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Synopsis As glob a l tem pera tures con tin ue t o rise , accurat e predict ed species distribu tio n m ode ls will be im portan t for fore- 
casting the movement of ran g e-shiftin g species. These p redictio ns rely on measurements of organi sm al t her mal t olerance , 
which can be mea sured u sing cla ssical thres h old con cepts such a s A rr h eni us b reak tem pera tures and crit ica l therma l tempera- 
tur es, or thr ough e colog ica l ly relevant measurements such as the tem pera ture a t which r epr oduction and growth occur. Many 
species, includin g invasiv e species, exhib i t t her m al pla sticity, s o thes e thres h old s m ay ch an g e b ase d o n amb ien t tem pera ture, 
life s ta ge, an d m easurem ent t ec hniques. Here , we re vie w t her mal t hres h old s for 15 inverte brate species inva sive to the Gulf 
of Main e. Th e high deg re e o f variab ili ty wi thin a species and betwe en applie d conceptua l fram ewor ks s ugges ts that m ode ling 
t he f uture distr ibu tio n o f these spe cies in a l l e cosys tems, but es pe cia l ly in the rapid ly war ming nort hwest At la ntic a nd Gulf of 
Maine, wi l l be cha l leng ing. Whi le each of th ese m easurem ent t ec hniques is valid , w e sugg est con textualiza tion and in tegra tion 
of thres h old m easurem en ts for accura te m ode ling. 
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ntroduction 

 nthropogenic clim at e c han g e driv en by g re en house
a s emi ssions h a s le d to unpre ce dente d rates of warm-
ng ( IPCC 2022 ). Marine heat waves, w hich occ ur w hen
em pera tur es r e ach t he 90t h percent i le for 5 or more
ays (comp are d t o a 30-year hist orica l b ase lin e p erio d),
re also increasing in frequency as c limat e c han g e con-
inues ( Hobday et al. 2016 ; Oliver et al . 2018 ; Laufkött er
t al. 2020 ). Warming tem pera tur es ar e causing species
o shift deeper in the water or poleward to find favor-
ble t her mal co ndi tio ns ( Perry et al. 2005 ; Sunday et al.
012 ). Ma ny ma rine orga nisms a re ectot her mic, whose
em pera tur e r elies on external sour ces of b o dy heat,
nd/o r po i ki lot her mic, whose tem pera ture var ies wit h
nvironmen tal tem pera ture. F or these or ganism s, tem-
erature chan g es a ffect their p hysio logy by increasing
h eir m etabolic rat e , t ypic a l ly at a ratio of 2–3 times base
etabolic rate for every 10 ◦C change (Q10; Cossins
nd Bowler 1987 ; Conant et a l. 2011 ; Fre derich and
an caster 2024 ). At th erma l ext remes, this Q10 can de-
 i ate l ar g e ly from th e t ypic a l 2–3, and mu lt iple different
ech ani sms or failures of mech ani sms can limit an or-
 dvance A ccess publicat ion Ju ly 11, 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 
anism’s ab ili t y to surv ive . In order t o under stand how
 limat e c han g e wi l l affe ct e ctot her mic anim al s, accurate
 easurem ents of th ermal toleran ce an d th ermal thres h-
lds are essent ia l. 
Severa l met rics are co mmo n ly use d to me asure t her-
al toleran ce thres h olds across the animal kin g dom.
h ese thres h o lds can be app lie d to spe cies m ode ling
y as ses sing th e maximum an d minim um tem pera-
ures for rep rod uctio n, growth, o r survival based on
xyg en tran sport, enzym e kin etics, an d oth er mar k-
rs of s tres s. One clas sical meas urement i s leth al dose
0 or LD50 (or LT50 for lethal tem pera ture), which
s derived from toxicology and is the tem pera ture a t
hich 50% of indiv idu a ls die (se e Nagabhu sh an am and
ri shn amoorthy 1992 ). The A rrheniu s break temper-
t ure (AB T) is a br eak fr om line ar i ty and, while o rig-
na l ly describe d for enzymat ic react ions ( Arr h enius
889 ), i s u sua l ly measure d f or hea rt ra tes a t increasing
r decreasing tem pera tures ( Har r ington a nd Ha mlin
019 ). Th e con cept of the Oxygen and Capacity Lim-
te d Therma l Toleran ce (OCLTT) hypoth esi s a s s umes
h e de liv ery of oxyg en to periphera l t is s ues to be the
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 
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fact or det ermining scope fo r activi ty and, ul timately,
surviva l ( Pört ner et a l. 2017 ). OCLTT describes two
thres h olds: th e p ejus temp erature Tp, the temperature
at which the animal’s co ndi tio n wo rsens, an d th e aer-
obic scope is limite d ( Fre derich and Pörtner 2000 ),
an d th e crit ica l tem pera ture Tc, the tem pera ture a t
which the animal’s oxygen demand exce e ds the oxy-
gen supp l y due to failing circulato ry and/o r vent i la-
t ory syst ems, an d th e su bse quent bui ld u p o f anaero-
b ic end-p rod ucts ( Pört ner et a l. 2017 ). Crit ica l ther-
m al m axim a and minim a (CT max and CT min ) measure
the point at which the animal loses cont rol le d mot ion
( Cowles and Bogert 1944 ; Brett 1956 ; Ke lty an d Lee
2001 ; Jost et al. 2012 ). Last ly, t h e fram ewor k of Mul-
ti ple Perfo rmances, Mul ti ple Optima (MPMO) rejects
t he ide a o f o ne unifying pa ra meter limiting survival
during tem pera tur e extr emes, but posits that organ sys-
tem s, ion tran sport, an d oth er processes within the an-
ima l fai l a t differen t tem pera tures f or different species
and av oids definin g one g enera l me ch ani sm responsi-
ble for system failure at t her mal t hres h olds ( Städe le et
al. 2015 ). 

Each of th ese fram ewor ks outlin es th ermal thres h-
old s but i s t ypic a l ly focuse d on certain spe cific quest ions
an d is n ot n ecess ar il y eco logicall y th e m ost re levant.
F or exam ple , t em pera tur es measur ed in CT max ar e so
high that they are rarely experienced in the field, except
perhaps for intert ida l or ganism s, which are exposed to
the air ( St i l lman and Somero 2000 ). Thermal thresh-
old s determined a s t he cr it ica l tem pera ture Tc within
th e OCLTT fram ewor k for rock crabs, Can c er irr or atus ,
a re fa r a bov e tem pera tures tha t these anim al s ever ex-
perience in nature ( Frederich et al. 2009 ). If a thres h old
fa l ls ou tside o f wat er t em pera tures found in na ture, it is
n ot n ecess ar ily a h e l p f ul t hres h old fo r p re dict ing spe cies
behavio r o r ab ili t y to surv ive. Ou tside o f e colog ica l rel-
evan ce, m easurem en ts vary grea tly due to acclimation
tem pera ture, me asur ing styles, differences in po p ula-
tion s, and ev en misin terpreta tion of fram ewor k m ea-
surements (see , e .g., McGaw and W hi tley 2012 ; Tepol t
2024 ). Wit h different st arting tem pera tures, acclima tion
tem pera tures, ra tes of tem pera ture chan g e, and po p ula-
tion differen ces, th ere is no basis for s tatis t ica l m ode ling
( For er o et al. 2019 ). 

P las ticity in t her mal t hreshold s h a s be en observe d
in many taxa at every life s ta ge (see , e .g ., Padill a and
Save do 2013 ). Ge og ra phic loca t ion can a lso influence
t her m al pla sticity, which h a s be en wel l documente d for
Carcinus m a en as , whose CT max values va ry nea rly 10 ◦C
b ase d on acclimat ion temperature and location ( Tepolt
an d Som ero 2014 ). Som e life s ta g es hav e different en-
ergy r equir ements, so thi s pla sticity m ay be limited for
dev elopin g la rvae a nd r epr oducing f emales, a mong oth-
ers ( deRivera et al. 2007 ). 
In addi tio n t o c haract er izing t her mal t hres h olds in
the different fra mewo rks ou tlined a bov e, studies also
focus on the tem pera ture effects on fact or s suc h as lar-
val deve lopm ent, survival, r epr oduction, or pr esence or
absence of a species. These measurements help inform
loc al abund ance o f o r ganism s; how ev er, pre dict ing ac-
curate s pecies dis tribu tio n r equir es a p hysio logical un-
derstanding of or ganism s to be applied over a broader
sca le, measure d in precise and rep licab le ways. Thus,
wi thou t the mech ani s tic unders tanding of p hysio log ica l
limi tatio ns, the respe ct ive m ode l s m ay fa l l s h ort. This
i s increa singly im portan t a s clim ate ch an g e and general
warmin g mov e or ganism s towards the p oles or deep er
in the water column ( Sunday et al. 2012 ). Furt her more,
s ome studies us e survival a t the minim um and maxi-
mum reg iona l temperature in the species ran g e as tem-
peratur e thr es h olds, which a re lik e ly un derest imat ing
the true limits of potent ia l invaders (see, e.g., Wi l lis et
al. 2009 ). 
Invasive species (defin ed h ere as or ganism s mov ed

fro m o ne a rea to a n oth er by huma ns) a re of spe cia l in-
t erest in cont ext of c limat e-driv en ran g e shifts of species
due to their nega tive im pact on the reci p ient ecosys-
t em and pot ent ia l ly even loca l e co no m y. These in vasive
spe cies wi l l on ly have a chance at s ucces s if the temper-
atures in the reci p ient co mmuni ty fa l l wit hin t he t her-
mal thres h olds of th e species. In gen eral, m any m arine
inva sive species h ave a wide range of t her mal tolerance
a nd a re able to live in many are as t hey ar e intr oduced
to. Diet genera lism, sa linity t olerance , and hig h fec un-
dity are also predict or s of invasion s ucces s. For exam-
ple, t he Europe an g re en crab ( C. m a en as ) i s n ative to
Europe an d n orth ern Africa, but h a s establi s h ed inva-
sive po p u lat ions n ear ly wor ldwide, on every contin ent
except Anta rctica ( Ca rl to n an d Coh en 2003 ; Co mpto n
et a l. 2010 ; Fre derich and Lanca ster 2024 ). Fortun ately,
C. m a en as is well studied in r egar d to t her mal toler-
a nce, so we ca n predict t heir f uture ran g e expan sion (see
Frederich a nd La ncaster 2024 ). Due to warming ocean
tem pera tures and their extreme t her mal tolerance (as
low as −1.8 ◦C), tem pera ture is likely not the limit-
ing facto r fo r C. m a en as spreading ( Tepo l t and So mero
2014 ). 
The Gulf of Maine is a p art icu lar ly we l l-suite d test

sys tem for addres sing the ques tio n o f t her mal tolerance
in co ntext o f c limat e c han g e impo rtance d ue to the un-
pre ce dente d rate of warming in this region ( Pershing
et al. 2021 ). This warming has temp orarily, p ositi vel y
a ffe cte d the lo bs ter fis h ery, but warm er tem pera tures
may facilitate poleward m ovem ent of invasive species
fro m lower lati tudes ( So rt e et al . 2010 ; Duffy et al . 2017 ;
Go o de et al. 2019 ). Depending on the rate of species
spread , whic h is influenced by larval d uratio n and trans-
port, lifecyc le , an d bathym etr ic bar r iers (among ot her
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Table 1 List of invasive species, including their native and invasive ranges. 

