven by
th e existen ce of th ese co-occur r ing sp ecies as memb ers
o f a p resent-day e colog ica l co mmuni ty t hat exper ience
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Fig. 4 TSMs for each species, calculated by subtracting their thermal limits (CT max or LT 50 ) from the 99th percentile of T e in the field ( Li. 
occidentalis ; P. crassipes ; T. funebralis ; N. ostrina [all LT 50 , this study]; L. scabra [CT max , Miller et al. 2015 ] ; L. digitalis [LT 50 , Dong and Somero 
2009 ] ; B. glandula [LT 50 , Ober et al. 2019 ]; and M. californianus [LT 50 , Monaco et al. 2016 ]). 
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 he s ame set o f si te-lev el w e at her co ndi tio ns, while po-
ent ia l ly experiencing different s pecies-s pecific t her mal
istor ies dr iven by t h eir m ob ili ty o r p hysio log ica l toler-
nce. 

F or exam p le, Li. oc cident alis and P. cras s i pes can move
ast enough to make inst ant ane ous de cisions to find
 h e l ter fro m eleva ted tem pera tures, bu t moll us cs, e ven
 he inter me diate spe cies such as T. fu nebral is and N. os-
 rina , ca nn ot. Slow-m ovin g or ganism s such as L. scabra
nd L. di git a lis also canno t m ove quickly en ough to pro-
ect th emse lves fr om str essful tem pera tures during a
ingle low tide—which could prove lethal ( Dong et al.
008 , 2009 ). For these species, m aking a “mi stake” when
ele ct in g ha b i ta ts a t t he st art of a low tide per iod, or even
ver the course o f days o r weeks, is potentially more
etr iment al ( Hui et al. 2022 ). Sessile anim al s such a s B.
l andul a an d M. calif o rn ian us experien ce h eavy se lec-
io n fo r t her mal tolera nce a f ter sett lement due to ther-

a l st ress ( Logan et al. 2012 ; Ober et a l. 2019 , respe c-
i vel y). Thes e cons e quences cou ld resu lt in th e se lec-
io n fo r les s-mo bile anim al s h aving high er th ermal lim-
ts th an fa s ter s pecies since fas t animals rely on behav-
or at the expense of p hysio log ica l respons es ( Hue y et al.
012 ). 

The variation in thermal limits ( Fig. 1 ) and TSMs
 Fig . 4 ) bet we en mobi lit y cl a sses m ay n ot be sole ly due
o their ab ili ty to quickly move in direct response to
 her ma l st ress, bu t instead d ue to th eir be havio r d ur-
ng high tide. For example , N. o strina h a s b een do cu-
ent ed t o have a circ atid al rhythm by which they wi l l
han g e their posi tio n o n th e s h ore each day before the
ow tide thro ugho ut the 2-week t ida l cycle ( Hayford
t al. 2018 ). Ther efor e, while N. ostri na was classified
n this study as a n orga nism with in termedia te mob ili ty,
t is sele ct ing t her ma l ly benig n hab i tats d uring the high
ides ( Hayford et al. 2018 ). Thi s h a s al so been demon-
t rate d in other slo w-mo ving s pecies, s uch a s P isas t er
chra c eus , which wi l l increase its in ternal wa ter volume
n d m o ve lo wer on th e s h ore af ter t her ma l ly st ressfu l
ow tides, which allows them to increase their thermal
n ertia ( Pin ce bourde et al. 2009 ). Thi s typ e of b ehav-
or h a s be en terme d “bet he dg ing” and h a s b een do c-
mented in many slo w-mo v ing intertid al ectot her ms
 Pincebourde et a l. 2009 ; McInt ire and Bourdeau 2020 ).

