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Abstract

European green craBarcinus maenass a successful invasive species and dstab-

lished populations on every continent, except Antarctica. To date, the ooldest

time water temperatures experiendgdgreen craln thenortheastern Atlantiare ob-
served in Newfoundland, where temperatures regularly drop below 0 °C during the win-
ter. Previously, thermogeographic models preditited Newfoundlandvinter water
temperaturesre too cold for green crabs to survive and therefore to colonise New-
foundland. Previous researchthermal tolerance of green crabs has primarily focused
on their upper thermal toleran@ndany investigation into their lower thermal toler-
ance has only considered acute responses. In this thesis, |lars¢datexperiments to

study multiple physiological and behavioural responses of green clatgtterm ex-
posure(ranging from 6 days to 5 months depending on experin@ntater tempera-

tures at the lower end of their thermal tolerance. | also use field experiments to investi-
gate over wintering movement behaviour, habitat use, and feeding behaviour of green
crab in Newfoundland. With this combination of lab experimentsrasitufield stud-

ies, | show that green crab can sunseseral monthexposure to cold water tempera-
tures as low asl °C. Temperatures between 4 to 6 °C triggeomorlike response,

with reduced cardiac and metabolic rates, locomotive activity and feeding behaviour.
However, movement and feeding do not completely cease, which indicatgseiat
crabent er -Bbi &eérpobate rather than true hibe
absent from the intertidalbneduring the winter but they do not leave the shallow bay
for deeper waters, contradicting hypotheses that green crabs either leave the shallow
subtidalzonefor deeper, more stable water temperatures, or entered a state of hiberna-

tion and bury in the mud or hide under a shelter for the duration of wiiese results



showgreen cralean tolerate the extreme cold temperatures during Newfoundland win-
terswithout altering theitbehavioural strategigsom that used in theinative range,
suggesting they may be able to survive long periods at even colder tempenadices

ative of potential further northwardeographicatange expansion.



General Summary

Green crabs have a very wide toleraoteatertemperatures from 0 °C to 32 °C. How-

ever, water temperatures in Newfoundlandjeagraphicarea green crabs colonized
approximately 15 years ago, regularly drops below 0 °C for multiple months during the
winter. How green crabs survive the winter here is not known, therefore | used lab ex-
periments and field studies to investigate the physicddgind behavioural strategies

used by green crabs in Newfoundland to survive the cold winters. | tbahdrabs

avoid intertidalhalitats where they could risk air exposure, and reduce, but not cease,
their movement and f eedilnigk ebbe hsatvaitoeu rb,ute nnt

bernation.
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Chapter 1

Introduction to green crab biology, inva-

sion history and thermal tolerance



Introduction

Green crabCarcinus maenagl.innaeus, 1758), is a small decapod crustacean in the
family Portunidae.This species reaches a maximum carapace width of ~ 10 cm
(McGawet al, 2011) and average lifespan that varies freihy&ars, depending on
geographical location (Klassen and Locke, 2007). Green crabs are natorght@est
Europe andhorthern Africa, but over the last 200 years have expanded their range to
include every continent, except Antarctica (Carlearal, 2003; Klassen and Locke,

2007).

Another morphologically similar species-exists wthin the Mediterranean Sea and
southeramo s t part of g r e eCarcinasr ag@duari@Nardoa 1847y.e r an
Amidst much debate, morphological characteristics (Cehah, 1995) and molecular
genetic techniques (Roman and Palumbi, 2004) have shown these two species to be
distinct. Using molecular techniquasvasive populations of. aestuariihave been

found in Japan and South Afrieand have confirmed thahe populations in North
America and Tasmania contanly C. maenagGelleret al, 1997).No invasion ofC.
austuarii independent ofC. maenadas been identified (Darling and Tepolt, 2008).
Several studies suggest that the local topography and ocean circulation between the
Mediterranean Sea and Atlantic Ocean (Gibraltar Straight) limits the speas of dispersal
of larvae, explaimg the separation of these two species within the native range, and the
formation of twoC. maenagineages, originating from thaorth Atlantic and the Med-
iterranean population@atarnellcet al, 2007; Marincet al, 2011). Furthermore, this
geographicseparation of the two species is obserfeedhe larval stage@arling and

Tepolt, 2008).



Green crabs inhabit sheltered bays with soft sediment and rocky shore intertidal and
estuarine habitats (Klassen and Locke, 2007; Anedal, 2009). In their native range,
theyareroughly distributed into three groups: (i) young crabs that spend all their time
above the low tide mark and hide under cover when exgoseucht low tide, (ii) crabs

that move into the intertidal zone with high tide to feed and retreat below the tide line

with the receding tide, and (iii) larger crabs that spend all tinegr in the shallow sub-

ti dal zone (Crothers, 1 9 6o8cyrin strdiciukaly comt e gr e
plex habitats, such as mussel beds, rocky shores, eel grass beds and filamentous algae

(Moksnes, 2002).

Reproduction and life cycle

Decapod crustaceans have a hard exoskeleton that they must shed in order to grow.
Female crabs must also moult immediately prior to mating (Berrill and Arsenault,
1982). As they get larger, growth rate and frequency of moulting decreases. After
moulting thke underside of adult green crabs is green in colour, but as the carapace ages
it becomes dark red (Wolf, 1998). Therefore, two main colour morphs exist: (i) green,

in which rapid growth and frequent moulting is common, and (ii) red, which have
greater repyductive activity and longer periods of intermoult. The green morphotypes
tend to be better adapted to environmental change, than the red morphotypes (Styrishave
et al, 2004). Timing, seasonalitgnd synchronicity of moulting appear to vary between

populations and geographical location (Berrill, 1982; Patex, 2016).

Green crabs are a highly successful invasive species, which is in part, due to their high
fecundity and planktonic larvae. The fecundity in an invasive green crab population was

estimated at 140,000200,000 embryos per crab (Audttal, 2008). Green crabs have



two distinct annual mating events, the primary event, in which larger crabs reproduce,
occursduring the winter and the secondary event, when smaller crabs mates inccur

the summer (Lyonst al, 2012). Green crab eggs and larvae have a reduced temperature
tolerance compared to adults, thus spawning times may be altered depending on local
conditions (Berrill, 1982; Hidalget al, 2005). For example, in Placentia Bay, New-
foundland, female crabs produce larvae once annually and spend shorter periods in an
ovigerous phase than the native populations (Bestl, 2017). Additionally, green

crabs in Prince Edward Island reproduce later in the year compared to native and more

southernly populations (Audet al, 2008).

Green crab larvae are planktonic with four zooel stages and one megalopal stage. They
remain planktort for about 90 days, during which time they conduct daily vertical mi-
grations in the water column (Zeng and Naylor, 1996; dos Saht&ds 2008). During

the final larval stage, they settle on the benthos before metamorphosis into a juvenile
crab occurs (Leignedt al, 2014). In their invasive range the life cycle can vary from

that in their native range. For example, green crabs on the coast of Mafkenbiare

slower, have longer larval phases, and have longer life spans, which has been accredited
to the colder water temperatures in this region (Berrill, 1982). This extended larval pe-

riod may allow them to colonize new areas with greater success.

Tolerance to temperature variability

Green crabs are tolerant to a broad range of abiotic environmental conditions. They can
tolerate large variations in salinity, hypoxia and temperature, and withstand extended
periods of air exposure and starvation (see Appendix 1). They are also resistant to path-

ogens and diseases (Leigeetlal, 2014). This plasticity aids their ability to colonize



new areas and facilitates survival in habitats that experience a broad range of conditions,

such as the intertidal zone.

Temperature is undoubtedly the most important environmental factor affecting the dis-
tribution, behaviouyrand physiology of aquatic ectotherms, including green crabs
(Kalssen and Locke, 2007; McGaw and Reiber, 2015). Adult green crabs can survive
temperatures from < 0 eC to ~38 eC (Tepol
water temperatures aboved@ f or several months for suc:
1982; Hidalgcet al, 2005). Although green crabs continue to invade new locations and
expard their range, they have not colonised polar or tropical regions, most likely due to

the temperature limitations of their larvae. Minimum seasonal sea surface temperature

has been suggested as a highly influential factor in determining the northernxange e
pansion and limit of green crabs (Audtal, 2003; Hidalgoet al, 2005; Jeffereyet

al., 2018).

Temperature affects crustaceans in myriad ways, including behavioural functions and
metabolic activity (see Appendix 1 for overview of decapod behaviour and physiology),
protein synthesis and maintenance, immune function, and membrane structure (Truscott
and White, 1990; Somero, 2002). Heart rate and metabolic rate generally increase with
temperature (Aagaard, 1996; Styrishaval, 2003; Willmeret al.,2005; McGaw and
Reiber, 2015) untithey reacha critical thermal maximum temperature ), the
temperature at whiclkocomotiveadivity is disrupted anénimals canot recovetead-

ing to death(Taylor et al, 1977; Frederich and Pértner, 2000; Levingtbal., 2020).
Populations of green crabs that experience varying thermal regimes differ in heat shock

protein synthesis and Gix (Kelley et al, 2011). Correspondingly, Gixis higher in



crabs that are acclimated to higher temperatures (Cucudeatul998).In situexper-

iments have shown temperature to be one of the most influential factors for determining
cardiac activity; heart rate increases even within a small temperature range (Aagaard,
1996). Metabolic rate similarly increases with temperature in crustadééuitzley et

al., 1997). Temperature mediated cardiac and metabolic responses in crustaceans vary
depending on rate and magnitude of the change and whether the change @ acute

chronic, decreasing or increasing (McGaw and Reiber, 2015).

Temperature also affectetaviour At high temperatures (28 °C) green crabs exhibit

an emersion response, whereby they exit warm water into air (Taylor and Wheatly,
1979). It has been hypothesised that evaporative water loss in air assists in cooling (Tay-
lor and Wheatly, 1979jhus potentially driving this behavioureen crabs forage more
consistently and efficiently in warmer waters and reach optimum foraging rates at ~ 12
°C (Elner, 1980B¢élair and Miron, 2009ajoraging rategcreaseawith increasng tem-
perature in the presence of conspecifics and heterospecifics as compared to solitary in-
dividuals @élair and Miron, 2009a)Movement and agonistic activities declwéh
decreasing temperatu@dlair and Miron, 2009h Additionally, after exposure to cold
stress green crab acclimdte colder temperatures return to normal activity levels more
rapidly than warm acclimated animals (Tepolt and Somero, 2014). Hovaefew,
studieshaveinvestigaéd behavioural responses to cold temperatures consider temper-
atures <5 °CMiron et al.(2002) foundredwwdp r edat i on on shel |l fis
and Tepolt and Somero (2013¢portedreduced heat tolerande green crabs accli-
mated to @ @ompared to warm acclimated crab®ung et al. (2006)reported de-

creasedvalking speed with declining temperatures (teste@to 5 angli@djcate that



green crab enter behavioural torpor at ~ 0 °C and have an increased mortality rate after

short exposures to swero temperatures, yet this remains relatively unknown.