Species name Phylum Native range 
Temperature in 
native range Invasive range 

Ascidiella aspersa Chordata Europe Up to 26 ◦C Australia, Japan, New Zealand, North America, South 
America; possibly also India and South Africa 

Botrylloides violaceus Asia −0.6–27.4 ◦C Australia, Europe, and North America 

Botryllus sc hlosser i Europe −1–30 ◦C Asia, Australia, New Zealand, North America, and 
South America 

Ciona intestinalis Cryptogenic 0–27 ◦C Asia, Africa, Australia, Europe, New Zealand, North 
America, and South America 

Didemnum vexillum Asia −2–24 ◦C Australia, Europe, New Zealand, and North America 

Diplosoma listerianum Europe 2.2–30 ◦C Asia, Australia, Europe, Madagascar, New Zealand, 
North America, and South America 

Styela clava Asia −2–26.6 ◦C Australia, Europe, New Zealand, North America; 
possibly also in Africa 

Capr ella m utica Arthropoda Asia −2–28 ◦C North America and Europe 

Carcinus maenas Europe −1–35 ◦C Asia, Australia, North America, and South America 

Hemigrapsus sanguineus Asia 1.8–30 ◦C Europe , Nor th America; possibly also Australia and 
India 

Palaemon elegans Europe, Africa 2–25 ◦C North America 

Bugula neritina Bryozoa Europe 2.2–30 ◦C Africa, Asia, Australia, New Zealand, North America, 
South America; possibly also Antarctica; present on 
several islands including the Gala pag os and Vanuatu 

Membr anipor a membr anacea Europe −1.8–27 ◦C Africa, Asia, Australia, New Zealand, and North America 

Diadumene lineata Cnidaria Asia 0–27.5 ◦C Australia, Europe, New Zealand, North America, and 
South America 

Ostrea edulis Mollusca Europe 5–25 ◦C Africa, Australia, New Zealand, and North America 

Information compiled from the global invasive species database ( GBIF Secretariat 2021 ) and the Smithsonian Marine Invasions Lab ( Fofonoff et al.
2018 ). 
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act or s), high-lat itude e cosystems m ay face inva sions
oon er rath er than l ater, especi ally as tem pera tures con-
inue to climb. Due to the rate of warming in the Gulf
f Maine, as well as the lat itudina l g radient, t his are a
s ideal for proj e ct ing how spe cies dist ribut ion might
han g e in other regio ns. W hile the rate of warming wi l l
 ffe ct spe cies success, the ext reme rate of warming in
he Gulf of Maine serves as a “w orst cas e s cenario”; if or-
a nisms ca n survive this rat e , they wi l l li kely be s ucces s-
 ul in ot her, les s dras t ica l ly chang ing areas. The implica-
io ns o f this study can be applied els e where in the world,
spe cia l ly f or f ore cast ing studies, which presently use
e ld distri bu tio n t o det er mine t her ma l tolerance (se e,
.g ., Holl and et al. 2021 ). In this context, we provide
 ugges tio ns fo r fu ture p hysio log ica l studies beyon d th e
pecies here to incre ase t heir applicab ili ty to species
 ode lin g w orldwide. B y focusin g on many taxa across
hyla, w e believ e th e fin dings h ere can be gen era lize d
 o other species. Here , we do not run m ode ls, but s h ed
ight on t he var iation in thres h old data, which h a s the
otent ia l to misinform m ode ls an d pre dict ions b ase d
n the thres h old data sele cte d by a modeler. 
Her e, we r e vie w the mu lt iple reports on t her mal tol-

rances of 15 e colog ica l ly im portan t Gulf of Maine in-
asive species to hig hlig ht the impo rtance o f co ntex-
ualizing t her mal t hres h old m easurem ents for predic-
 ive spe cies dist ribut ion m ode ls ( Table 1 ). Th ese studies
eport t her mal t hres h olds from fie ld observations an d
abo rato ry experiments fro m a l l cont in ents, in cluding
 frica (4), A ntarctic a (3), Asi a (28), Aust ra lia (24), Eu-
ope (127), North America (146), South America (5),
n d Wor ldw ide (21), w it h t he rest being eit her un liste d
 r mul ti-co n tinen t. The species list for this re vie w was
hosen from the Marine Invaders Mo ni to ring and In-
o rmatio n Collabo rative (MIMI C), a project based in
ew Englan d h osted by th e Ma ssachu setts Office of
o asta l Zone Management. While these species are not
ecess ar ily t h e m ost har mf ul, t hey are t h e m ost eas-
 ly ident ifiable, a l lowing t raine d volunte ers to ma ke ob-
ervations across the area. These observations began in
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Fig. 1 Summary of nearly 450 measured thermal thresholds for all 
of the study species, r epr esented by means and standard deviations 
of the high (square) and low (circle) temperature measurements. 
Species are organized from lowest maximum high temperature to 
highest maximum high temperature on the x axis. 
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2008 and con tin ue to be collect ed , creating a distribu-
tio n o f species over tim e. On e species, Ci o na int es ti-
na lis , is no t listed on MIMIC surveys, but is considered
cryptogenic in Maine ( Hewitt et al. 2002 ) and thus was
added to thi s an alysi s. The 15 species r epr esented her e
span 5 phyla (ur ochor dat a, art hrop o da, bryozoa, mol-
lusc a, and cnid ari a) and consist of a variety of bauplans
an d m etabolic st rateg ies. 

Many of the species examined her e ar e key mem-
bers of fouling comm unities. F ouling comm unities are
o ne o f th e m ost comm on habitats for benthic inva-
sive species in ha rbors a nd on boats. As sembla ges of
fouling co mmuni ties co mpared in the Great Bay Estu-
ary in New Hampshire have shown a 33% difference
in co mmuni ty m embers sin ce th e late 1970s ( Har r is
and Dijkstra 2007 ). Furt her mor e, incr eases in marine
h eatwave frequen cy wi l l le ad to more er ra tic tem pera-
ture chan g es, which could alter invasive species com-
muni ties ( So rt e et al . 2010 ). Thi s difference i s likely
due to newly int roduce d spe cies a nd wa rming wat er s.
Not a l l invasive spe cies are t ransporte d thro ugh fo ul-
ing species or ballast; other co mmo n methods of intro-
d uctio n are the pet trade and seafo o d industry ( Rius
et al. 2014 ). Due to the diversi ty o f inverteb rate phyla,
observations and measur ements ar e gr ouped by phy-
lum rat her t han ot her f unct iona l c haract eristics t o gen-
era lize spe cies simi larit ies to a bro ad audience. O ther
data bases cov er th ermal thres h old s for m any species;
o ne o f the lar g est i s G lobTherm, which o nly co ntains
on e th ermal thres h old for two of the species here (CT
f or P. ele gans a nd C. m a en as ) ( Bennett et al. 2019 ). Thus,
thi s an alysi s expand s gre at ly u po n existing r esour ces by
adding more species and more thres h olds. 

Characterization of thermal thresholds 
Using a variety of search queries ( Supp lementary Tab le
1 ), we col le cte d re co rds o f t her mal t hres h olds for th e
15 species of interest. Alt hough t he se arch quer ies were
b ase d on the mech ani stic fram ewor ks, th ey also cap-
tured a variety of m easurem ent t ec hniques ou tside o f
th e fram ewor ks. In de e d, m ost of th e studies in cluded
did not measure t radit iona l t her mal t hres h old m etrics,
but instead invest igate d factors such as surv ival, l ar-
val deve lopm ent, r epr oduct ion, or g ro wth. I nformation
r ecor ded fr o m each publicatio n incl uded the maximum
or minimum temperatur e thr es h old an d exac tly w hat
wa s mea sured. So me framewo rks could be assigned to
data if the framework was not exp licitl y listed in the
pu blication. Furth erm o re, so m e pu blicat ions use d a dif-
ferent title for a fram ewor k that was previously estab-
lis h ed an d wa s rea ssig ne d fo r the purpose o f this re-
view. F or exam ple, in 2014, Tepol t and So mero stud-
ied c ardi ac functio n o f C. m a en as an d m easured CT ,
max 
whereas by our defini tio n, thi s mea suremen t migh t be
ABT or MPMO ( Tepolt and Somero 2014 ). Other publi-
cations did not specify a fram ewor k but did measure rel-
evant values and wer e captur ed in the “general” search
queries, so a descriptive term was chosen from those
studies for wh at wa s being measured (i .e ., deve lopm ent,
survival, and r epr oduction). 
This literatur e r e vie w co mp i le d n ear ly 450 th ermal

thres h old reco rds fo r the species of interes t. Mos t of
the r ecor ds did not a lig n wi th any o f the cl assic al ther-
mal p hysio logy m ode l s, but instead focu sed on wh at
tem pera tures the or ganism s w er e r epr oducing in the
fie ld, th e tem pera tures a t which they grew, and general
r ecor ds of survival in a n a re a wit h specific tem pera tures.
A summary of the av erag e upper and lower measure-
m ents, an d espe cia l ly the bro ad ran g e of the respe ct ive
thres h olds, can be found in Fig. 1 . 