L ike t h e differen ce in T SM observed b etween T. fune-
ralis and N. ostrina that may be lin ke d to their temper-
tur e str ess avoidance strategy, the slo w-mo ving limpets
. scabra and L. d igital is also differ in their TSM and
 ovem en t pa tterns. Th e h oming be havio r o f L. scabra

imi ts i ts locatio n o n th e s h o re, because i t must be able
o forage and return to i ts ho me scar before the tide
a l ls aga in, mea ning th at it i s effe ct i vel y les s mo bile than
o me o f i ts co n g eners ( Wolcott 1973 ). Conv ersely, L.
i git alis exhib i ts an agg regat ing beh avior th at a l lows it
o seek out habitats more o p portunist ica l ly and wi l l shift
 heir ag g regat ions a wa y from “ho t spo ts” ( Frank 1964 ).
his difference in beh avior h a s been hypothesized to
e t he re ason why t hese or ganism s hav e different ther-
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mal to lerances ( Wo lcott 1973 ; Dong et al. 2008 ). It is
w orth notin g that it is genera l ly wel l documente d that
L. scabra h a s a high er th ermal limit than L. di git alis
( Wolcott 1973 ; Dong et al. 2008 ); however, in our study,
we did find that they were on av erag e cooler than L. dig-
italis . Thi s i s likely due to the nature of the tempera-
ture sa mpling, pa rticula r ly in th e ear ly m orning wh en
som e su bstrates were n ot yet exposed to th e sun. Over-
a l l, for s lower-m ovin g or ganism s such as moll uscs, i t is
im portan t to consider not only inst ant an eous be havior,
but al so beh avior th at i s t aking place dur in g non s tres s-
ful high tides. 

Furth er, som e species may be sele ct in g ha b i tats fo r
ot her re a sons, such a s access to fo o d and mates, or
av oidin g predat or s. F or exam ple, fidd ler crabs wi l l t ra-
v erse hot, dry ha b i ta ts to access ma tes ( Allen and
Levint on 2014 ), and gec kos wi l l c hoose t o avoid
p redato rs over accessing t her ma l ly beneficia l hab i tats
( Down es an d Shin e 1998 ). Addi tio n al studies mea sur-
ing how indiv idu a ls sele ct t her m al h ab i tats when ex-
posed to p redato rs o r to find fo o d are ne e de d to under-
st and t he t rade o ffs o r ganism s are makin g wh en se lect-
in g ha b i tats. 

Our m eth ods for determining thermal limits in the
labo rato ry rem oved oth er abiotic fact or s suc h as humid-
it y, w in d, an d solar radiatio n. Co nsequent ly, t he t her-
mal limits in our study are likely higher th an wh at an
or ganism w ould be a ble to han dle in th e wild sin ce th ey
may often be dealing with desiccation s tres s in addi tio n
to t her ma l st r ess ( Iacar e lla an d He lmuth 2011 ). Addi-
t iona l ly, we determine d morta lit y w ithin 30 min of tem-
p erature exp osure, so our LT 50 may be slightly less con-
servative t han t he ot her studies ci ted fo r t her mal limits
of our slow and sessile species ( K ingso l ver and Wo o ds
2016 ). Studies tha t evalua t e survival aft er lon g er p erio ds
(hour s t o da ys) ma y fin d m o rtali ty a t sligh t ly lower pe ak
tem pera tures, which wou ld de crease our spe cies TSMs
f urt her, t hus cre ating t he s ame patter n of fas t s pecies
havin g low er t her mal limits t han t he ot her species in
our study. 

Un derstan ding h ow m ob ili ty a ffects th e suscepti bil-
i ty o f o r ganism s t o c limat e c han g e is vital for under-
st anding t he e colog ica l conse quences of elevate d tem-
peratures. In our stud y, highl y mob ile o r ganism s had
na rrower TSMs, which a re lik ely to be exacerb ate d by
c limat e c han g e. Addi tio na l ly, s lower an d sessile organ-
i sms m ay h ave re duce d TSMs in t he f uture. Not only
are they g oin g to b e p otent ia l ly experien cing m or e fr e-
quent letha l st ress e vents, but s essile or ganism s are ex-
perien cing high er tem pera tur es, which could r esult in
high er leve ls of en er g et ic ne e d during low t ides. There
i s al so th e possi b ili ty t hat t hese or ganism s wi l l no lon g er
be able to rely on th eir m ovem ent be havior s t o avoid
t her ma l st ress as tem pera tures con tin ue to in crease an d
t her mal ref uges become less ava ilable, a nd so qua ntify-
in g operativ e environmen tal tem pera tures an d th ermal
sa f ety ma r gin s now wi l l h e lp giv e in sigh t in to h ow th ese
co mmuni ties may respond to climate chan g e. 
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