Seasonal Behaviour

During the summer months green crabs are more active and forage more successfully
(Elner, 1980; Younget al, 2006;Bélair and Miron, 2009a; Matheson and Gagnon,
2012. Torpor has been suggested as a possible over wintering strategy for green crabs
with reducedocomotor activity at ~ 5 °C anckssatiorat 0 °C (Welch, 1968; Berrill,

1982; Younget al, 2006). Heart rate and metabolic rate also decline at these tempera-
tures suggesting reduced energy requiremamifurther supporting a state of torpor

at these temperatures (Breteler, 1975; Caetual, 2004; Tepolt and Somero, 2013;
2014). Additionally, a mark recapture studgportedcrabswererecaptured closer to

their release point in January than in April, suggesting lower rates of movement in the

winter (AmeyawAkumfi and Naylor, 1987).

During the winter crabs appear to remain in the sultiola¢ with a few smalindivid-

ualsin the intertidal zone (Edwards, 1958; Naylor, 1962). Estuarine populations over-
winter (once temperatures fell below 10 °C) in downstream areas, remaining fairly in-
active during the winter months (Welch, 1968; Stedral, 2003; ZarrelléSmithet al,

2022). This migration may be caused by a combination of reduced temperature and
salinity (Gomes, 1991)oting thatin some open coastal locations (with constant near
or full salinity) offshore winter migrations do not occur (Naylor, 1962). However, the
spedfic movements and behaviour of green crabs within the suldateduring the

winter still remains largely unknown.



Burying has also been suggested as an overwintering strategy (Dow and Wallace,
1952; Welch, 1968, see Appendix 1 for more informatiBeducecheart rate in bur-

ied green crabis consistent with and suggestive of periods of inactivity (Cumberlidge
and Uglow, 1978)Implying that burying may be a strategy for enduring winter condi-
tions. However, the duration and extent to which green crabs remain buried is still un-

clear.

Global Invasion History

Green crabs are a highly successful invasive specielsaarednow established popula-

tions on every continent, except Antarctica (Klassen and Locke, 2007). When green
crabs invade a new geographical location, their subsequent spread can be extensive. For
examplegreen crabs were first reported in San Francisco Bay, California, in 1989 (Co-
henet al, 1994; Grosholz and Ruiz, 1996) and in 1997 they were collected almost 300
km to thenorth, in Oregon (Jamiesaat al, 1998; Behrens Yamads al, 1999). By

1999 they were reported in Barkley Sound, British Columditurther 225 km north
(Jamiesoret al, 2002), extending into the Salish Sea by 2018 (Brassealg 2019).

On the East coast of North America green crabs were first recorded in Massachusetts in
1817 (Glude, 1955; Grosholz and Ruiz, 1996), by 1937 they had reached Maine and the
first record in Canadian waters was in Passamaquoddy Bay, New Brunswiéklin 1
(Scattergood, 1952.). Green crabs now occur from Virginia to Newfoundland, a distance

of more than 2000 km (Carlton and Cohen, 2003; Klassen arice|.2007).

In contrast, in other locations their spread has been relatively restricted. One such loca-
tion is theCape peninsula of South Africa where green crabs were first reported in 1983

but have not been reported outside this locale giwska and Branch, 1986; Le Roux



et al,1990). Thidack of dispersal may reflethie high levels of wave exposure in this
area (Griffithset al, 2009). There is some debate over when green crabs first colonised
Victoria, Australia, however they were abundaate by 1902Kulton and Grant, 1902
Since then, their spread has been limitedstlitheast coast of Australia and to Tasma-
nia (Thresheet al, 2003; Burderet al, 2014). Green crabs weiiest observed on the
Atlantic coast of Patagonia, in southern Argentina in 2608algo et al, 2005)and

have since expaedtheir range 250 km north along the east coast of Argentina (Torres
and GonzélePisani, 2016). However, the degree to which this population will spread

across the coast of South America iyeisunclear.

Recently, genetic analysesvieadetermined that separate invasion events, originating
from different parts of the native randeve occurred. For examp(@arcinus aestuarii

(C. maenassister specigs was reported in Japan in 198.
across thesouth coast of Japan (Darling, 2011). However, in 1997 genetic analysis of
the Japanedearcinuspopulations revealed the presenc€omaenasaplotypes. This
observatiorsuggested a mixed species origin of the Japanese populat@arahus
(Gelleret al, 1997; Darling, 2011). Similarly, genetic analysis of invasive populations
revealedat least twoC. maenadineages, one originating from northern Europe (re-
ferred to as the northelineage) and the other from Mediterranean Europaaridern

Africa (referred to as the southern lineage) (Roman and Palumbi, 2004; Roman, 2006;
Darling et al.,2008). At least one hybridized population has also now been reported in

southern Nova Scotia (Blakesleeal, 2010).

Invasion Mechanisms



Carlton and Cohen (2003) suggested three major invasion episodes that resulted in the
majorspread ofC. maenas (i) around 1800, (i 1) bet we e
(ii1i) betweebh99bhe&s .19BW&d smaind mechani sm f ¢
episodes (in the 1Ocentury)likely originated frommaritime activity via the ballast

water of vessels, hull foulingr other fisheries products (Cohenal, 1995; Carlton,

1999; Grosholz and Ruiz, 2002; Kicamts sen ar
nental journeys took weekand the lengthy larval period (~90 days) of green crabs
meansthadt ar vae coul d survive to reach new cCoOEé
t o 19 donany inorehpatential mechanisms: ship ballast water, aquaculture and
fishing industries, aquarium trade, research activitiad intentional or accidental re-

lease (Scattergood, 1952; Carlton, 1998ysholz and Ruiz, 200Klassen and Locke,

2007).

By the first invasion episode (~1800) the transatlantic trade route between Europe and
North America was established and became a lucrative bus@ssctiorby the mid-

dle of the eighteenth centurif#tkiel and Preston, 198&yhich wouldexplainthis first
invasion ofC. maenasn thenorthwest Atlantic. This first introduction resulted in the
continued northward range expansiorCofmaenasorthwardto Maine, New Bruns-

wick, Nova Scotia and Prince Edward Island (Grosholz and Ruiz, 1996; Carlton and
Cohen , 2003) . The second major invasion ep
sulted from the establishmentglbbal trade routeleading toreports ofC. maena®n

the shores of Brazil, Hawaii, Myanmar, Panama, and Sri Lanka, however none of these
reports resulted in successful colonisation (Boschma, 1972; Carlton and Cohen, 2003;
Klassen and Locke, 2007; Leigredlal, 2014). The established green crab population

in Australia is also thought to have originated within this invasion episode (arriving in

10



Australia no later than 189@) thatthey were reported to be highly abundant in 1900

(Fulton and Grant, 1902; Carlton and Cohen, 2003). Few new repdtsméenas

were recorded between the second and third invasion episodes. The colonisation of
South Africa (1983) and California (1989), as well as the colonisation of Japan by the

C. aestauriiandC. maenag$1984),resulted fronthe third invasion episode, beginning

in the early 19800s ( Jetalkiadl;,&ohdret &.r1994;c h , 1¢

Grosholz and Ruiz, 1996; Gellet al, 1997; Carlton and Cohen, 2003; Darling, 2011).

Invasion History on the East Coast of North America

Green crabs have expanded their range on the East coast of North America over 2000
km in 200 yearsGlude, 1955; Grosholz and Ruiz, 1996; Carlton and Cohen, 2003;
Klassen and Locke, 2007). Reports and research efforts were scarce for the first hundred
years following the first report &. maenasn thenorthwest Atlantic (Massachusetts)

in 1817 (Scattergood, 1952). However, by 1879 they wagertedas far south as New
Jersey (Smith, 1879; Scattergood, 1952). In 1905 green crabs were reported in southern
Maine and roughly 200 km norbly 1937(Rathbun, 1905; Scattergood, 1952). The first
instance of green crabs in Canada was reporteduthern New Brunswick, in951

(Leim, 1951; Scattergood, 1952).

Since their discovery in Canadian waters in 1951, green crabs have established popula-
tions in every province in Atlantic Canada (McPhail, 1951; Klassen and Locke, 2007;
DFO, 2011) and in the Magdalen Islands in Quebec (Rsils, 2006). Green crabs

were first seen in Nova Scotia in 1953 where they spread rapidly across the south coast
(MacPhail, 1953; MacPhail and Lord, 1954; Audetal, 2003; Klassen and Locke,

2007). The next record of their range expansion was in 1982 in-eastarn Nova

11



Scotia (Audett al, 2003). The first record of green crabs in Prince Edward Island was
in 1997 on the Eastern coast (Gilisal, 2000; Audeet al, 2003). Green crabs were
later reported on the coasts of the Magdalen Islands, Quebec, in2&i0d €t al,

2006, and then on the island of Newfoundland, NL, in 2007 (Klassen and Locke, 2007,
DFO, 2011). They wermitially sighted in Placentia Bay, on the south coast of New-
foundland and have since spread throughout Placentia Bay and Fortune Bagapith a
arate second populatiseportedon thewest Coast in 2009 (DFO, 2011; Lehnetral,

2018).

At least two distinct green crab invasion events occurred on the East coast of North
America (Darlinget al, 2008). Both invasions have distinct origins, from either the
southern European lineage mrthern European lineage (Darliegal, 2008; Darling,

2011; Lenheret al, 2017; Jefferyet al, 2017; 2018). Theaorthern European lineage

is broadly defined as deriving from native populations between northern mainland Eu-
rope and the northernmost limit of their native range (in Iceland, the Faroe Jsladds
Norway). In contrastthe southern European lineage desvieom native populations

from northern Africa and the Mediterranean (Roman, 2006; Dadirg., 2008). The
initial invasion of Eastern North Ameri ca
nated from thesouthern European lineage. A secondary invasion event occurred some
180 years later in Nova Scat@onsisting of thaorthern European lineage. A contact
zone now exists between southern New BrunswicksaathernNovaScotia whereahe

two populations havbeybridized (Darling, 2008; Jeffergt al, 2017).