Thresholds by phylum 

Ascidian thermal thresholds 

The lar g est grou p o f o r ganism s in our an alysi s are a s-
cidi ans. As ci di ell a asp er sa , B. vi ol a c eus , B. s chloss eri , C.
int es tinalis , D. vexi l lum , D. lis t eri anum , an d S. cl av a . As-
ci di ell a asp er sa , C. int es t inalis , a n d S. cl av a a re solita ry
tunicates, where as t he ot hers live as thin-layer colonies.
A b reakdown o f a l l measure d thres h olds ca n be f ound
in Fig. 2 . This group is fair ly we l l studie d, as C. int es ti-
na lis and o thers are used as m ode l or ganism s. They are
genera l ly s us pension fe e ders and are dominant mem-
bers of fouling communities. In the Gulf of Main e, th ey
have be en int roduce d through e quipment fou ling and
aq uacult ure ( Lam b ert 2009 ; C a rma n et al. 2014 ). They
frequently ou tco mp ete other sp e cies in fou ling com-
munities and gro w o v er nativ e bivalv es such as mussels,
oyst er s, and sca l lops, as wel l as e elg rass ( Git ten berger
2007 ; Flet c her 2013 ; Long and Gros h olz 2015 ).

https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icae102#supplementary-data
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Fig. 2 Measured thermal thresholds (dots) and ranges between 
thresholds (lines) for the ascidian species included in this study. For 
A. aspersa , none of the traditional thermal threshold measurements 
w er e taken; B. sc hlosser i has low er and upper LD50 measur ements 
(3–28.4 ± 2.14 ◦C); B. violaceus has an upper LD50 measurement 
(26.72 ± 1.52 ◦C); C. intestinalis has an ABT (21 ◦C) and LD50 
(27 ◦C); D. listerianum has an LD50 (26.6 ± 1.40 ◦C); D. vexillum only 
has an LD50 (26.77 ± 1.01 ◦C); and lastly, S. clava has an LD50 of 
29.5 ◦C. Large gray boxes indicate maximum and minimum 

measured thermal tolerance; small gray boxes indicate a 
r eproductiv e thr eshold. 
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idemnum vexi l lum is p art icu larly har mf u l to Gu lf
f Main e fis h eries an d ecosystems. At Geor g e’s Bank,
ocated in the center of the Gulf of Maine, over 200 km 

2 

ave been colonized by D. vexi l l u m , which is damaging
ursery hab i tat fo r co mmercia l ly va luable fish li ke
tlantic cod ( G adu s morhua ) ( Va lent ine et a l. 2007 ).
nfortunately, dre dg in g, scrapin g, and trawlin g frag-
ents ascidia ns, a nd ma ny of th ose fragm ents can settle

 nd sta rt ne w colonies, s o the is s ue is compounded by
 radit iona l fishing practices. 
The inva sive a scidians in Maine have wide temper-

ture tolerances and are able to rep rod uce early in
 he ye ar, a l lowing them to quickly dominate fouling
o mmuni ties in the spring. They inhab i t a variety of
cosystems, fro m harbo rs and tide p o ols to lar g e swath s
f bent hic are as ( Dijkst ra et a l. 2007 ; Va lent ine et a l.
007 ; Sort e and Stac howicz 2011 ). Many species ex-
ib i t a lower t her mal t hreshold t h at i s be low th e tem-
eratur es r equir ed for r epr oduction. F or exam ple, S.
l av a r equir es a tem pera tur e > 15 ◦C to r epr oduce, so
t is not f easible f or po p u lat ions to exist if the maxi-
 um tem pera ture does not exce e d 15 ◦C, even though

he species can surv ive dow n to −2 ◦C ( Dav is et al.
007 ; Davis and Davis 2008 ). Many species exhib i t
o p u lat ion-level variat ion, which leads to differences in
 her m al m axim a and minim a. F or exam ple, larvae of B.
 chloss eri have been r ear ed at 10 ◦C (which took n ear ly
6 days), while other studies did not have s ucces sful re-
 rod uctio n at 13 ◦C ( Sabbadin et al. 1955 ; Brunetti et
l. 1974 ). Wh eth er this differen ce is fro m labo rato ry
ers us field o bservatio ns o r int er spe cific variat ion is
nknown. 
For C. int es t inalis a n d oth er s, t em pera ture may af-

 ect lif e cy cle len gth. Indiv idu a ls g rowing in cooler
em pera tures live longer (2–3 years), while individu-
ls in warmer wat er s may r epr oduce s e vera l t imes per
ear or produce up to 4 g eneration s in 1 year and live
 h orter lives ( Ber r i l l 1947 ; Dybern 1965 ; Yamaguchi
975 ). Botryll oi d es vi ol a c eus in the Great Bay Estuary in
ew Hamps hire n ow experien ce m o re than o ne rep ro-
uctiv e cy cle in a yea r, compa red to the 1970s, where
o oler temp eratures and shorter heat extremes limited
heir r epr oductiv e cy c les t o 0.7 annual r epr oductive cy-
les ( Dijkstra et al. 2011 ). Mul ti ple generatio n s per y ear
ould exten d th e imp acte d a rea a nd a l low for increase d
 enetic div er sity, so under standing how t em pera ture
mpacts the r epr oduct ive cap acity of each species is im-
orta nt f or m ode ling. 
For each species studied in t his group, t here was a
igh amount of variab ili ty wi t hin me asurements. Hor-
zontal lines indicate the ran g e betw een high and low
hres h olds m easur ed fr om th e sam e study, wh ereas
ma l l dots are from studies that only list an upper or
ower thres h old. In de e d, many studies only measured
p to a certain tem pera ture (usua l ly 25–30 ◦C) before
nding an experimen t prema turely, poten t ia l ly label-
ng the maximum temperatur e measur ed as a t her mal
 aximum. Studies u sing th e fram ewor ks a bov e , suc h as
D50 and CTmax, which elicit the maximum survi vab le
em pera tures, s h ow that the maximum temperatures for
 l l ascidians studied here are > 27 ◦C, some fa l lin g w ell
 27 ◦C. 

ryozoan thermal thresholds 

he invasiv e bry ozoan s Memb rani po ra memb ran a c ea
 nd B . nerit ina ca n be f ound in f ouling communi-
 ies, but a l so exi s t in ecosys tems that are les s directly
nfluenced by hum ans. A summ ary of their thermal
hres h olds can be found in Fig. 3 . Memb rani po ra mem-
ran a c ea is frequently found as a b io fouler in kel p
or ests, wher e it gr o ws o ver th e ke lp an d leads to de-
rease d flexibi lit y, which c auses breakage and increased
o rtali ty ( Dixo n et al . 1981 ; Saunder s and Metaxas
007 ; Førde et al. 2016 ). Kel ps a re a n excel lent aquacu l-
ure fo o d source that could be t hre atened by invasive
ry ozoan s, an d ke l p fo rest co mposi tio n in the Gulf of
aine i s ch an gin g from tall canop ies o f b rown kel ps to

 h ort, dense, and red algae ( Witman and Lamb 2018 ).
his species co mposi tio n may chan g e ha b i t at f unction,
s k elp f orests a re usua l ly considere d nursery hab i tats
ue to their complex structure a nd wave-da mp ing p rop-
r ties. Fur t her mo re, kel p aquacul ture is an emer gin g
eld in the Gulf of Maine in the winter, but warming
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Fig. 3 Measured thermal thresholds (dots) and ranges between 
thresholds (lines) for the bryozoan species included in this study. 
Bugula neritina has a measured LD50 value (25.12 ± 0.89 ◦C) and M. 
membranacea has no classical measured threshold values in the 
literature. Largest gray boxes indicate maximum and minimum 

measured thermal tolerance, smallest gray boxes indicate a 
r eproductiv e thr eshold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Measured thermal thresholds (dots) and ranges between 
thresholds (lines) for the arthropod species included in this study. 
Palaemon elegans CTmax (34.08 ± 3.01 ◦C). Large gray boxes 
indicate maximum and minimum measured thermal tolerance, 
small gray boxes indicate an estimated r eproductiv e thr eshold, if 
one exists. 
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tem pera tur es may incr ease b io fouling r isk at t his time
of year ( Førde et al. 2016 ; Forbord et al. 2020 ). 

These two species usua l ly in hab i t different parts of
n ears h o re ecosystems. W hereas B . nerit ina is an u p right
bryozoan tha t a ttac hes t o har d structur es n ears h ore, M.
m embran a c ea is found where kelps are found in subti-
da l reg io ns. Acco rding to th e m easurem ents, M. mem-
bran a c ea is ab le to r epr oduce acr os s mos t o f i ts ther-
mal ran g e, whereas B . nerit ina h a s a n a rrower ra n g e
o f rep rod uctio n c loser t o the bott o m o f i ts t her mal
ran g e. Im portan tl y, M. m embran a c ea r epr o duces b e-
low the minimum thres h old m easured by som e po p u-
lation s, sugg estin g either po p ul ation-level vari atio n o r
vastly different m easurem ent t ec hniques. 

Arthropod thermal thresholds 

Invasive arthrop o ds in the Gulf of Main e in clude Carci-
nus m a en as , Caprell a muti ca , Hemi graps us san gu i neus ,
an d Pal a em on e lega ns . They ar r ived in New England
through b a l last wat er or roc ks, aq uacult ure, a nd f ou le d
equi p ment ( McD er mott 1998 ; Ashton et a l. 2007 ; E dgel l
a nd Holla nder 2011 ). Carcinus m a en as is o ne o f the
mos t dama gin g invasiv e spe cies in the Gu lf of Maine,
b ut in so ut her n regions such as New Jers e y, H. san-
gu i neus h a s becom e th e domin ant inva sive arthrop o d in
the tide p o ol s. These inva sive species h ave documented
impacts on n ears h ore ecosystems and pre dict ion mod-
el s mu st t ake t her mal pr efer ences into account for ac-
curacy. 

While arthrop o d s h ave so me o f t he widest t her mal
toleran ces of th e s tudied s pecies, r epr od uctio n is a limit-
ing factor at low tem pera tures, desp i te surv iv ing at near-
fre e zing tem pera tures ( Fig. 4 ). One example of thi s i s C.
mutic a , which survi ves down to 0 ◦C in its nati v e ran g e,
b ut in Sco tland, juv eniles w er e not pr esent in the winter
at some sampling sites despite the low tem pera ture only
reac hing 7.4 ◦C ( Asht on et al . 2010 ). Some r esear ch sug-
gests th at m arine species ran g es co nfo r m to t heir t her-
mal tolerance; if they can survive the tem pera tures in
a n a re a, t h ey like ly inhab i t i t ( Sunday et al. 2012 ). How-
ever, ot her oce anographic fact or s, suc h as wave inten-
si ty, may limi t the dist ribut ion of certain arthrop o ds,
desp i t e t em pera tures well wit hin t heir survi vab le ran g es
( Ha mpton a nd Gr iffit hs 2007 ). 
Carcinus m a en as is a worldwide invader with high

t her mal t olerance . Desp i te the survival of these crabs at
except iona l ly high and low tem pera tur es, differ ent pop-
u lat io ns o f crabs may st ruggle at midd ling tem pera tures
on a p hysio log ica l level. F or exam p le, C. m a en as from
He lgolan d, Germany, had lower oxygen co nsumptio n
ra tes a t medium tem pera tures (12–21 ◦C) com p are d to
crabs from Cadiz, Spain ( La spoum aderes et al. 2022 ).
How ev er, ev en wit h t h e differen ces in oxygen consump-
tion rates, the crabs con tin ued to eat and grow at sim-
ilar rates at increasing temperatures. As one of the bet-
ter studied or ganism s h ere (66 m easured tem pera ture
thres h olds), po p u lat ion-level variat ion in therma l tol-
erance is wel l documente d for C. m a en as . Crit ica l ther-
mal thres h olds ran g e from wat er t em pera tures of 29.7–
38.3 ◦C b ase d on haplotype and acclimation tempera-
ture. 

Cnidarian thermal thresholds 

The only cnid ari an included in this study is D. l i neata ,
who h a s t her mal t hresholds ran gin g from −0.6 to 30 ◦C
at th e extrem es ( Fig. 5 ). Peak r epr oduct ion fa l ls in the
middle of t his t her mal ran g e. Alt hough t hey can survive
low tem pera tures, th ey do n ot start gr owing or r epr o-
ducing asexua l ly unt i l wat er t em pera tur es r each > 10 ◦C.
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Fig. 5 Measured thermal thresholds (dots) and ranges between 
thresholds (lines) and ranges for D. lineata . Box indicates 
temperature range over which reproduction is possible. 

Fig. 6 Measured thermal thresholds (dots) and ranges between 
thresholds (lines) for O. edulis included LD50 measurements 
(34–38 ◦C) and measurement of HSP70 expression, which begins at 
25 ◦C. Box indicates temperature range over which reproduction is 
possible. 
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olluscan thermal thresholds 

o r the o nl y invasi ve mo llu sc in thi s study, acclim a-
ion tem pera ture seems to have an impact on minimum
 epr o ductive temp eratur es for O. ed ul is acr oss its na-
iv e ran g e ( Fig. 6 ). I n Spain, o yst er s begin r epr oducing
12 ◦C; how ev er, in Norwa y, spa wnin g on set does not
ccur unt i l wat er t emperatur es r each 14 ◦C ( Br omley et
 l. 2016 ; Colsou l et al. 2021 ). For adult oyst er s reac hing
exu al maturit y, temperature h a s a n effe ct on sex rat ios,
h ere th e first gam etogen esi s u sua l ly p rod uces sperm,
ut se quent ia l r epr oductions can swit c h between egg
nd sperm p rod uctio n a nd a re a ffe cte d by tem pera ture
 Za pa ta-Restrepo et al. 2019 ). Th us, while certain tem-
eratures may not prove lethal to the oyst er s, raised
em pera tures may a ffe ct sp aw ning v i ab ili ty fo r certain
o p u lat ions. 
hich metric is most reliable and 

ecommendations for the future? 

any of the s pecies s tudied had we ll-defin ed th ermal
 epr oductiv e ran g es for sexual r epr oduct ion and g rowth
 Fig . 7 ). The w idest r epr oductiv e ran g e belon gs to C.
 a en as , which r epr oduces year-r oun d in th e Gulf of
aine ( Frederich an d Lan caster 2024 ). Th e organism

equir ing t h e high est tem pera tur e for r epr oduction is
. vi ol a c eus , whereas M. m embran a c ea and C. m a en as
ave the lowest r epr o ductive temp erat ures, j ust a bov e
re e zing. Of impo rtance, colo ny gr owth thr o ugh b ud-
ing and asexual r epr oduction was not included as re-
 rod uctio n fo r the purpose o f this study, so a l l of the
 epr oduction her e is fr om sexual r epr oduction. In the
 rowth-spe cific g raph, S. cl av a h a s the n a rrowest ra nge
or growth and O. ed ul is h a s th e widest. Wh en compar-
n g these ran g es to the ran g es in Fig. 1 , which ra nk ed
r ganism s from low es t to highes t upper mean thermal
hres h old, th ere is no similar pattern in r epr oductive or
rowt h t hres h olds. In oth er words, un derstan ding just
he tem pera ture ran g e ov er which an or ganism r epr o-
 uces o r grows in th e fie ld does n ot in dica te wha t their
aximum and minimum survi vab le temperatures are. 
One facto r co ntribu ting to the broad ran g e of re-
orted t her mal t hres h old s i s cert ainly t h e differen ce be-
we en whole anima l s tudies vers us s pecific organ sys-
em s. Different lev els o f b iolog ica l organizat ion a lso
 ffect t her mal t hres h olds. Oth er re vie ws have s h own
 he var iatio n amo n g tax o no mic levels in t her mal toler-
nces. A long w ith intra-indiv idu al vari atio n, o ne study
 ound va rying thres h olds am on g div erse in sects ran g-
ng a l l t he way down to t h e species leve l wit h t h e m ost
a ria nce occurring at the family level ( Chown 2001 ).
tudies have lin ke d mole cu lar bio logy to who le ecosys-
em functio ning wi th r egar d to t her ma l st r ess acr oss a
ide ran g e o f taxa, incl udin g inv ert ebrat es and vert e-
 rates ( Pört ner 2012 ). Acclimat ion cap aci ty o f a whole
rgani sm i s, in part, b ase d on aerobic scope on a molec-
lar leve l. Th ermal p hysio logy i tself co nsists o f layers,
ncluding pejus tem pera tures and crit ica l tem pera tures,
hich have different levels of s e veri ty. Much o f t he var i-
tion in t hese dat a can be explained by looking at differ-
nt levels o f o rganizatio n, bu t that does not simplify the
ecisio n fo r ch oosing th e cor rect t hres h old for m ode l-
ng. Here, by co mp iling an d gen eralizing from diverse
nvasive taxa in the Gulf of Maine, we con tin ue the nar-
ative of the importance of studying different levels to
u l ly un derstan d th ermal thres h olds. 
Frequen t exam ples of genetic varia t ion and loca l

da pta tion t o acc limation t em pera tures ca use differen t
em pera tur e thr es h olds in differ ent r egio ns. So me o f
 he var iatio n co mes fro m acclimatio n tem pera ture, the
em pera ture a t which the o rganism in questio n is ac-
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Fig. 7 A summary of the temperatures over which the organisms in this study reproduce and grow. The order of species in this figure is 
the same as Fig. 1 , which ranks species from low to high mean high temperatur e. Membr anipor a membr anacea has the low est mean high 
thermal thresholds and O. edulis has the highest mean high thermal thresholds. Based on the width of reproductive and growth thermal 
thr esholds, ther e is no trend between reproductive window and measured thermal thresholds. Thus, maximum, minimum, r eproductiv e, 
and growth temperatures are all important in species survival in an area. 
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cust omed t o in i ts enviro nmen t. F or exam ple, an animal
that lives in t emperat e and t ropica l reg ions h a s different
acc limation t emperatures along the gradient of its dis-
t ribut ion. Even in different t emperat e regions, P. e lega ns
experiences different osmoregu lat ion cap abi lit ies at low
tem pera tures, wi th Bal tic Sea po p ulation s bein g better
adapt ed t o colder t em pera tures than po p u lat ions near
the UK ( Jan a s and Spicer 2010 ). 

One point for f urt her study is air exposure, at which
or ganism s may exper ience war mer tem pera tures than
in the water. Many of these species survive in the inter-
t ida l zon e, an d s e v eral studies hav e looked a t the im pact
of dry heat exposure on survival (see , e .g., Helmuth et
al. 2010 ). One example for S. cl av a foun d that exposure
at warmer temperatures (15–29 ◦C) was more damaging
than exposure at 10 ◦C and that b o d y size p layed a ro le
in survival under these co ndi tio ns ( Hillock and Costello
2013 ). Asian s h ore crab H. san gu i neus h a s a 4 × higher
metabolic rate out of the wa ter a t similar tem pera tures
( Flet c her et al . 2022 ). Air tem pera tur es in some r egions
may even reach lethal levels; in Aust ra lia, co asta l tem-
peratur es r eac h > 40 ◦, whic h is the LT50 for C. m a e-
nas ( Ga rside a n d Bis h op 2014 ). Desp i t e these t empera-
tures, C. m a en as is capable of evading unfavorable tem-
peratures by moving into the shade , whic h tunicat es
are unable to achieve. The same is true f or Asia n s h ore
crabs, whic h can c han g e their dist ribut ion in t ide p o ols
in Long Is lan d Soun d to escape air tem pera tur es r each-
ing > 40 ◦C ( Kraemer et a l. 2007 ). These ext reme tem-
peratur es ar e usua l ly tempo rary, bu t t he lengt h of time
ca n also a ffect s pecies s urvival at high temperatures,
which i s u s ed to pre vent spread of biof oulers ( P iola a nd
Hopkins 2012 ). While t her mal limits in air exposure are
n ot s hared in th e figures a bov e, for s pecies dis tribu tio n
m ode ling of in div idu als liv ing in the upper intertid al,
these limits may be im portan t in future work. 
No matter what m easurem ent m eth od was use d, a l l

examples s h ow high va ria n ce in th ermal toleran ce m ea-
surements wit hin t he s ame species. From a funct iona l
p ersp e ct ive, t hese dat a s h ou ld on ly be considere d usefu l
in the region and s eas on in which the measurement was
taken. This lack of con tin uity h a s potent ia l ly a larming
co nsequences fo r p re dict ing spe cies dist ribut ion mod-
elin g in w orld wide, d ynamic ecosystems. If a thres h old
were h aph azardly chosen from one of the a bov e studies,
th e con clu sions m ay be mi s leading. Un derest imat io n o f
potent ia l spread could lead to invasive species ou tb reaks
in unmo ni to r ed ar eas and over est imat ion cou ld lead to
wa sted m an agement r esour ces. 
It is im portan t in fut ure st udies to u se consi stent

m easurem en t stra tegies with la rval a nd juvenile forms
as we ll. In Main e an d wor ld wide, invasi ve species are
imp act in g the liv eliho o d of fisher men, decre a sing h ar-
v esta ble fo o d from the o cea ns, a nd disturbing natu-
ral hab i tats. Wi th c limat e c han g e pre dicte d to increase
se a sur face tem pera tures, a n understa nding of t her mal
tolera nce f or a l l spe cies wi l l b e imp orta nt f or ma n-
agem ent an d mit igat ion at a variety of deve lopm en-
t al st ages. At t he s ame tem pera ture, 21 ◦C, larvae of H.
san gu i neus have different oxyg en con sum ption ra tes as
the y de velop ( Marsh et al. 2001 ). Under different tem-
peratures, larvae of C. m a en as an d oth er spe cies ta ke
lon g er to develop in colder conditions ( deRivera et al.
2007 ). Fo r o r ganism s a ble to r epr oduce sexua l ly and
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Fig. 8 Conceptual model outlining the contextualization r equir ed 
for modeling species distribution based solely on thermal 
thr esholds. Measur ements of thermal tolerances are not 
straightforward, integrating plasticity, physiology, ecology, omics, 
development, and genetics in a complex organism. Each of these 
metric factors into an organism’s thermal tolerance, shifting 
thermal thresholds. As shown in this study, measurements of 
thermal thresholds without context cannot be equally applied to 
modeling due to variability. 
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sexua l ly through fragmen ta tio n o r budding , w inter
em pera tures may limit larval deve lopm ent but st i l l a l-
ow settlement of frag mente d adu lts ( VKM 2023 ). 
Of not e , t em pera ture is n ot th e o nly facto r that dic-