The two lineages diffan thermal tolerancesyith greater cold tolerandge thenorthern
lineageand greater resilience to warm temperaturdéisasouthern (Tepoland Somero,

2014). Moreover, genetic markers have been used to identify changes in cold tolerance

12



in both native and invasive green crab populations, suggesting genomic changes may
occur over relatively short time periods (Tepolt and Palumbi, 2020). This plasticity in
thermal tolerance between the two lineages could help to explain the broad Idtitudina

range of green crabs both in their native and invasive ranges.

Green crabsd invasion history of Newfound

Green crabs were first reported in Newfoundland in North Harbour, Placentia Bay, on
the south coast in 2007 (Bestal, 2009; McKenzieet al, 2007). At the time of dis-
covery,researchers inferred that green ciadd already been established in Newfound-
land for several years (Blakesleeal, 2010). By 2010 their range had increased to
include the entirety of Placentia Bay andstvardinto Fortune Bay (DFO, 2010). A
separate, different and smaller population (Lehnert et al 2018) was also discovered in
St Georgesb6 Bay, s avesecoaBt{FO,R0M0).allgeogrgphico n t h €
range in these two populations continuegxpand encompassing more of tiseuth
andwest coast, however, they are yet to hastablish a populatioon thenorth coast.

This is potentially due to barriers to dispersal or due to the extreme coldvimter
seawater temperatures (Jeffeey al, 2018). Their invasion in Newfoundland waters
has had negative impacts on native eel grass habitat, commercially important shellfish
populations and native crab populations (Mathestal, 2012; 2014; 2016), as seen in

other colonized locationgfosholzet al, 2011; Neckles, 2015).

Successful invasions of green crabs in new geographic locations relate to the degree of
genetic variation in the establishing population (Daréhgl, 2008; Darling, 2011). A

genomic studydentified theC. maenagopulation insouthern Newfoundlandsa sec-
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ondary hybridized population, containing haplotypes from both the southern and north-
ern lineages (Lenheet al, 2017; Jefferyet al, 2017; 2018). This hybridization event
could, therefore, help to explain the successful establishment of green crabs in New-
foundland waters, a location previously predicted to havewirgering temperatures

too cold for their colonization (Comptat al, 2010).

Study Aims

Carcinus maenas one of the 10@nhostinvasive species, rapidly spreading around the
globe (Loweet al, 2000).Despite a previous assumptithrat waters of Newfoundland
would be too cold foC. maenago persist (Comptoet al, 2010) they are flourishing
and spreading around the island. In cold years mass die @fswdenas other areas
have occurred (Crisp, 1964; Welch, 1968; Beukema, 1991), but in Newfoursdieimd
die offshavenot occured Therefore, the aim here was to determine l@wnaenas
deabk both physiologically and behaviourally with prolonged cold, typical of the waters

around Newfoundland.

The research presented here is split into two broad sections, the first investigating indi-
vidual level responses to cold exposure representative of thevovering seasurface
temperatures isouthern Newfoundland. The secoretBon examinethe population

level habitat use anich situ behaviour of green crabs during the winter in Newfound-
land. These two study themaisnto provide a greater understanding of how green crabs

successfully coloniskthe generallycold coastal waters of Newfoundland.

The firstchapterams to (i) investigate the physiological (heart rate and oxygen con-

sumption) and behavioural (locomotor activity and burying behaviour) responSes of
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maenago declining temperatures, and (ii) understand their physiological and behav-
ioural responses during extended periods of exposure to cold temperatures, representa-
tive of overwintering seasurface temperatures southern Newfoundland. | hypothe-

sise | will find: (i) a decrease in heart rate, metabolic rate and locomotor activity with
decreasing temperature, (ii) reduced heart rate, metabolic rate and locomotor activity in
crabs acclimated to winter temperatures (pgarad to those acclimated to summssn-

peratures), and (iii) an increase in burying behaviour with declining temperatures.

The secondhaptelinvestigates population level survival techniques utilise@ hyae-
nasduring the winter in Newfoundland. This study aita: (i) observan situ habitat

use and locomotor activity behaviour ©f maenagluring the winter, and (ii) under-
stand feedingequirementsluring the winter and the impact this has on physiological
condition.Variousmethodologies were used, including: a mesocosm experiment, long
term starvation trials, monthly catch per weiitort surveys and acoustic locatioadk-

ers (attached to green crabs in the field). The hypotheses for this section are (i) that
fewer crabsccurin the sub and intertidal zones during winter months compared to
summer months, and (ii) that green crabs survive low temperatures and starvation for
multiple months at a time (representative of winter conditions and duration in New-

foundland).
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Chapter 2

Lower thermal tolerance @arcinus
maenasPhysiological and behavioural

response to declining temperatures.
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Abstract

Green crabsGarcinus maengsare a highly invasive species of intertidal crustacean
that have increasetheir invasive range to include the majority of #est Coast of

North America over the last two centuries. The northern most limit of their cartge

east coast dflorth America is on theouth coast of Newfoundland, Canada, where they
experienceextremely lowseasonal water temperatures, reaching temperatures as low
as-1 °C. Genomic studies have found two distinct lineages of green crabs in North
Ameri ca, t he ,origioatingfroe nantitern EurapeeaadySeandinaparal

t he 0 s out lorinatirg framsontleemn gweope anabrthern Africa, resulting

from multiple invasion event&r e e n toleramde skdlarge range in temperature is
presumablyone of the most important characteristics accounting for their invasive suc-
cessint hat populations from the 6northernd |
erancevhereap opul ati ons from the &édsouthernd | i1
ance. However, most research into their temperature tolerancersmderedheir up-

per thermal range and studies into their lower thermal toleranearivestigated acute
responsesThe lineage of the population testedrédaot been considered during most
experiments. Thhybridisedpopulation in southeastern Newfoundland cossishap-

lotypes from both the northern and southern lineages. Here, | investigated the behav-
ioural and physiological response of green crabs to a temperature reduction regime and
cold water exposure over a long time period (6 days) to better understesohiivel
strategies utilized by this hybridized population of green crabs to survive the extreme
cold winter water temperatures in southeastern coastal Newfoundiacwmotor ac-

tivity and metabolic parameters declihwith decreasing temperature arebluced

markedy after longterm exposure to cold temperatures (2 °C) compared to controls
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(12 °C).Marked change in both metabolic and locomotive activity-a& 4C, suggest

a torporlike state occurs around these temperatures, however locomotive activity did

not completely cease, even after long term exposure to the lowest test temperature (2
°C). This patternndicates that crabs remain responsive to their environment amad do

enter a true hibernation state. Additionally, time spent buried in the sand increased with
declining temperaturewgjith a slightly lower threshold temperature (2 °C) in which time

spent buried significantly increased. Feeding experimentsiateonstrate longer re-

sponse times to food items and less food consumed aftetdongacclimation to 2 °C,
compared to controls (12 °C). Thpatternf ur t her supports -the pr
l' i ked state, rather than true hibernati o
actively move and feed, although more slowly and at lower rates. These results suggest
that the hybridized population of greerabs in Newfoundland responds to cold tem-
peratures in a similar waig g. by reducing their heannetabolic, and movement rate

to reduce energy requirements)most other populations across their native and inva-

sive range, and they mageother strategies, such as habitat use, to survive the extreme

cold water temperatures in Newfoundland during the winter.

Introduction

The European green craBdrcinus maengss a small decapod crustacean belonging

to the familyPortunidae.This species reaches a maximum carapace width of approxi-
mately 10 cm (McGavet al, 2011) and has an average lifespan that varies &@m
years, depending on geographical location (Klassen and Locke, 2007). Green crabs in-
habit sheltered bays with soft sediment, rocky intertatad estuarine habitats (Klassen

and Locke, 2007; Amarat al, 2009; McKenzie et al. 2022E. maenass native to

northwest Europe anabrthern Africa, but over the last 200 years have expanded their
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range to include every continent, except Antarctica (Carlton and Cohen, 2003; Klassen
and Locke, 2007). The main mechanism for their global dispersal is thought to be mar-
itime activity, specifically in ballast water of vessels as larvae/juveniles (Groshdlz

Ruiz, 2002; Carlton and Cohen 2003). They have established populationseastthe

coast of North America in 1817 (Glude, 1955; Grosholz and Ruiz, 1996), in Australia

in the 180006s (Fulton and Grant 1902), 1in
Le Rouxet al, 1990), in Japan in 1984 (Darling, 2011), on west coast of North

America in 1989 (Coheert al, 1995; Grosholz and Ruiz, 1996) and in Argentina in

2003 (Hidalgcet al, 2005).

C. m a fuccess & an invadaartly reflectsheir broad thermal tolerance (Kern et
al ., 2002) . Adult green crabs can survi v,
(Tepolt and Somero, 2014utcanexit water into air when water temperatures increase
above approximately 28 eC (Taylor and Wh
thermal tolerance is limited, but this species can tolerate acute exposure to temperatures

as low as-1 °C without appam ill-effect (Miron et al, 2002; Younget al, 2006;

Tepolt and Somero, 2014)he narrower temperature tolerangtlarvae howevene-

guire water temperatures to remain above
velopment to occur (Berrill, 1982; de Rivesaal, 2007; Hidalgoet al, 2005). Alt-

houghC. maenagontinue to invade new locations and expand their range within es-
tablished locations, they have not colonised polar or tropical regions, most likely due to

the temperature limitations of their larvae. Minimum seasonal sea surface temperature
has been suggted as a highly influential factor in determining northern range expan-

sion and limitation of green crabs (Audtal, 2003; Hidalgcet al, 2005; Jefferet

al., 2018). Thermogeographic models predicting their future range expansion suggest
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invasion potential depends on water temperature and origin of the population (from ei-

thersouthern omorthern Europe) (Comptaet al, 2010).

Ectothermig including crabs, cannotgulate their body temperature and thus are highly
influenced by temperature (Taylor and Wheatly, 1979; Whéebl, 2001; Hopkiret

al., 2006, Leignekt al, 2014).In contrast to considerablgork on the distribution,
abundanceand migration patterns d€. maenasn response to temperature change
(Naylor, 1962; Tepolt and Somero, 2014; Yowen@l, 2017), less work has focused on
specific behavioural responses, such as foraging success. Green crabs forage more con-
sistently and efficiently during the warmer, summer months (Elner, 1980) and reach
optimum foraging rates andMiranp3009a)boiagmgt el y
ratesalso increase momgith increasing temperature in the presence of both conspecif-

ics and heterospecifics as compared to solitary individuals (Bélair and Miron, 2009a).

There has beenxtensive work on lpysiological responses of green crabs to temperature
increase (Frederiaft al, 2000; Madeirat al, 2012; McGaw and Whiteley, 2012; Kel-

ley et al, 2013) heart rate and oxygen consumption as indicators for thermal tolerance

in ectotherms (Hochachka & Somero 2002). Heart rate increases with temperature until
reachinga critical thermal maximum temperature (£, which is estimated to be be-

t ween 30 eC and 38 eC for green aealabs (A
1977; Frederich and Pértner, 2000; Cuculescal, 1998; Jargensest al, 2017). The

exact temperature at which @ak occurs depersion the rate of change, geographical

origin, and prior acclimation temperature (Cuculestal, 1998; Kelleyet al, 2011,

Tepolt and Somero, 2014; McGaw and Nancollas, 2017; Levettah, 2020). Heart

rate becomes erratic and declines rapidly aétechingCTmax (Ahsanullah and Newell,
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1971, Lutterschmidand Hutchison, 1979). Oxygen consumption follows a similar pat-
tern increasing steadily untiéachingCTmax, with a sharp decline thereafter (Taylor,

1981; Whitelyet al, 1997; McGaw and Whiteley, 2012; McGaw and Reiber, 2015).

In comparison to temperature increases, less Wwaskaddresseithe behavioural and
physiological responses of green crabs to declining temperatures, aadembstudies
haveinvestigated r e sponses to temperatures < 5 eC
Miron, 2009; Tepolt and Somero, 2014). Activity levels and agonistic interactions de-

cline with decreasing temperature (Young et al, 2006; Bélair and Miron, 2009) and a
reduction in foragingat es occurs at approximately 10
eC (Wall ace, 1973; El ner , 1980; Mi ron et
Likewise, Berrill (1982) observed reduced feeding, lack of ma#ing reduced growth

at temperatures below 7 eC and suggested
nificant reduction in both heart rate and
Camuset al, 2004; Tepolt and Somero, 2013; Tepolt and Somero, 2014), further sup-
porting a state of torpor at these temperatures. Only asfigeves have investigated
responses bel ow 5 e @ maanaghn suriive lacate éxposusee d o
to temperatures as low 88 e C, ef &,€01B; &gpolt and Somero, 2014), no
addresghe effects of prolonged cold exposure on the physiological and behavioural

responses of this species.

Green crabs were first reported in Placentia Bay Newfoundland, Canada, in 2007
(Blakesleeet al, 2010; DFO, 2011). They have since expanded their range westward
into Fortune Bay, and the eastern south coast (DFO, 2011). Water temperatures in
coast al regions of southern Newfoundl and

winter (Methven and Piatt, 1991; Colbouraeal, 2017) these are harsher conditions
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than experienced b§. maenasn the entirety of their current range (Comptral,
2010). Indeed, the invasion of NewfoundlandGymaenagsiefied thermogeographic
models as the minimum sea surface temperatures during the winter was predicted to be

too low for larval survival (Comptoet al, 2010).

Green crabs in Placentia Bay are a hybridised population containing a mix of haplotypes
from the southern lineages (originally settling in New England) and a more recent cold
tolerant northern European lineage (Jeffezewl, 2017; Jefferewet al, 2018).Very

little is known as to how this population survives during the low winter temperatures
characteristic of Newfoundland waters. Local fishermen and scientists theorise that they
may move from the intertidaloneand shallow subtidal zone into deeper warmer wa-
ters, as occurs in native and more established populations (Naylor, 1962e8&akrp

2003). Furthermore, very little is known about the lb@gn seasonal responses to cold
temperatures d€. maena their native rangdet alone the hybridized Newfoundland
population which appear to lag¢their northern limitdor cold tolerance. Thus, the pre-

sent experimeraimsto investigate the physiological and behavioural respons€s of
maenaf o t he winter sea temperatures in New
logical (heart rate and metabolic rate) and behavioural (activity, feeding and burying)
characteristics were measured in response to an acute decline in temperature and during
long-term exposure to cold temperaturedypothesised that: (i) physiological re-
sponses and locomotor activity of green crabs would decrease with declining tempera-
ture and would be modulated by leteym acclimation to cold temperatures, (ii) bury-

ing behaviour would increase with declining tesrgdure and after loagrm acclima-

tion to cold temperatures, and (iii) green crabs would exhibit reduced feeding activity

at cold temperatures.
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Materials and Methods

Intermoult adult green crab€#rcinus maengswere collected between June and Oc-

tober 2019 and 2020 using baited net traps set at multiple locations in northern Placentia
Bay, Newfoundland. Large males (carapace width > 5 cm) were brought btk to

Ocean ScienceSentre Memorial University. Female crabs were not used in experi-

ments because protocols to prevent spread of this invasive species precluded their
transport and live storage. The crabs were held in-floaugh seawater (332 ppt)

tanks at ambient temperaturasging-0.5-13 e C. Air stones i n ea
oxygen concentrati@above 90% saturation. Cylindrical PVC pipes (10 cm diameter

x 12 cm or 24 cm length) weptaced on the bottom dfie tanks to provide shelter. The

crabs were fed herring once a week, and any dead specimens and uneaten fish were

removed from tanks promptly to minimize fouling of the water.

Before experimentsye glued foam tag labets the dorsal surface of the carapate

individual crabsandrecordedtheir wet weight (g), carapace width (mm) and any leg
loss.We then movedhe crabs into the laboratory and acclimateeinin 45 L flow-
through seawater tables maintained at eit
prior to experimentation (McGaw and Nancollas, 2018). These temperatures represent

the average summer and wing&a surface temperatures in Placentia Bay, Newfound-

land (Colbourneet al, 2017).Maintaining constant red light in the laboratanyni-

mized disturbance and eliminateany diurnal rhythmsnoting that these wavelengths
minimally affect crustacean&ronin, 1986). Black plastic screens hung around the

tanks prevemdvisual disturbance to the anima®&arving cabs for 3' 5 days prior to
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trials ensurd they were in a posibsorptive state (McGaw and Curtis, 2013) and place-
mentin the experimental apparatus > 12 hours before recording bégaed them to

settle after handlin@wilson et al., 2021).

Experimental Procedures

In the first experimental serieme assedbehaviourabnd physiological responses dur-

ing an incremental temperature reduction regime. The physiological characteristics
measured were heart rate (treatment: n= 9, control: n = 15), and oxygen consumption
(MOy) (treatment: n = 16, control: n = 1@)stance travelled, time spent active (treat-

ment: n = 11, control: n = 11) and time spent buried (treatment: n = 15, control: n = 15)

in response to the temperature reduction regime. Crabs that had previously been accli-
mated to 12 e C wperimentajpapparatusdta startingptentpératureeix

12 eC and recordi ng bamsetting gewot ih thenappargtust h e i
Data colledbn continuedor 24 hoursthena t 1 &fter ghich we lowerethe tem-
perature by 2 eC (over reaopdpddataxar anfarther P4y 3 0
hours at 10 ecC. This process was ge@peate
was reached (no data collection occurred during the 30 min periods of temperature
change).Each experimenincludedcontrol trialsthat rana t 12 eC foer 6 d:
period for the temperature reduction)imglout time as a causal factor. Individual crabs

were only used once during temperature treatment or control experiments.

In a second series of experiments&e monitoredphysiological and behavioural re-
sponses at a constant temperature (either

over ~ 2 months to each respective temperature. This experiment mimicked the pro-

24



longed temperature conditions that green crabs experience during the summer and win-
ter months in Newfoundland. The following number of animals were used in each ex-
peri mental treatment: heart(rateC:( 1l =CL6
n = 18) ; di stance travelled (12 eC: n = 1
e C: n = 15), and feeding behaviouray( 12 eC

experimental period was analysed int2ur blocks.

To measure heart rate (HRye attachedNewshift infrared heart rate monitors (Leiria,
Portugal) to the carapace of each crab, directly above the heart, using dental wax and
super glue (Burnettt al, 2013). Crabs were then placed inside individual perforated
plastic boxes (18 cm x 18 cm x 7 cm depth) and held in a flow through seawater table.
They were allowed tadjust to the new settinfgr at least 12 hours before recording
began. Each heart rate monitor was attached to a Newshift AMP@#rt rate ampli-

fier (Leiria, Portugal)recordingthe continuous outpuising ADInstruments LabChart7
software (Colorado Springs, USA). The holding containers were large enough for even
the largest crabs to fit comfortably, allowing the animal to turn while preventing exces-
sive movementhatcan increases HR (Aagaagtial, 1995; McMahon, 1999; McGaw

and Nancollas, 2018)Ve calculate rman HR for each 2lour period by measuring the

HR during the first minute (or the closest minute in which no pause in headcrate
curred of each hour throughout the trisllle did not calculatelR during the first hour

after the temperature changeover because crabs usually react with a startle teaponse

would artificially inflate rates (Taylor, 1976, 1977; McMahon, 1999).

An L-DAQ intermittent flow respirometry system (Loligo systems, Viborg, Denmark)
measurd oxygen consumption (mg2®g hl). Individual crabs were placed in separate

cylindrical chambers (10 cm diameter x 8 cm heigds¢h equipped with two seawater
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pumps. The first pumpontinually flushed water through the chamber to maintain ox-
ygen saturation during nemeasurement periods. During the measurement pevieds,
turned offthis pump andealedhe chamber while the second pump recircalatater
within the chamber (10 L/min) (McGaw and Whiteley, 201Rper optic oxygen
probes fitted tolte respirometry chambers measlioxygen saturation within the
chamber during the measurement periods, calculating metabolic ratg. (M@ fully
automated system recirculdteater within the chambers for 40 minutes (measurement
period) and flusaédfor 20 minutes every hourepeatinghis cycle for the duration of
each trial (6 days). During thelonger m accl i mat very lowMOe leda | s
us to increasthe recirculation period to 50 minutes (andlecreaséhe flush cycle to

10 minutes) to allow measurable decline in M@thin the chamberA Loligo data
acquisition system (Copenhagen, Denmaekprded data. &ing Loligo Systems Au-
toResp4 software (Viborg, Denmarlye calculateMO:2 (mg Oz kg ht) at hourly inter-
vals resulting in 24 M@measures per specimen per dAfe also calculatedhe mean,
maximum (the highest value recordednd resting (calculated as the average of the
lowest five MQ values) MQ values for every 2our period andestimated energy
expenditure of each animal from the total M&er each 2hour period (using Kalei-
daGraphsoftware) and standardized to kJ using the conversion factor of 1omg O

0.014 kJ (Secor, 2009).