ates species p resence. Fo r example, in Nova Scotia, it
a s found th at n eith er tem pera ture no r salini ty were
re dict ive in C. int es tina lis distrib u tio n. So me species,
uch as H. san gu i neus , may also r ely on metamorphic
ues from nearby adult po p u lat ions, dictat ing meta-
 orph osis outside of tem pera ture cues ( Anderson and
p ifanio 2010 ). Fo r C. mutica living in Scotlan d, som e
o p u lat ions do not r epr oduce year-r ound despite mild
em pera tures, s ugges ting an oth er facto r limi ting their
 epr oductive s ucces s ( Asht on et al . 2010 ). Other fact or s,
uch as heavy metal poll u tants o r pesticides, may in-
uen ce settlem ent or deve lopm ent s ucces s f or certa in
pecies in anthropogenica l ly imp acte d areas ( Rodrigues
t al. 2015 ; Lan g e a nd Ma rsha l l 2017 ). These fact or s are
m portan t, a s some inva sions begin in harbors whose
ater qu alit y i s u sua l ly p o or ( C arl to n 1996 ; Schiff et
l. 2007 ). So, even for studies that include tem pera ture,
 pecies dis tribu tio n m ode ls s h ould n ever n egate v isu al
urveys ( Murphy et al. 2019 ). 
Based on the present study, there is so much incon-

istency in the data, and it i s ch a l leng ing to put species’
 her mal tolerance into p ersp e ct ive from an e colog ica l
nd future proj e ct ion standpoint. An integ rat ive ap-
roach that contextualizes t hese t hresholds wi l l be im-
orta nt f or the s ucces s o f fu ture m ode ls ( Fig. 8 ). Ther-
al thres h olds can be measured through—omics (e.g.,

ane et al. 2024 ), po p ulation g enetics, dev e lopm ent, ob-
ervat ion, and plast icity; each of th ese m eth od m easure-
ents is valid in its own cont ext. Under standing how
rowth an d deve lopm ent a re a ffe cte d by tem pera ture
hrough in-field observations of gamete development,
arval supp l y, settlement, and p roliferatio n. Labo rato ry
tudies that p inpo int the maximum and minimum sur-
i vab le tem pera tures for m u lt iple po p u lat ions, which
ay be ou tside o f the bounds of e colog ica l relevance but
a n inf o rm a true u pper limi t t o survival . Rius and col-
eagues do an excellen t exam ple of in tegra ting differen t
hres h olds, s h owing fie ld abun dan ces an d invest igat ing
arval deve lopm ent, m etam orph osis, an d settlem ent in
he labo rato ry ( Ri us et al. 2014 ). 
While p hysio logical an d m eta bolic sign s of s tres s

 re importa nt to un derstan ding th e m ech ani stic cau ses
 f o r ganism s strugglin g a t certain tem pera tures, these
hres h o lds onl y provide limited information to predict-
n g invasiv e ran g e with c limat e c han g e. Thus, focus-
ng on the range in which a n orga nism t hr ives enough
o r epr oduce, gr ow, and r emain he alt hy, a s well a s
axim um and minim um survi vab le tem pera tur es, r e-
uces the minimum amount of crit ica l informat ion. Of
our se , t radit iona l t her mal t hres h olds do have impor-
 ance on t he cel lu la r a nd mole cu lar levels. So lel y mea-
 uring s urvival in th e fie ld may gloss over p hysio logi-
a l me ch ani sms and limi tatio ns th at m ay hinder organ-
sm s ucces s. F or exam ple, a t 20 ◦C, bot h H. sang uineus
nd C. m a en as survi ve easil y in the field, bu t resp iro m-
try s h o wed that H. sa n gu i neus r esp irato ry rate per
ra m is twof old hig her at hig her tem pera tures, s ugges t-
ng a greater energetic cost to fill basic survival needs
 Jungbl u t et al. 2018 ). Newer studies are focusing on
ranscri pto mics an d oth er lar g e datasets to focus on
han g es in gene exp ressio n across life stages ( Jane et al.
024 ). In th e Am erican lo bs ter, Homa rus a merica nus ,
ene exp ressio n o f DnaJ ho mologues and other proteins
aried across the four pelagic larval s ta ges wit h he at and
V expos ure, s ugges ting a mole cu lar response to stabi-
ize proteins across ontology. By integ rat ing across taxa
n d m easurem ent t ec hniques, a fuller under standing of
 her mal limits to invasion can be developed. 
Th e fin dings h ere app l y beyon d th e Gulf of Main e. In-

asiv e species (includin g so me fro m the p resent study)
 hre at en ecosyst ems in Sa n Fra ncisco Bay a n d have th e
 p po rtuni ty to have eco no mic impacts in t he are a as
hey disrupt fis h eries ( Coh en et al. 1995 ). Th er e ar e
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at least 213 non-native ma rine a nd co asta l spe cies in
Chin a a s of 2017, h alf of whic h are known t o cause
harm to ecosystems and eco no mies ( Xio ng et al. 2017 ).
In the Ea st Chin a Sea, r esear c her s are using environ-
mental DNA to understand invasion s e ver ity of S ci-
a en ops oc ellat us , a mon g other invasiv e species ( Wan g et
al. 2022 ). As the oceans con tin ue to warm, studies s h ow
that p revalence o f nat ive spe cies in fou ling co mmuni ties
wi l l de crea se and inva sive spe cies wi l l increase ( Sorte et
al. 2010 ). 

Altho u gh oceans are generally warmi n g, lo wer ther-
m al thresh olds sh ould n ot b e ov erl o o ked. Bu gula n eritin a ,
C. int es t inalis , a nd M. m embran a c ea have be en se en
ne ar Ant ar ctica or ar e pr e dicte d to in vade ( Con vey and
Pe ck 2019 ; Avi la et a l. 2020 ). Th ough th ey have n ot es-
tablis h ed po p ulatio ns, invasio ns o f Antarct ica be come
m ore like ly with c limat e c han g e ( Conv ey and Peck 2019 ;
McCarthy et a l. 2019 ; Hol land et a l. 2021 ). One area of
p art icu lar concern is the Antarctic s h e lf, which is un-
der t hre at o f encroaching li tho id crabs and cur rent ly h a s
n o crus hing p redato rs ( Smi th et al. 2012 ; Aro nso n et
al. 2015 ). These invasions are especi ally al arming when
con siderin g the current fo o d web of the Antarctic Sh e lf,
w hich c ur rent ly h a s no duroph agou s, cru shing preda-
t or s, so the int roduct ion of a crab such as C. m a en as
would be highly destructive. Wi thou t the evol u tio nary
histo ry o f a s h e ll-crus hing p redato r, many o r ganism s
evo l ved to have soft b o dies or thin s h e lls. Th eir abil-
ity to survive at very low tem pera tures poses C. m a en as
as an excellent c andid at e t o negati vel y impact the ex-
ist ing e cosystem ( Fre derich and Lancaster 2024 ). Due
to ant icip ate d clim ate ch an g es an d in creased conn ec-
tiv it y bet ween con tinen ts, knowledge of t her mal toler-
a nce f or inva sive species i s im portan t to genera te species
dist ribut ion m ode l s, which could inform m an agement
st rateg ies. These invasions are espe cia l ly a larming when
con siderin g the current fo o d web of the Antarctic Sh e lf,
w hich c ur rent ly h a s no duroph agou s, cru shing preda-
t or s, so the int roduct ion of a crab such as C. m a e-
nas would be highly destructiv e ( Aron son et al. 2015 ).
Wi thou t the evol u tio n ary hi sto ry o f a s h e ll-crus hing
p redato r, many o r ganism s ev o l v ed to hav e soft b o dies
or thin s h e lls. Th eir ability to survive at very low tem-
p eratures p oses C. m aen a s a s a n excellent ca ndidat e t o
n egative ly impact th e exist ing e cosystem ( Fre derich and
Lanca ster 2024 ). Thi s whole ecosystem will likely be
t hre atened by crust ace ans in t he ne ar f u ture ( Smi th et
al. 2012 ). 