To record locomotor activity and time spent burigd,placedyreen crabs in individual

containers (30 cm length x 20 cm width x 60 cm depth) with a layer of sand (~ 6 cm

deep) in the bottom to allow kal. A Brinno TLC200 Pro HDR Time Lapse Video

Camera (Taepei City, Taiwan) mounted above the seawater tableagab&iframes
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per second. For both the temperature reduction trials and thé¢glongcclimation tri-

als, we obtainedthe total time each crab spent moving (active), characterized by a
change of location, and the total distance travelled (m) during eabbw24ecording
period using ImageJ (Animal Tracker plugin). The presence of burying, characterized
as when crabs werfelly or partially covered in sand and remaining still, was per 24
hourswas scored gsresenbr absent. The total time each crab spent buried was meas-

ured manually and expressed as a percentage of edwduperiod.

In a third series of experimentse investigatedeeding behavioupresence/absence

of feeding, time to first feeding event, amount of food consumed) of crabs acclimated

to winter and summet i me t emperatures (2 eC and 12
periods of food deprivation. Crabs were acclimated to the tepteemat ur e (ei t h
or 12 ecC) for O 2 months and deprived of
(starved) prior to trials. A food deprivation time of 5 days afldwvacuation ofll

digesta from the gut and for physiological processes associated with digestion to return

to baseline levels, bubsufficient to cause¢he physiological effects associated with
starvation (Wallace, 1973; McGaw and Whiteley, 20T8E incorporation of different

food deprivation times allowed us to determine whether starvation imparts an interac-

tive effect with temperature and causes a change in food consumption rates (Wallace,

1973).

Prior to feedingwe placectrabs in individual plastic containers (30 cm length x 20 cm
width x 30 cm depth) at the test temperature and left overnight. Time lapse cameras
mounted above the tanks to record feeding beha®i@uninutes after we addedcmall

portion of herring (~10 g)The cameras recorded for 24 hours, capturing the feeding

behaviour of each craéind we recordeche presence or absence of feeding and time
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taken for the first feeding event to occur for each individual. A feeding event was de-
fined as when a crab handles the food item and was either observed feeding on it or

remained holding the food for at least 30 seconds.

We measurechte amount of food consumed at 2 eC
days of food deprivation indagparate &8¢
28day s: n =-days: 182 eCdays:;,n=13Prig © fe@dihg we
measuredtabs 6 car apace wi ddlesteda memolyngh sampdei g ht
to measure haemolymph protein concentration. The crabs were then placed in individual
sealed plastic containers (26 x 16 x 6 cm) and ledttimateovernight.We cut holes

in the containers (2 cm x 2 crajpd coveredthemin 1 mm mesh screen; thiesign

allowed water circulation while preventing alogs of food Soaking snall pieces of

herring Clupea harengusy 10 g, in seawater for ~ 12 hours prior to feeding regluce

any changes in weight associated with osmotic water onload. They were then padded
dry with a paper towel and weighed to the nearest 0.1g before being offered to the crab.
We allowed cabs to feed for 24 hours, after whiwle removedhe remaining fish was

removed using forcepgfter padding dryremains with a paper towele re-weighed

themto calculate the amount of fish eaten (g) by each, @gtressingveight eaten as

a percentage of the wet weight (g) of each crab to account for diffsiararab size.

Haemol ymph protein concentration can be u
condition and nutritional status (Moogt al, 2000; Oliver and MacDiarmid, 2001;

Ozbay and Riley, 2002; Wang and McGaw, 2014). In the present wsidgedit to

determine whethénaemolymph protein levels affectdte amount of food consumed

by green crabs. Prior to feeding triale withdrewapproximately 300 ul of haemo-

lymph, using a 1 ml syringe and 16 gauge needle, inserted into the soft tissue between
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the joints of the pereiopod¥he haemolymph was placed into the sample well of a
Brix/RI-Check Digital Pocket Refractometer (Reichert Analytical Instruments, Depew,
NY). We calibratedtie refractometer with deionized water prior to each haemolymph
measurementrecording he Refraction Index (RI) for each crab and conmgrit to
haemolymph protein density (in dg/100 mL) using the equ&i@n510(Rater Rlhemo-

iymph)-1.81(Sunderman, 1944; Wang and McGaw, 2014).
Statistical analysis

To test fordifferences in heart rate, metabolic rated energy expenditure, for both the
temperature reduction and letgym temperature acclimation triakge calculatedwo-

way ANOVAs (in IBM SPSS)addingtime as arepeated measurésctor(we measured

the same individualor the duration of the experimenfjwo-way ANOVAs on the
temperature reduction trial daestedor total time spent active, total distance travelled,

and time spent buriecs described abovBosthoc pairwiseusedFi s her 6 s Least
nificant Difference (LSD) test. For the lottgrm acclimation trialve includedime as

a within factorsvariableto account for the repeated measures and to rule out time as a
causal factor. To compensate for the high proportion of zero values obtained during the
longt erm 2 eC trials (total time spent movi
buried),we developedercinflated generalised linear mixed models (ziGImm) in R

using the gimmTMB packagepplying anegative binomial distribution log link, and

including the mixed, nested factor (individual within tijne

We analysedhe presence and absence of feeding events as a function of temperature

and food deprivation duration using a generalised linear fixed effects model with a bi-
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nomial distribution log link (in R). Wo-way ANOVAs tested theffects of food dep-

rivation duration and temperature on the time taken to first feeding event, where
Tukeyds post digaificant ddferencegMe eeinaved pesodtlier, which

yielded a very lowP valuenotingt he cr aboés death shortly af:t
sion analysis ideni#d any relationship between the greal P values and the time

spent before first feed, investigating whether nutritional condition iredacgiency to

feed.

Analysis for dfferences in the amount of fish eatienrelation totemperature and du-

ration of food deprivationused a twoway ANOVA using Rstudio {ersion
2024.04.01)Where weobservedsignificant diffeenceswe appliedT uk ey 6 s po st
tests to determine where significant differences occurred among treatments. Addition-
ally, linear regression analysentified any relationship between the amount of fish
consumed and pieeial haemolymph concentration (taken immediately before trails

commenced]R version4.2.2,2022)
Results

Theinteraction between time and treatment tgjgmificantly affected heart rafeixed

factorial ANOVA: Fs.110= 15.889, P < 0.001). Heart rates for the control group (held at

12 eC (Fishers LSD P > 0.05) remained st
(mean %= 1SDYuring the éday experimental period (Fig. 1). In contrast, during the
temperature reduction treatment, heart rate decreased significantly from 43+ 5.19 BPM

at 12 eC to 14 N 2. 7 9NeR#niho differere igh@artfakei s h e r
bet ween temperatures of 12, and 8AC howe

where heart rate declined, on average, by
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rates measured at 6 °C and below were significantly lower than those of the control
group and at 8 °C and above. At temperatures of 4 and 2 °C heamveagsimilar.

Nei t her maxi mum nor mdiffeiedsignificahtlg differentbeat e at
tween the control and treatment gregmax: 79 BPM and 64 BPM, respectively; min:

26 BPM and 27 BPM, respectively) (Fig. 1).
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Figure 2.1 Heart rate with declining temperature: Heart rate (beats per minute) of green crabs (control

n=15, experiment al n=9). A: control <crabs, held 8
duction in temperature from 12 eh@Qurpgerd Xer@days. The d:
Whiskers represent 95 % confidence limits, boxes show upper and lower quartiles, horizontal bar presents
median values, black circles denote outlying values and grey triangles denote the means*sagibte
icantchanges irthetemperature treatment relatithee control. Lower case letters denote significant dif-

ferences within treatment groups.

During the control experiment the MO2, as well as maximal and resting MO2 remained stable
over the éday trial period (20 + 2.08 24 + 2.50 mg @kg/h for MO2, 32 + 3.58 43 + 5.23

mg Oz/kg/h for maximal MO2, and 16 + 1.6220 + 1.98 mg @kg/h for resting MO2 (Fig. 2)).

In contrast these values all decreased when temperature was lowered from 12 °C to 2 °C (29 +
2.261 7 £ 1.75 mg @kg/h for MO2, 57 £ 6.06 15 + 1.22 Q/kg/h for maximal MO2, and 18

+0.717 3 +1.07 mg @kg/h for resting MO2).

32



A Control B Experimental
79 * * *
50 ) c . S
d 3 b a C g d b "
251 E|3 C
= ' é; ] EHE::I Baial Y
L o
~ 4.
o O
X
8 C D
oo 754 ¥ C ° * * * =
=3 ) ‘ a |C C = b %
S 501 a |b b |8 3 5
= L= C C
3 == | d S
S 251 | | | | E:ﬁ dl e
g | | =
S 0-
c
&
> E F
O 757 * % % * % |z
o
w
50 - -]
[ ]
b C =
- é;a b % jc ¢ b T S
a ==
‘ ? E:ﬂﬁ =I=E:E=.=C .d | e
0 e =i
12 12 10 8 6 4 2

Temperature (°C)

Figure 2.2 Metabolic rate with declining temperature:Oxygen consumption (m@2/kg/h) of green

crab (control n = 16, experimental n = 10). A: MO2 of control crabs (hdld?at ¢ C) ,

ment al

crabs

(experiencing

a

reduction

B:

n

MO2 of

temper a

crabs(highest value recorded per craby maximal MO2 of experimental crafiighest value recorded

per crab) E: resting MO2 of control crabs and F: resting MO2 of experimental crabs. The data is dis-

played for each 2#our period over 6 days. Whiskers represent 95 % confidence limits, boxes show

upper and lower quartiles, horizontal bar presents median valaek,dircles denote outlying values

and grey triangles denote medrdenoteswhere we observesignificant changes in the temperature
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treatment relativeo the control. Lower case letters denote significant differences within treatment
groups.

The interaction between temperature and tthsignificantly affected MO2, maximal,
and resting MOZmixed effects ANOVAs, MO2: £s7= 35.097, P < 0.001; maximal
MO2: Fs,76 = 15.971, P < 0.001; resting MO2:d0 = 16.572, P < 0.001), showing a
decline in line with decreasing temperature. MO2 and maximal Mid&ed signifi-
cantly from the control group at and below 6 °C, while resting Milffered signifi-

cantly at and below 10 °C (Fishers LSD, Fig 2).

Theinteraction between time and temperature significantly affecteddmated en-

ergy expenditure (EEE) of crabs (mixed effects ANOVAi1k= 13.216, P < 0.001,
Figure3)Cr abs i n the control tr eadmaBBEof( 12 eC
0.43 and 0.53 £ 0.046 kj/day during thelaye x per i ment al period (F
contrastthe estimated energy expenditure of crabs exposed to a reduction in tempera-
ture gradually declined with decreasing t
nificantly reduced in comparison with cor

temperate of 8 eC and below (Fisherdos LSD).
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Figure 2.3 Estimated energy expenditure with declining temperatureEstimated energy expenditure
(kj/day) of green crabs. A: control crabs, held at 12 C and B: experimental crabs, experiencing a reduction
in temperature from 12 eC t oho&peeddover®blays. \Whaskeas i s
represent 95 % confidence limits, boxes showengmd lower quartiles, horizontal bar presents median
values, black circles denote outlying values and grey triangles denote*deaates significant changes

in the temperature treatment relatbteemean level irthe control. Lower case letters denote significant

differences within treatment groups.
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Percentage time spent active by green crabs
3.5 and 5.8 % per day over the 6 days, &iill no significant difference in these values (Fig.

4 A, Fi sherdos LSD) . D u r we @psetvdthecondomitaiht detlme in n t e m
mean percentage time active from dnteiactidéh at 12
between time and temperature significantly affectedptireentage time spent active (mixed

factorial ANOVA: Fs100= 3.255, P = 0.045). Crabs were significantly less active at and below

4 eC (Fisherbd6s LSD). The minimum percentage |
and the maximum 11.8 %. All individuals, from both treatment groups, were active for some

portion of the trial.
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Figure 2.4 Time spent active with declining temperatureTime green crabs spent active (%/day). A:
control crabs, held at 12 eC, and B: experiment al
from 12 eC to 2 eC. Thheurpkaot averib6 daysdWhiskels eegreseht 95 @r e ac
confidence limits, boxes show upper and lower quartiles, horizontal bar presents median values, black
circles denote outlying values and grey triangles denote mel@motesvhere time active differesig-

nificanty from control treatmentd.ower case letters denote significant differences within treatment

groups.
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At 12 eC the mean total di s tiad@xcnepercdaya b s t i
throughout the @lay trial duration (Fig. 5A)however, we observatb significant dif-
ference between these distances from day
perimental treatment there was an overall decline with temperature in the total distance
travelled (mixed factorial ANOVA: §100= 6.764, P = 0.003), from 378#4150.0 m

per day at 12 eC to 24.2 N 15.20 m at 2
significantly | ower at 4 eC and 2 eC, an
alsodiffereds i gni fi cantly from each other (Fi she
above, the distances travelled we,wtgh si mil
maximum distance travelled in any experimental indivicafal 76 4. 7 m at 12

170 m at 2 eC.
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Figure 2.5 Total distance travelled with declining temperatureTotal distance travelled (m/day) by

green crabs. A: control crabs, held at 12 eC and
perature from 12 eC to 2 diperiodidves 6 dhys.tWhiskersrepdet s pl ay
sent 95 % cordence limits, boxes show upper and lower quartiles, horizontal bar presents median val-

ues, black circles denote outlying values and grey triangles denote *nuegroteswhere we observed

significant changes in the temperattreatmerd relativeto mean level irthe controltreatmentsLower

case letters denote significant differences within treatment groups.
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All crabs, (with the exception of one individual in the 4 °C treatment), spent a portion of their

time buried in the sand. Control crabs at 12 °C remained buried for between 66.7 % and 75.2 %

of the time per daywithno si gni fi cant change over the 6 ¢
LSD). Percentage time spent burigénerally increasedith decreasing temperature (mixed

factorial ANOVA: Fs, 145= 10.309, p < 0.001): mean percentage time buried in experimental
crabs al most doubled from 50 % at 12 eC to 96
ence was statistically significaohlyat 2 e C, (Fishers LSD). For t
mini mum time spent buried ranged from 5 % at
durationsin control individuals varietbetween 6 % and 47 % over the duration of the trial (Fig.

6).
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Figure 2.6 Time spent buriedwith declining temperature: Percentage time green crabs spent buried

(%) per

24 hour s. A control crabs, hel d at

temperature from 12 eC

t

(0]

2 -hogireriodToliee 6 daya.t\Whiskers

12 ¢

di sp

represat 95 % confidence limits, boxes show upper and lower quartiles, horizontal bar presents median

values, black circles denote outlying values and grey triangles denote*rdeantessignificant differ-

ences inime spent buriedelative tocontroltemperatureLower case letters denote significant differ-

ences within treatment groups.
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The mean heart rate of green crabs accl i
and 53 + 13 BPM. These values were significantly higher than 24 to 32 £ 12 BPM
measured for crabs acclimated (sbwx= days)
23.807, P < 0.001; Fig. 7)he interaction between temperature and tffiected heart
rateal t hough temperature remained cofmstant

which heart rate reducesignificantyon days 5 and explaingdthiss her 0 s

difference
Temperature (° C)
A 12 B 2
a0 * * * * * *
b
C a C
a b a b b

Heart rate (BPM)

g o

204 l ‘
‘ ‘
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Days since trial start

Figure 2.7 Heart rate after longterm cold water acclimation: Heart rate (beats per minute) of green
crabs. A: control crabs, held at 12 eC, and expe
each 24hour period over 6 days. Whiskers represent 95 % confidence limits, boxes show upper and lower
guartiles, horizontal bar presents median values, black circles denote outlying values and grey triangles
denote mean. * denote where time spent butifdred significantly fromthe control teatmentLower

case letters denote significant differences within treatment groups.
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Overall, the MO2, maximal and restingiM®e r e si gni ficantly | owe
with 12 eC (mixed fises11d13jPad0.02Nn2&8AEB= ma X :
10.376, P = 0.003, restingi,i3= 44.531, P < 0.001). The M@or any 24hour period

at 12 eC varied bh/kgthwewmi [2d@vaatbei@el2ld angt O

13 mg Q/kg/h (Fig. 8).A significant interaction between time and temperature oa MO

(mixed factorial ANOVA: b160=2.908,P=0039) ccurred because t he
mated group showed a slight decrease in:NI&ri sher 6s LSD) , decl i
O2/kg/h on day 1 to 21.6 mgARg/h on day 6, werashe Mo f 2 e C accl i mat
remained stable throughout the &y@xperimental period (Fig. 8The interaction be-

tween time and temperatuaéfected maximal MO2Zmixed factorial ANOVA: F,160=

3.729, P = 0.017jeflecting a more variablmaximal MGover ti me at 12 e
e ONeithertime nor its interaction with temperatustgnificantly affected the resting

MO2 (mixed factorial ANOVA,; interaction: 160 = 2.587, P = 0.066 time:skso =

1.968, P = 0.132).
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Figure 2.8 Metabolic rate after longterm cold water acclimation: Metabolic rate (mgD./kg/h) of

green. A: max M@ (highest value recorded percrabf contr ol crabs (held at
(highest value recorded percrabf exper i ment al cr ab sofcontra ¢rabs,2:it 2 e C)
mean MQ of experimental crabs, E: resting M@ control crabs and F: resting MOf experimental

crabs. The data is displayed for eachh®dir period over 6 days. Whiskers represent 95 % confidence

limits, boxes show upper and lower quartiles, horizontal bar presents median values, black circles denote
outlying values and grey triareg denote mean. * denetghere time spent buriatifferedsignificantly

from the control reatmentLower case letters denote significant differences within treatment groups.
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Esti mated energy expenditure of green cr a
than double that of the crabs accli mated
Fi1,32=39.407, P < 0.001; Fig. 9). Time also affected energy expenditure (mixed facto-
rial ANOVA: Fsie0= 4. 216, P = 0.008); crabs in the
| ower energy expenditure on days 5 and 6
2 eC remained 3§ 02lxih.aAAddaienallyy mean enérgy &x®enditure

at 1lvarieknorde han that measured at 2 eC (Fig.
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Figure 2.9 Estimated energy expenditure after longerm cold water acclimation: Estimated energy
expenditure(f day) of green crabs. A: control crabs, hel
eC. The dat a i s-hadriperipdogey6eddys. Whiskerserepedent 95446 confidence lim-

its, boxes show upper and lower quartiles, horizontal bar geeserdian values, black circles denote

outlying values and grey triangles denote mean. * demdiere time spent buriediffered signifi-

cantly fromthecontrol reatmentLower case letters denote significant differences within treatment

groups.
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Green crabs acclimated to 12 eC were mor
( zi GI%mme= 1183, p < 0.001, Fig. 10). Percentage time active per day for crabs
acclimated to 12 eC ranged between 3.5 %
were active for between 0.4 % and 3.2 %, of the time. It was noteworthy that, 9 of the

12 individud s h e | dlid aot mo2eforeatdeast one full day, and one individual

showed no movement during the entirddy trial(all crabs wee alive at theend of the
experiment)y I n contrast only two individual cr

during agivenday. Although time did not have a significant effeet, observea sig-

ni ficant interaction bet %%awe=rR506ipmd®.00d)nd t r e
This difference occurred in the 2 eC accl
two days of the experiment, while no such
(Fig. 10).
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Figure 2.10 Time spent active after londerm cold water acclimation: Percentage time green crabs
spent active (% /day). A: control c¢crabs, held at
displayed for each 2Hour period over 6 days. Whiskers represent 95 % confidence limits, boxes show
upper and lower crtiles, horizontal bar presents median values, black circles denote outlying values

and grey triangles denote mean. * demetbere time spent buriediffered significantly from control

treatmentsLower case letters denote significant differences within treatment groups.
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The mean total distance moved per dp differedsignificantly between acclimation
temperatur éS12ofz4&l M, © < 0001). Green cC.|
travelled a mean total distance of 352 m per 24 hoursfag@ e C accl i mat ed
only travelled an average of 7 m per 24 hours (Fig. 11). The interaction between time
and treatment also significantl y25m0affecte.
14.41, p < 0.013). This difference wlasgely relate®? e C accl i mated cr al
their activity over the course of the experiment (Fig. 11). In contrast, the mean total

di stance travelled by 2 eC acclimated cr 8

m during the &ay experimental period.