Here, we hig hlig ht in consisten cies in th ermal per-
f orma n ce m easurem ents an d un certainties in thermal
thres h olds. A m ore in tegra tive a pp roach co mb ining
fie ld an d labo rato ry st udies to capt ure the p hysio logy as
we ll as th e e cology is re quire d to fore ca st inva sio n p rob-
ab ili ty. This study hig hlig h ts the com plexities of ther-
mal thres h olds an d un derscores th e pi votal ro le of accli-
ma tion tem pera tures and consisten t m easurem ent t ec h-
niques. All of the measured thres h olds are valid in their
own co ntext, bu t we cau tio n a gains t arb i t rari ly sele ct-
ing on e thres h old for species m ode lin g. As our w orld
wa rms a nd we con tin ue influencin g ecosystem s, these
m ode ls wi l l be com e in cre asingly import a nt, a n d thres h-
old uncertainty wi l l wea ken their pre dict iv e pow er. B y
v isu alizing the existing data together, we hig hlig ht the
importa nce f or contextualizing t her mal t hres h olds, en-
surin g w e ca pture the n uanced in tricacies of potential
invasive species spread in a chan gin g climate. 
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onant RT , Ryan MG, Å gren GI, B ir g e HE, Davidson EA, Elias-
son PE, Evans SE, Frey SD, Giardina CP, Hopkins FM et al.
2011. Tem pera ture and so il o rganic matter deco mposi tio n
ra tes—syn thesis of current kn owledge an d a way forward.
Glob a l C han g e B iol 17:3392–404. https://doi.org/10.1111/J.13
65-2486.2011.02496.X
onvey P , Peck LS. 2019. Antar ctic envir onmental chan g e and
biolog ica l responses. Sci Adv 11:1–16. www.ipcc.ch/2019/09/
25/sr occ-pr ess-release/ 
ossins AR , Bowler K. 1987. Tem pera ture biology of anim al s.
Lo ndo n: Sp rin g er Neth er lan ds. https://doi.org/10.1007/978- 
94- 009- 3127- 5 
owles RB , Bogert CM. 1944. A preliminary study of the ther-
ma l re quirements of desert rept i les. Bu l let in of th e Am eri-
can museum of natural histo ry, vol ume 83: article 5. Raym on d
Bridg man Cowles, C harles Mit c hi l l Bogert. Q u art R ev Biol 20:
265–96. 
avis MH , Davis ME. 2008. First r ecor d of Sty el a cl av a (Tuni-
c ata, Ascidi acea) in the Mediterra nea n region. Aquat Invasions
3:125–32. https://doi.org/10.3391/ai.2008.3.2.2 
avis MH , Lützen J, Davis ME. 2007. The sp read o f Sty el a
cl av a Herdman, 1882 (Tunicata, Ascidiace a) in Europe an
wat er s. Aquat Invasions 2:378–90. https://doi.org/10.3391/ai.2
007.2.4.6 
eRivera CE , Hit c hcoc k NG, Teck SJ, Steves BP, Hines AH, Ruiz
GM. 2007. Larval deve lopm en t ra te predicts ran g e expan sion
o f an introd uced crab. Mar Biol 150:1275–88. https://doi.org/
10.1007/s00227- 006- 0451- 9 
ijkstra J , Har r is LG, Wester m an E. 2007. Di st ribut ion and long-
t erm t empora l p attern s of four invasiv e coloni al ascidi ans in
the Gulf of Maine. J Exp Mar Bio Ecol 342:61–8. https://doi.or
g/10.1016/J.JEMBE.2006.10.015 
ijkstra JA , Westerman EL, Har r is LG. 2011. The effects of cli-
mat e c han g e on species composition, s ucces sion and p heno l-
ogy: a case study. Glob Chang Biol 17:2360–9. https://doi.org/
10.1111/J.1365-2486.2010.02371.X
ixon J , Sc hroet er SC, Kast en die k J. 1981. Effects of the En-
crustin g B ry ozoan, Memb rani po ra memb ran a c ea , on the loss
of blades and fronds by the Giant Kel p, Macrocystis pyri fera
(La mina riales) 1. J Phycol 17:341–5. 
uffy GA , Coetzee BWT, Latombe G, Ak erma n AH, McGeoch
MA, Chown SL. 2017. Bar r ier s t o glob a l l y invasi ve species are
w eakenin g across the Antarctic. Divers Distrib 23:982–96. ht
tps://doi.org/10.1111/DDI.12593 
ybern BI . 1965. The life cycle of Cio na int es tinalis (L.) F. typica
in relation to t he environment a l temperature. Oi kos 16:109–
31. https://www.jstor.org/stable/pdf /3564870.pdf 

 dgel l TC , Hollander J. 2011. The evol u tio nary ecology of Euro-
pean g re en crab, Carcinus m a en as , in Nort h Amer ica. I n: I n
the w rong pl ace—alien m arine cru st ace ans: distr ibu tio n, b iol-
ogy and impacts. Lo ndo n: Sp rin g er, 641–59. https://doi.org/10
.1007/978- 94- 007- 0591- 3 _ 23 
let c her LM . 2013. Ecology of biofouling and impacts on mussel
aq uacult ure: a case study with Di d em n um vexi l lum . Welling-
t on: Vict oria Univer sity of Wellington. 
let c h er LS , Bolan der M, Reese TC, Asay EG, Pinkston E, Griffen
BD. 2022. Metabolic rates of the Asian shore crab Hemi graps us

https://doi.org/10.1071/MF09162
https://doi.org/10.1007/S10750-007-0754-Y/FIGS./2
https://doi.org/10.1038/s41598-020-58561-yB
https://doi.org/10.5061/dryad.1cv08
https://www.jstor.org/stable/pdf/2815121.pdf
https://doi.org/10.1007/s10750-015-2544-2
https://doi.org/10.1080/11250007409430119
https://doi.org/10.1111/j.1365-2699.2003.00962.x
https://www.jstor.org/stable/43925538#metadata_info_tab_contents
https://doi.org/10.3391/ai.2014.9.1.09
https://doi.org/10.1016/S0022-1910(00)00163-3
https://doi.org/10.1007/BF00348935
https://doi.org/10.1111/raq.12529
https://doi.org/10.1111/J.1472-4642.2010.00644.X
https://doi.org/10.1111/J.1365-2486.2011.02496.X
https://www.ipcc.ch/2019/09/25/srocc-press-release/
https://doi.org/10.1007/978-94-009-3127-5
https://doi.org/10.3391/ai.2008.3.2.2
https://doi.org/10.3391/ai.2007.2.4.6
https://doi.org/10.1007/s00227-006-0451-9
https://doi.org/10.1016/J.JEMBE.2006.10.015
https://doi.org/10.1111/J.1365-2486.2010.02371.X
https://doi.org/10.1111/DDI.12593
https://www.jstor.org/stable/pdf/3564870.pdf
https://doi.org/10.1007/978-94-007-0591-3_23


200 E. R. Lancaster et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/2/189/7712483 by U

niversity of N
ew

 England Libraries user on 02 O
ctober 2024
san gu i neus in air as a function of b o dy size, lo cation, and in-
jury. Ecol Evol 12: e9297. https://doi.org/10.1002/ECE3.9297 

Fo fo no ff PW , Ruiz GM, Steves B, Simkanin C, Carl to n JT . 2018.
Nat iona l E xot ic Ma rine a nd Estua rine Species Inf o rmatio n
System. https://invasio ns.si.ed u/nemesis 

Fo rbo rd S , Matsso n S, Broda h l GE, Blu hm BA, Broch OJ, Handå
A, Metaxas A, Skjermo J, Steinhovden KB, Olsen Y. 2020. Lat-
itudin al, sea son al and depth-dependent variation in growth,
chemical co mposi tio n and b io fouling o f cul ti vated Sa c ch a-
rina latis s im a (Phaeop hy ceae) alon g the Norw eg ian co ast. J
App l Phyco l 32:2215–32. https://doi.org/10.1007/s10811-020
- 02038- y

Førde H , Forbord S, Handå A, Fossberg J, Arff J, Johnsen G, Kj el l
IR. 2016. Deve lopm ent o f b ryozoa n f ouling o n cul tivated kel p
( Sa c ch arin a latis s ima ) in Norway. J Appl Phycol 28:1225–34.
https://doi.org/10.1007/s10811- 015- 0606- 5 

For er o DA , L op ez-L eon S, Gonzále z-Gira ldo Y, Bagos PG. 2019.
Ten simple rules for c arry ing out and writing meta-analyses.
PLoS Co mpu t Biol 15:e1006922. https://doi.org/10.1371/JO
URNAL.PCBI.1006922 

Frederic h M , Lancast er ER. 2024. Tem pera tur e thr es h olds of
crust ace ans in t he age of c limat e c han g e. I n: F rontiers in in-
vert ebrat e p hysio logy: a co l le ct io n o f re vie ws. Ne w Jers e y (NJ):
Apple Academic Press. pp. 175–228. 

Frederic h M , Lancast er ER. 2024. The Eur opean gr een crab,
Carcinus m a en as : where did they come from and why are they
here?. In: Ecop hysio logy of t he Europe an g re en crab ( Carcinus
m a en as ) and related species. Lo ndo n and Washingto n, DC:
Academic Press. pp. 1–20. 

Frederich M , O’Rourke, MR, Furey NB. 2009. AMP-act ivate d
protein kin a se (AMPK) in the rock crab, Can c er irr or atus : An
ear ly in dicato r o f tem pera tur e str ess. J Exp Biol 212:722–30.
https://doi.org/10.1242/jeb.021998 . 

Frederich M , Pörtner H O. 2000. Oxygen limi tatio n o f t her mal
toleran ce defin ed by c ardi ac and vent i lato ry perfo rmance in
spider crab, Maja squ i n a do . Am J Physio l Regu l Integ r Comp
Physiol 279:1531–8. h ttps://doi.org/10.1152/a jpregu.2000.279
.5.r1531 

Garside CJ , Bis h op MJ. 2014. The dist ribut ion of the European
s h or e crab, Carci nus m a en as , with respect to man grov e forests
in sout he aster n Aust ra lia. J E xp Mar Bio E col 461:173–8. https:
//doi.org/10.1016/J.JEMBE.2014.08.007 

GBIF Secret ar iat . 2021. GBIF B ackb o ne Taxo no my. C he cklist
da taset. h ttps://doi.org/10.15468/39omei 

Git ten berger A . 2007. Recent po p ulatio n expansio ns o f no n-
n ative a scidians in the Neth er lan ds. J Exp Mar Bio Ecol
342:122–6. https://doi.org/10.1016/J.JEMBE.2006.10.022 

Go o de AG , Brady DC, St enec k RS, Wa h le RA. 2019. The brighter
side of c limat e c han g e: how lo cal o cea nography a mplified
a lo bs ter b o o m in the Gulf o f Maine. Glob a l C han g e B iol
25:3906–17. https://doi.org/10.1111/gcb.14778 

Hampto n S , Griffiths C. 2007. Why Carcinus m a en as cannot get
a gri p o n Sou t h Afr ica’s wave-expose d co a stline. A frican J
Mar Sci 29:1814–2338. https://doi.org/10.2989/AJMS.2007.29
.1.11.76 

Har r ington AM , Hamlin HJ. 2019. O ce an acidificat ion a l-
t er s t her mal c ardi ac per for man ce, h em ocyte abun dan ce,
an d h em o l ymp h chemis try in s ub adu lt American lo bs t er s
Homa rus a merica nus H. Milne Edwards, 1837 (Decap o da:
Ma lcost rac a: Nephropid ae). J Crust Biol 39:468–76. https://do
i.o rg/10.1093/jcb iol/ruz015 
Har r is LG , Dijkstra JA. 2007. Seasonal appea ra nce a nd mo ni to r-
in g of invasiv e species in the G re at Bay estuar ine system rec-
omm en de d citat ion “Sea son al appea ra nce a nd mo ni to ring o f
invasive species in the Great Bay estuarine system”. Durham:
PREP Reports & Publications. 

Helmuth B , Broitman BR, Yamane L, Gilman SE, Mach K, Mis-
lan KAS, Denny MW. 2010. Organi sm al clim atology: an alyz-
ing environment al var iab ili ty at scales relevant to p hysio logical
s tres s. J Exp Biol 213:995–1003. 

Hewitt CL , Martin RB, Sliwa C, McEnnulty FR, Mur-
phy NE, Jones T, Co op er S. 2002. Nat iona l int roduce d
marine pest info rmatio n system. Web Publication.
https://r esearch.csir o.au/ncmi-idc/ (12 January 2024, date last
accessed). 

Hi l loc k KA , Cost e llo MJ. 2013. Toleran ce of th e invasive tunicate
Sty el a cl av a to air exposure. B iofoulin g 29:1181–7. https://doi.
org/10.1080/08927014.2013.832221 

Hobda y A J , Alexan der LV, Per kins SE, Sma le DA, St raub SC,
Oliver ECJ, Ben th uysen JA, Burrows MT, Donat MG, Feng M
et al. 2016. A hierarchical approach to defining marine heat-
waves. Prog O ce anogr 141:227–38. https://doi.org/10.1016/J.
POCEAN.2015.12.014 

Holland O , Shaw J, Stark JS, Wilson KA. 2021. Hu l l fou l-
ing marine invasive species pose a very low, but p lausib le,
risk o f introd uctio n to east Antarctica in c limat e c han g e
scen arios. Divers Di strib 27:973–88. https://doi.org/10.1111/
DDI.13246 

IPCC . 2022. Climate chan g e 2022: im pacts, ada pta tion, and
vu lnerabi lity. Cont ribut ion of w orkin g group II to the sixth
as ses sment report of the Inter g ov er nment al Panel on Cli-
m ate Ch an g e. Cambridg e and New York (NY): Cambridge
University Press, 3056pp. https://doi.org/10.1017/9781009325
844 

Jan a s U , Spicer JI. 2010. Sea son al and tem pera ture effects on os-
moregu lat ion by the invasive prawn Pala em on e lega ns Rathke,
1837 in the Ba lt ic Sea. Mar Biol Res 6:333–7. https://doi.org/
10.1080/17451001003670086 

Jane A , Rasher DB, Wa l ler J, A nni s E, Frederich M. 2024.
Deve lopm ental p rio ri ties shift with ontogeny during
t he e a rly lif e s ta ges of th e Am erican lo bs ter Homarus
am eric anus H. M i lne E dwards, 1837 (De cap o da:
Ast acide a: Nephropidae). J Crust Biol 44:18. https:
//doi.org/10.1093/JCBIOL/RUAE018 

Jost JA , Podolski SM, Frederich M. 2012. Enhan cing th ermal tol-
eran ce by e liminating th e pejus ran g e: a com para ti ve stud y
wit h t hre e de cap o d crust ace a ns. Ma r Ecol P rogr Ser 444:263–
74. https://doi.org/10.3354/meps09379 

Jungbl u t S , Boos K, McCarthy ML, Saborowski R, Hagen W.
2018. Invasive versus native brachyuran crabs in a European
roc ky int ert ida l: resp irato ry perfo rma nce a nd energy expen-
ditures. Mar Biol 165:1–14. https://doi.org/10.1007/S00227-0
18- 3313- 3/FIGS./4 

Kelty JD , Lee RE. 2001. Rapid cold-hardening of Drosophila
me la nogas t er (Dip tera: Droso phi lidae) during e colog ica l ly
b ase d t her moper iodic cycles. J Exp Biol 204:1659–66. https:
//doi.org/10.1242/jeb.204.9.1659 

Kraemer GP , Sellberg M, Go rdo n A, Main J. 2007. Eight-
year r ecor d of Hemi graps us san gu i neus (Asian s h ore crab)
invasion in western Long Is lan d Soun d estuary. North-
east Nat 14:207–24. https://doi.org/10.1656/1092-6194(2007
)14[207:EROHSA]2.0.CO;2 

https://doi.org/10.1002/ECE3.9297
https://invasions.si.edu/nemesis
https://doi.org/10.1007/s10811-020-02038-y
https://doi.org/10.1007/s10811-015-0606-5
https://doi.org/10.1371/JOURNAL.PCBI.1006922
https://doi.org/10.1242/jeb.021998
https://doi.org/10.1152/ajpregu.2000.279.5.r1531
https://doi.org/10.1016/J.JEMBE.2014.08.007
https://doi.org/10.15468/39omei
https://doi.org/10.1016/J.JEMBE.2006.10.022
https://doi.org/10.1111/gcb.14778
https://doi.org/10.2989/AJMS.2007.29.1.11.76
https://doi.org/10.1093/jcbiol/ruz015
https://research.csiro.au/ncmi-idc/
https://doi.org/10.1080/08927014.2013.832221
https://doi.org/10.1016/J.POCEAN.2015.12.014
https://doi.org/10.1111/DDI.13246
https://doi.org/10.1017/9781009325844
https://doi.org/10.1080/17451001003670086
https://doi.org/10.1093/JCBIOL/RUAE018
https://doi.org/10.3354/meps09379
https://doi.org/10.1007/S00227-018-3313-3/FIGS./4
https://doi.org/10.1242/jeb.204.9.1659
https://doi.org/10.1656/1092-6194(2007)14[207:EROHSA]2.0.CO;2


Re vie w of invasive thermal thresholds 201 

L  

 

L  

 

L  

 

 

 

L  

 

 

L  

 

 

 

M  

 

 

M  

 

M  

 

 

 

M  

 

 

M  

 

 

 

N  

 

 

O  

 

 

 

P  

 

 

P  

 

P  

 

 

 

 

P  

 

 

P  

 

P  

 

 

R  

 

 

 

R  

 

 

 

S  

 

S  

 

 

S  

 

 

S  

 

 

 

S  

 

 

S  

 

 

S  

 

 

 

S  

 

 

 

S  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/article/64/2/189/7712483 by U

niversity of N
ew

 England Libraries user on 02 O
ctober 2024
ambert G . 2009. Adventures of a sea squirt s leuth: unrave ling
the identi ty o f Di d em n um vexi l lum , a glo b a l ascidian invader.
Aquat Invasions 4:5–28. https://doi.org/10.3391/ai.2009.4.1.2 
an g e R , Marsha l l D. 2017. E colog ica l ly relevant levels of mu lt i-
ple, co mmo n marine s tres sors s ugges t anta gonis t ic effe cts. Sci
Rep 7:1–9. https://doi.org/10.1038/s41598- 017- 06373- y
a spoum aderes C , Meunier CL, Magnin A, Ber lingh of J, Elser
JJ, Balseiro E, Torres G, Modenutti B, Tremblay N, Boersma
M. 2022. A co mmo n tem pera ture depen den ce o f nu tri tio nal
dem and s in ectot her ms. Ecol Lett 25:2189–202. https://doi.or
g/10.1111/ELE.14093 
aufkött er C , Zsc heisc hler J, Frölicher TL. 2020. Hig h-impac t
marin e h ea twaves a ttributable to h uman-induce d glob a l
warming. Science 369:1621–5. https://doi.org/10.1126/scienc
e.aba0690 
on g HA , G ros h olz ED. 2015. Ov er g rowth of e elg rass by the in-
vasi ve co loni al tunic ate Di d em n um vexi l lum : co nsequences fo r
tunicate an d ee lgrass growth and epifauna abundance. J Exp
Mar Bio Ecol 473:188–94. https://doi.org/10.1016/J.JEMBE.20
15.08.014 
ars h AG , Coh en S, Epifanio CE. 2001. Larval energy
m etabolism an d physiolog ica l variabi lity in the Asian s h ore
crab Hemi graps us san gu i neus . Mar Ecol Prog Ser 218:303–9.
https://doi.org/10.3354/meps218303 
cCarthy AH , Peck LS, Hughes KA, Aldridge DC. 2019. Antarc-
t ica: the fina l front ier f or ma rine biolog ica l inva sions. G lob
Chan g B iol 25:2221–41. https://doi.org/10.1111/GCB.14600 
cD er mott JJ . 1998. The western Pacific brachyuran ( Hemigrap-
sus san gu i neus: Grapsidae), in its new hab i tat alo ng the At-
lant ic co ast o f the Uni t ed Stat es: geographic distribu tio n and
ecology. ICES J Mar Sci 55:289–98. https://doi.org/10.1006/jm
sc.1997.0273 
cGaw IJ , W hi tley NM. 2012. Effects o f acclimatio n and acu te
tem pera ture chan g e on specific dynamic action and gastric
processing in the g re en s h ore crab, Carcinus m a en as . J Therm
Biol 37:570–8. htt ps://doi.org/10.1016/j.j therbio.2012.07.003 
urphy KJ , Sephton D, Klein K, Bis h op CD, Wyeth RC. 2019.
Ab iotic co ndi tio ns are not sufficient to pre dict sp at ia l and in-
tera nnual va riation in abunda nce of Cio na int es tinalis in Nova
Scoti a, Canad a. Mar Ecol Prog Ser 628:105–23. https://doi.or
g/10.3354/meps13076 
agabhu sh an am AK , Kri shn amoorthy P. 1992. Occurrence and
b iology o f the soli ta ry ascidia n Asci di ell a asp er sa in Tamil
Nadu co asta l wat er s. J Mar Biol A ssoc I ndia 34:1–9. https:
//doi.org/10.4319/lo.1959.4.4.0503b 
liver ECJ , Donat MG, Burrows MT, Moore PJ, Smale DA,
Alexander LV, Ben th uysen JA, F eng M, Sen Gupta A, Hobday
AJ et al. 2018. Lon g er an d m or e fr equent marin e h eatwaves
over the past century. Nat Commun 9:1–12. https://doi.org/10
.1038/s41467- 018- 03732- 9 
adi l la DK , Save do MM. 2013. A systemat ic re vie w of ph en otypic
pl asticit y in marine invert ebrat e a nd pla nt systems. Adv Mar
Biol 65:67–94. https://doi.org/10.1016/B978- 0- 12- 410498- 3.0
0002-1 
erry AL , Low PJ, Ellis JR, R ey nolds JD. 2005. Climat e c han g e
an d distri bu tio n shifts in marine fishes. Sci Mag 308:1912–5.
https://www.science.org 
ershing AJ , Alexander MA, Brady DC, Brickman D, Curchitser
EN, Diam on d AW, McClen ach an L, Mi l l s KE, Nichol s OC,
Pendleton DE et al. 2021. Climate impacts on the Gulf of Maine
ecosystem: a re vie w of observed and expected chan g es in 2050
from rising tem pera tures. Elemen ta 9:1–18. h ttps://doi.org/10
.1525/elementa.2020.00076 
iola RF , Hopkins GA. 2012. Thermal trea tmen t as a method to
cont rol t ra nsf ers o f invasive b io fou ling spe cies v i a vess el s ea
chests. Mar Poll u t Bu l l 64:1620–30. https://doi.org/10.1016/j.
marpolbul.2012.05.028 
örtner H O , Bock C, Mark FC. 2017. Oxygen & c apacit y-limited
t her mal tolerance: br idg ing e co logy & p hysio logy. J Exp Biol
220:2685–96. https://doi.org/10.1242/jeb.134585 
örtner H O . 2012. In tegra ting clima te-rela te d st ressor effe cts
o n marine o r ganism s: unifyin g p rinci p les linking mo le cu le
t o ecosyst em-level c ha nges. Ma r Ecol P rogr Ser 470:273–90.
https://doi.org/10.3354/meps10123 
ius M , C lusel la-Tru l las S, Mcquaid CD, Navarro RA, G riffith s
CL, Matthee CA, Von der Heyden S, Turon X. 2014. Ran g e
expan sion s across eco regio ns: Interactio ns o f c limat e c han g e,
p hysio logy and genetic diversity. Glob Ecol B iog eogr 23:76–88.
https://doi.org/10.1111/geb.12105 
odrigues E T , Moren o A, Men des T, Palm eira C, Pardal MÂ.
2015. Biochemical and p hysio log ica l respo nses o f Carci-
nus m a en as t o t em pera ture an d th e fung icide azoxyst robin.
Ch em osph ere 132:127–34. https://doi.org/10.1016/J.CHEM
OSPHERE.2015.03.011 