Temperature (°C)
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Figure 2.11 Total distance travelled after longterm cold water acclimation: Total distance travelled
(m/ day) by green crabs. A: control crabs, held at
is displayed for each 2dour period over 6 days. Whiskers represent 95 % confidence limits, boxes show

upper and lower qutdles, horizontal bar presents median values, black circles denote outlying values

48



and grey triangles denote mean. * desetbere time spent buriediffers significantlyfrom the control
treatmentLower case letters denote significant differences within treatment groups.

All crabs in both treatments spent a portion of eachd@4 period buried. The mean
percentage time spent buried i@serin individuals acclimatedtd2 e C ( z%i G| mm:
1,168= 12.96,p<0.001), &0 . 5 % a t92.6l92 at 2 (Eig. &42). The interaction

bet ween treatment and t i Heees=Wa.80, pa=l0H3IB), sSi gni
the percentage time spent buried in 2 eC
the trial from 88.3 % to 94.8 %, while ir

declined from 71.7 % to 66.7%.
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Figure 2.12 Time spent buried after longterm cold water acclimation: Percentage time green crabs
spent buried (% /day). A: control crabs, hel d at
is displayed for each 2dour period over 6 days. Whiskers represent 95 % confidence limits, boxes show

upper and lower aartiles, horizontal bar presents median values, black circles denote outlying values
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and grey triangles denote mean. * deswotkere time spent buriadifferedsignificantly fromthe control
treatmentsLower case letters denote significant differences within treatment groups.

Acclimation temperature significantly affectezbtling(generalised linear fixed effects
modele= 4. 34, p = 0.037) with fewer crabs
Al i ndividuals acclimated at 12 eC fed c
acclimated to 2 e C-haurtral pariod. Thimerbdeatincldded3d ng t h
crabs in the 5 day food deprivation group, and one crab that had been deprived of food

for 28 days (Fig. 13). Despite this apparent difference, the starvation duration had no
statistically significant effect on feeding (generalised linear fixddf e c t s?1,6mo d e |

=0.377, p = 0.539).
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Figure 2.13 Presence and absence of feeding evemsesence and absence of feeding in green crabs
after food deprivation of either 28 or 5 days. A:
e C. This dat a i shoudpersog dver § dagiSizé af the dark grdy ba2sdndicate pro-

portion of crabs that did not feed and sizdiglit grey bars show the number of crabs that did feed.

Numbers on bars show number of crabs that did not feed.

The time taken for the first feeding event ranged from less than 30 seconds to over 13

hours (Fig.14)T hi s ti me was significant |layeraj-ower i

ing 1.0 minute compared to the 211.4 minoteanf or cr abs accl-i mat ed
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way ANOVA: Fie0= 6.58, p = 0.013)The duration of food deprivation (5 days or 28

days) did not affect time for first feeding, however, the crabs deprived of food for 28
daysgenerally fednore rapidly (28 d, mean = 53.3 min vs. 5 d, mean = 147.1 minutes).
Time to first feed vamedmarehdnshose acclinateshtotlze d t o

eC, which was s only seen for 5 days food

Temperature (°C)
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Time to first feeding event (mins)
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Figure 2.14 Number of feeding events per crabfime taken by green crabs to first feair{s) after

food deprivation of either 28 or 5 days. A: crab
displayed for each 2Hour period over 6 days. Whiskers represent 95 % confidence limits, boxes show

upper and lower quartiles, horizontal baegents median values, and black circles denote outlying val-

ues. * denotewhere time spent buriediffered significantly fromthe control reatmentsLower case

letters denote significant differences within treatment groups.

The amount of food consumed by green crabs (standardized for crab mass) within 24

hours was consistently greater at 12 eC (
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/9) (two-way ANOVA: Fi,70= 70.65, P < 0.001). The duration of food deprivation had

no significant impact on the amount consumed {ivay ANOVA: Fi.,70= 0.158, P =

0.693; Fig. 15).
Temperature (° C)
A 12 B 2
* *
5
d
5 d
S
o
5
£
» 507
C
o)
O
e,
o)
o
G
5
c
o 25-
2 :
< d
e
0.0+ |
5 Days 28 Days 5 Days 28 Days

Starvation Duration

Figure 2.15 Amount of food consumedAmount of food consumed by green crabs as percentage of
crab weight (% /g) after food deprivation of eith

at 2 eC. The dat ahourgperialiownbldayy. Whiskersoapreserda @dfibidende
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limits, boxes show upper and lower quartiles, horizontal bar presents median values, and grey triangles
represent means. * denstghere amount of food consumdiffered significantly between temperature
treatments. Lower case letters denote significant differences within treatment groups.

The interactionbetween temperature and food deprivation duration significantly af-
fectedprotein serum concentration [P] of each crab measured after food deprivation of
5 daysand 28 ays (multiple regression: fs7 = 9.462, P = 0.003; Fig. 16). Post hoc
tests (Tukey) showetthatthe greatest difference in [Btcurredbetween 12 ° C and 2

° C acclimated crabs starved for 5 days (p < 0.001), indicating much higher protein
serum concentrations when acclimated to 12 ° C. Crabs acclimated to 12 ° C also show
a reduction in protein serum concentration when starved fory28cdanpared to 5 days
(Tukeys poshoc: p = 0.011). [P] values were nmetatedto time taken to feed (linear
regression: £ss= 0.693, P=0.409) or to the amount of food consumed (linear regres-

sion: Re7=2.664, P = 0.1073).
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Figure 2.16 Protein serum concentration after food deprivationProtein serum concentration (dg/100

ml ) of green crabs after food deprivation of eitt
Whiskers represent 95 % confidence limits, boxes show upper and lower quatrtiles, horizontal bar presents
median véues, and grey triangles represent means. * demdtere protein serum concentratidiffered

significantly between temperature treatments. Lower case letters denote significant differences within

treatment groups.

Discussion

The overwintering temperatures in Newfoundlandethven and Piatt, 1991,

Colbourneet al., 2017) are some of the coldest experienced @prcinus maenas
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throughout their global range (Compteiral, 2010;). Green crabs in southeastdenv-

foundland (Placentia Bay and Fortune Bay) comstaaplotypes from both the northern

and southern lineages (Lenhettal, 2017; Jefferet al, 2017a,b; 2018Feveral stud-
iessuggest that the O0nort hewestEuloperamd&cpedd, or i
navia, are more cold tolerant southwesterm he 0s
Europe anahorthern Africa (Roman, 2006; Darlireg al, 2008; Comptomet al, 2010).

However, these lineaggpecific tolerancéypothesesire based on observed genomic

spatial structure and have not been experimentally validated (Jeffeal, 2018;

Lehnertet al, 18; Coyleet al, 2019).

When exposed to a decline in water temperature green craltedetheirin activity

(time spent moving and distance travelled) and metabolic parameters (heart rate, oxygen
consumption, estimated energy expenditure). Time spent binoakver, increased

with decreasingvater temperaturehis gradual decline in physiological respondiés
feredsignificantly (from control values at 12 °C). A similar trend was observed for the
behavioural responsdsyt statistical differenceoccurred at a lower temperature, of 4

°C. Both the heart rate and oxygen consumption of crustaceareatedpositively

with locomotor activity (Hamilton and Houlihan, 1992; De Wachter and McMahon,
1996; Roseet al, 1998). Nevertheless, how heart rate and oxygen consumption are
coordinated with the onset and termination of exercise, and how this relates to temper-
ature responsesgmains uncleaMOz in exercising green crabs remains elevated for
around 6 minutes post exercise, returning to resting levels approximately 30 minutes
after exercise has ceased (Hamilton and Houlihan, 1992) and increases in heart rate in
decapods occur both before (up tosB@onds) and after ¢€B minutes) exercise com-

mences ( Aagaar etal, 2009)9Additionaly, Gactarsisych as crab size
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and moult stage can influence the relationship betweendvi®exercise (Pennoyer et

al., 2016; Houlihan and Innes, 1984).eEb observationsupport a dissociation be-
tween heart rate and MQvith locomotor activity. Therefore, one might not expect
heart rate and MO®@ show the exact same responses at the same temperature. In addi-
tion, behavioural responses were monitored continually throughout thewteseas

we calculatedheart rate and oxygen once at hourly intervals. diliference in meas-
urement timingcould contribute tothe differences in temperature responigsehat

green crabs could have been active dupagods in which oxygen consumption and
heart rate were not monitored. Different individuals were also used for each experiment,
necessitating cautiomhen interpreting the relationship between heart rate, oxygen con-

sumption and locomotor activity.

Overall, these results suggest that temperatures between 4 to 6 °C represent an important
switch-over range for green crabs. This inference is supported by the findings of Berrill
(1982) that green crabs enter a torfloe state at approximately 5 °C. ar in endo-

therms is an energy conservation response to cold temperatiaeacterized bye-

duced heart rate, metabolic redad locomotor activity (Clark, 1998). Ectotherms body
temperature changes directlyline with water temperature, thus they experience a nat-

ural decline in physiological and behavioural reactions with water temperature (Wieser,
1973). They alsaevive rapidly and feed, albeit at a lower rate, and they roane
extensivelyduring the winter (Chapter 3). Therefore, characterizingbigviouras
torpormust include the caveat thainly endotherms display true torpor (hibernation),

and this behaviour could insteede des cr i bleidk eads. 6t or por
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Reduced activity and responsiveness during exposure to colder temperatures could
leave the crabs vulnerable to predatidatethat the time Cmaenaspent buried grad-

ually increasedvith reducedemperaturga responsereviously suggestelut never
directly testedwithin their native range (Dow and Wallace, 1952; Wedthl., 1968).
Several different species of crustacedmsy themselvess a refuge from predators
and/or adverse environmental conditions. Some crabs also bury during moulting, repro-
duction and/or feeding (Nye, 1978arshaw and Able, 1990; Bellwood, 200&;Gaw,

2004; Bellwood, 20025imilar behavioumay also be important f@. maenaso avoid
predation or sudden weather evel¥hen buried, cancrid crab cardiac output declines
with interspersed episodes of cardiac arrest and pausestilation of the branchial
chambergdMcGaw, 2004). Thusgnergy conservationffers another explanation for
burial in crabs (McGaw, 2005). Burying could alldv maenaso maintain a state of
reduced energy usage (torgixe state) during the winter while also avoiding predation
and adverse environmental conditions (Nye, 18&tshaw and Able, 1990; Bellwood,

2002;:McGaw, 2004).