abbadin A . 1955. Osservazioni su l lo svi l u ppo, l’accrescimento e
la ri p rod uzio ne di Bo tryllus sc hlosseri (Pa l las), in co ndizio ni di
labo rato rio. Boll Zool 22:243–65. 

aunders M , Metaxas A. 2007. Tem pera t ure explains set tlement
patterns of the int roduce d bryozo an Memb rani po ra mem-
bran a c ea in Nova Scoti a, Canad a. Mar Ecol Prog Ser 344:95–
106. https://www.int-res.com/articles/meps2007/344/m344p0
95.pdf

chiff K , Brown J, Diehl D, G reen stein D. 2007. Extent and mag-
ni tude o f co p per con tamina tion in m arin a s of the San Diego
reg ion, Ca lif ornia, USA. Ma r Pollut Bu l l 54:322–8. https://doi.
org/10.1016/j.marpolbul.2006.10.013 

mith CR , G ran g e LJ, Honig DL, Naudts L, Huber B, Guidi L,
Domack E. 2012. A lar g e po p u lat io n o f kin g cra bs in Palmer
D eep on t he west Ant arct ic Peninsu la s h e lf an d potent ia l inva-
sive impacts. Proc R Soc B Biol Sci 279:1017–26. https://doi.or
g/10.1098/RSPB.2011.1496 

orte CJ , Wi l liams SL, Zerebeck i R A. 2010. O ce a n wa rm-
ing incre ases t hre at of invasive species in a marine fouling
co mmuni ty. Ecology 91:2198–204. https://doi.org/10.1890/10
-0238.1 

ort e CJB , Stac howicz JJ. 2011. Patt erns and processes of com-
posi tio n al ch an g e in a Califo rnia ep ibenthic co mmuni ty.
Ma r Ecol P rog Ser 435:63–74. https://doi.org/10.3354/meps09
234 

tädele C , Heigele S, Stein W. 2015. Neuro mod u lat ion to the
rescue: com pensa tion of tem pera tur e-Induced br eakdown of
r hythmic m ot or patt erns v i a extrinsic n eurom odulatory in-
put. PLoS Biol 13:e1002265. https://doi.org/10.1371/JOURNA
L.PBIO.1002265 

t i l lman JH , Somero GN. 2000. A com para ti ve anal ysis of the up-
per t her mal tolerance limi ts o f e aster n Pacific porcelain crabs,
gen us Petr o lis thes : influences o f lati tude, vertical zo natio n, ac-
climation, and ph ylogen y. Ph ysiol Bio chem Zo ol 73:200–8.
https://doi.org/10.1086/316738 

unday JM , Bates AE, D u lvy NK. 2012. Th ermal toleran ce an d
the glob a l re dist ribut ion of anim al s. Nat Clim Chang 2:686–
90. https://doi.org/10.1038/NCLIMATE1539 

https://doi.org/10.3391/ai.2009.4.1.2
https://doi.org/10.1038/s41598-017-06373-y
https://doi.org/10.1111/ELE.14093
https://doi.org/10.1126/science.aba0690
https://doi.org/10.1016/J.JEMBE.2015.08.014
https://doi.org/10.3354/meps218303
https://doi.org/10.1111/GCB.14600
https://doi.org/10.1006/jmsc.1997.0273
https://doi.org/10.1016/j.jtherbio.2012.07.003
https://doi.org/10.3354/meps13076
https://doi.org/10.4319/lo.1959.4.4.0503b
https://doi.org/10.1038/s41467-018-03732-9
https://doi.org/10.1016/B978-0-12-410498-3.00002-1
https://www.science.org
https://doi.org/10.1525/elementa.2020.00076
https://doi.org/10.1016/j.marpolbul.2012.05.028
https://doi.org/10.1242/jeb.134585
https://doi.org/10.3354/meps10123
https://doi.org/10.1111/geb.12105
https://doi.org/10.1016/J.CHEMOSPHERE.2015.03.011
https://www.int-res.com/articles/meps2007/344/m344p095.pdf
https://doi.org/10.1016/j.marpolbul.2006.10.013
https://doi.org/10.1098/RSPB.2011.1496
https://doi.org/10.1890/10-0238.1
https://doi.org/10.3354/meps09234
https://doi.org/10.1371/JOURNAL.PBIO.1002265
https://doi.org/10.1086/316738
https://doi.org/10.1038/NCLIMATE1539


202 E. R. Lancaster et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/art
Tepolt C . 2024. Thermal bio logy. In: Ecop hysio logy of the Euro-
pean g re en crab (Carcinus maenas) and relate d spe cies. Lon-
don and Washington, DC: Academic Press. pp. 231–47. 

Tepolt CK , Somero GN. 2014. Master of a l l t rades: t her mal accli-
ma tion and ada pta tio n o f c ardi ac function in a bro ad ly dis-
t ribute d m arine inva sive sp ecies, the Europ ean g re en crab,
Carcinus m a en as . J Exp Biol 217:1129–38. https://doi.org/10
.1242/jeb.093849 

Va lent ine PC , Ca rma n MR, B lac kwo o d DS, Heffron EJ. 2007.
E colog ica l observat io ns o n the colo ni al ascidi an Di d em n um
sp. in a New England tide p o ol hab i tat. J Exp Mar Bio Ecol
342:109–21. htt ps://doi.org/10.1016/j.jem be.2006.10.021 

VKM JJ , Gu l li ksen B, Husa V, Ma lmst røm M, O ug E, Berg PR,
B ryn A, Gean g e SR, Hindar K, Hole LR et al. 2023. As ses sment
of ris k an d ris k-reducing m easur es r elat ed t o the int roduct ion
and dispersal of the invasive alien carpet tunicate Di d em n um
vexi l l u m in Norway. VKM Rep 7:1–124. https://vkm.no/risik
ov urderinger/allev urderinger/hav nespyv urderingav risik of o 
rno rskb io logiskmangfo ld.4.322e13f717e917457df98cb3.html 

Wa ng X , Zha ng H, Lu G, Gao T. 2022. Dete ct io n o f an invasive
species through an environmental DNA approach: the exam-
ple of the red drum Scia en ops oc ellatus in the ea st Chin a Sea.
Sci Total Environ 815:152865. https://doi.org/10.1016/j.scitot
env.2021.152865 
C © Th e Auth or(s) 2024. Pu blis h ed by Oxford University Press on behalf of the
Fo r permissio ns, plea se e-m ai l: j ourna ls.permissio ns@ou p.co m 
Wi l lis K , Wo o ds C, Ashton G. 2009. Caprell a muti ca in th e south-
ern h emisph ere: Atlant ic orig ins dist ribut ion, and r epr oduc-
tio n o f a n alien ma rine a mphip o d in New Zeal and. Aqu at Biol
7:249–59. https://doi.org/10.3354/ab00197 

Witman JD , Lamb RW. 2018. Per sist ent differences between
co asta l and o ffsho re kel p fo rest co mmuni ties in a warming
Gulf of Maine. PLoS One 13:e0189388. https://doi.org/10.137
1/JOURNAL.PONE.0189388 

Xiong W , Shen C, Wu Z, Lu H, Yan Y. 2017. A brief overview of
known int roduct ions of non-nat ive ma rine a nd co asta l spe cies
into China. Aquat Invasions 12:109–15. https://doi.org/10.339
1/ai.2017.12.1.11 

Yamaguchi M . 1975. Growth and r epr oductiv e cy cles of the ma-
rin e fouling asci di ans Ci o na int es tina lis, S ty el a pli cata, Botryl-
l oi d es vi ol a c eus , an d Le pto cl i nu m mitsuku ri i at Aburatsubo-
Mo ro iso Inlet (central Japan). Mar Biol 29:253–9. https://do
i.org/10.1007/B F00391851/ME TRICS 

Za pa ta-Restrepo LM , Hau to n C, Williams ID, Jensen AC, Hud-
son MD. 2019. Effects of the interaction between tempera-
ture and steroid h orm on es on gam etogen esis an d sex ratio
in the European flat oyster ( Ostre a e d ul is ). Comp Biochem
Physiol A 236: 110523. https://doi.org/10.1016/J.CBPA.2019.
06.023 
 Society for In tegra tive and Com para tiv e B iology. All rights reserved. 

icle/64/2/189/7712483 by U
niversity of N

ew
 England Libraries user on 02 O

ctober 2024

https://doi.org/10.1242/jeb.093849
https://doi.org/10.1016/j.jembe.2006.10.021
https://vkm.no/risikovurderinger/allevurderinger/havnespyvurderingavrisikofornorskbiologiskmangfold.4.322e13f717e917457df98cb3.html
https://doi.org/10.1016/j.scitotenv.2021.152865
https://doi.org/10.3354/ab00197
https://doi.org/10.1371/JOURNAL.PONE.0189388
https://doi.org/10.3391/ai.2017.12.1.11
https://doi.org/10.1007/BF00391851/METRICS
https://doi.org/10.1016/J.CBPA.2019.06.023
mailto:journals.permissions@oup.com

	Introduction
	Characterization of thermal thresholds
	Thresholds by phylum
	Author contributions
	Acknowledgments
	Funding
	Supplementary data
	Conflict of interest
	Data availability
	References