The2 °C per dayrate of temperature decline in the temperature reduction experiments
exceeds what greecrabswould experience during the seasonal change from summer

to winter in Placentia Bay, Newfoundland, which vary on average by 10 °C skidst

ies of responses of crustaceans to temperature use much more rapid temperature
changes (> 1 °C/h) and tend to investigate temperature increases (Stillman and Somero,
2000; Joset al, 2012; Madeiraet al, 2012; 2014). Of the few studies investigating
response to declining temperatuogy regime is the most representatwkeseasonal
temperature change thatmost other researchers have used much more drastic and

rapid reductions in temperature (Kellgtyal,, 2013; Tepolt and Somero, 2013). Thermal
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equilibrium rates in aquatic crustaceans (time taken for core body temperature to match
that of external temperature upon changfey 5 minutes, meathat even in the rapid
temperature change experiments (> 1 °C/h) body temperature would have equilibrated
with the environment (Payette and McGaw, 2003). However, heart rate and neural sig-
nal response times decrease with increased rate of chang¢henmtiéacha threshold

rate of 2.5 °C per minute (Jury and Watson, 2000). Additionalhge of temperature
change also affectsehavioural responsesith greater ranges of change causing larger
but slower responses (Yourmg al, 2006). Similarly, movement activity of crayfish
(Astacus astacyss most stableat an intermediate temperate range-(B0°C) with

greater impactby similar degrees of change at either end of its temperature range (6
10 °C and 124 °C) Kivivuori, 1983; LehtiKoivunen and Kivivuori, 1994 Although

body temperature rapidigquilibrates with the ambient environmgbiochemical and
neural, and thus physiological and behavioural reactimay be slower to adjust to
temperature change, therefore the slower rate of temperature changeaisexper-

iments likely producemore accurate results.

Although the experimental regime used here, encompassed the full temperature change
experienced by green crabs situ in coastal waters in Newfoundlanaith slower
changethan in previous studiesur rate of change nonetheless greatly excedued

typical seasonal changes (Chapter 3). Therefore, we also investigated the responses of
C. maenasfter longterm acclimation to typical winter (2 °C) and summer (12 °C)

temperatures in Newfoundland.

Longterm acclimation to cold temperatures (2,9€) to reduce@nergy requirements
(lower heart rates, oxygen consumption, estimated energy expenditure) and locomotor

activity in green craband longer periods buried. However, locomotor activity did not
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completely cease, indicatingat green cralrmaintain some responsiveness to their en-
vironment. This interpretation alignwith previous studies showing highly reduced
green cralmovement below 5 °C, with complete inactivity around 0 °C (Yoeing,

2006; Younget al, 2017). The minimun2 °C test temperature iour study was the
winter water temperature in Newfoundland remains at approximately 2 °C, and only
drops to 0 AC f or OChapten3Fig3.7A, 3BA.Mniaddgiont h e
we encounteretbgistical problemsn keepingseawater at 0 °C for extended periods

of time in the lab. Although green crabs in Newfoundland appear to undergo a torpor
like state with a significanteductionin activity between 6 to 4 °C, they do not shut
down completelyas occurs in some animals in the region, such as cunner, even after
months ofexposure to cold wateGreen cralyemain responsive to their environment,

which could allow for opportunistic feeding or predator evasion.

Acclimation time, the time animals are held at test temperature for the days to weeks
before experiments commenatronglyinfluences physiological and behavioural re-
sponses (Newell and Bayne, 1973; Matveev and McGaw, 2022). An acclimation time
of approximately four weeks has been recommended for experiments using green crabs
(Bowler, 1963; Ahsanullah and Newell, 1971). Afteng-term exposure to 2 °C, we
found that heart rate, time spent moving and distance traveled decreased with time,
whereagime spent buried increased with time. In contrast, the control animals, held at
12 °C for the same-@ay period, did not change over time. Ttii§erence in response

could indicate thatolder temperatures necessitate longer acclim#tiees potentially
impactingbehavioural traitenorethan physiologicatraits, noting that we did not see a

difference withMO2 and EEE.
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Acclimation time, the time animals spend in their test apparatus before experiments
commencealso plays an important roldlatveev and McGaw (2022) recommend a
minimum of 16 hourscclimationtime for Cancer irroratusfeeding behaviour trials.
Experiments on handling stressbfmaenassuggest@macclimatiot i me of O 12
to eliminate the impact of handling (Wilsehal, 2021). These experiments wen-

ducted at 10 12 °C andherefore considereitie ability of decapods to deal with envi-
ronmental change at thermal conditidyysical for this species?hysiological trials tend

to useacclimationtimes of approximately 12 hourshereasehavioural trials, espe-
cially those investigating foraging behaviour, generally use much shorter acclimation
times of < 1 hour (Taylor and Wheatly, 1979; Sneddbal, 1997; Robertsost al,

2002; Rossongt al, 2006; Matheson and McKenzie, 201@ur results however,
showing heart rate to decline from a mean of 32 BPM to 25 BPM and percentage time
spent buried increase from 88 % to 95 % over the course of the experiment.at 2 °C
These changes raise theestion whether low acclimation temperatuesguire longer

acclimation timesespecially when conducting behavioural trials.

Previous studies reportegen crabs feeding at temperatures down to 4 °C, although at
reduced ratesBglair and Miron, 2009; Matheson and Gagnon, 20%® observe

similar pattern at 2 °G.ower metabolism and energy expenditure at reduced tempera-
turesin green crab@cGaw and Reiber, 2015; Fig. 2,3,8,9), would resulvwerfood
requirementso maintain metabolic processes. In optimal conditions crabs tend to eat
until their foregut is full (McGaw and Curtis, 2013; McGaw and Penney, 2014) and this
certainly appeared to be the case in 12 °C. However, at 2 °C they ate less than half the
amount onsumed at 12 °@eatmentsThis differenceindicates that energy require-

mentdetermines the amount of food consumedich is lower in cold water, rather
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than by gut stretch receptors indicating stomach fullness (McGaw and Curtis, 2013;

McGaw and Penney, 2014).

The lower activity rates meantéducedreaction time to the presence of food at 2 °C,
but only after 5 days of food deprivation. After 28 days of food deprivation in 2 °C,
reaction times to foodecreasd, and the crabs were also more likely to feed. At optimal
temperature ranges crabs generally under
start to break down protein stores in the body for energy (Wallace, $8i8hezaz

et al, 2009. This patternwas echoed by a decrease in protein serum concentration in
12 °C. However, protein serum concentration [P] at 2 °Cuwmaffected by food dep-
rivation duration, which also supports the low energy usage theory. Therefore, use of
body energy reserves (as indicated by a decline in serum protein sysgntlydoes

not create anmpetus to feed at 2 °C. Indeddl, maenagan survive up to 5 months at

2 °C without feeding (Chapter 3). The fact that green crabs actively continued to feed,
albeit less frequently and with lower intake, after prolonged exposure to cold suggests
that theylikely feed opportunistically during the winter, especially if food is in their
vicinity (Chapter 3). Lower catches of green crabs in winter might not necessarily be
because the crabs aabsent but rathera reducedcheed for food slow their effortto

locate food (Chapter 3Durresults also support the idea that the crabs are dormant, or
in a torporlike state, rather than undergoing complete torpor/hibernation as per some

anecdotal evidence from local fish harvesters.

An unexpected, but consistent trend across all the traits (physiological and behavioural)
was greater inteindividual variation in warmer temperatures. For examble range
of EEE at 12 °Gvasmore than double that at 2 °C (Fig. 9) dimelrange itotal distance

travelled at 12 °Qvas20 times larger than at 2 °C (Fig. 11). Iniedividual variation
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in metabolic rate might reflect variat.i
vidual differences in behavior, with bold and shy individuals) and oecoultiple
species (Careaet al, 2003; Réalet al, 2007; Biro and Stamps, 2008; 2010; Metcalfe

et al, 2016). Such variation in personality within populatioasimpact the response

of labile traits to temperature changes (Btaal, 2010).Few studies have addressed
personalities and the impact of inrfadividual variation on the response to environ-
mental change in crustaceans (Matveev, 20Qajresults suggest that the physiologi-

cal requirements to reduce energy usage and undergo torpor after prolonged exposure
to highly reduced temperatures catesducednter-individual variationn warmer tem-
peratures. Howevenur study dd not investigate consistent intesr intraindividual
differences with temperaturand thehigh degree of variation seen 12 °C could be in-

cidental,suggesting a need foaution when interpreting these results.

Conclusion

Our experiments indicate significant reduction in physiological parameters and behav-
ioural responses green crabsit water temperatures betweemrd6 °C. These re-
sponses to changing temperaturgreen crabs from the southeastern coast of New-
foundlandparallelthosein other populations of green crabs in both their native and
invasive range (Breteler, 1975; Berrill, 1982; Young et al, 2006; Bélair and Miron,
2009; Camuet al, 2004; Tepolt and Somero, 2013, 2014). Tussistentlysuggests

that the hybridized Newfoundland population retains a similar temperature induced tor-
por-like response to low temperatur@smost other populations of green craBsevi-

ous studiesiypothesizedncreased larval cold tolerancethre northern lineag@ines

et al, 2004; Coyleet al, 2019) but our study did not addressld tolerancan the
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larvae of the hybridized population However,the critical response temperatures, at

least for the adult stages, magrsistacross populations.

Althoughwe observea significant reduction in behaviouralsponses crabs retained a
level of activity in which they remained responsive to their environment and fed oppor-
tunistically.Classifying thisbehaviouras a true torpid state or hibernatrequires cau-

tion in that the ternprimarily applies to endotherms that actively downregulate body
temperature, and in a few ectotherms such as cuhaatqgolabrus adspersyuduring
winter in Newfoundland. Cunner completely cease locomotor activity and feeding dur-
ing the winter, and reduce their resting metabolic rate and cardiac output, characterised
as winter dormancy (Cos#d al, 2013; SpeerRoesclet al, 2018; Knight, 2022\We

found no evidence obuch dormancyn green crahsand parameters appeared to be
reduced simply becausieeir physiological responses largely refleateduced metab-
olism at colder temperatures.iit o4 p &re meght éhérefode provide a more apt
description of green crab cold responsd]ifferentiatat from true torporThislack of

a full torpor at these temperatures imply green crabdtoleratelower seasonal tem-

peraturesvhich couldtherefore indicate further northward range expansion is possible.
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Chapter 3

Behaviourand habitat use of European
green crabsGarcinus maengsiuring

winter in NewfoundlandCanada
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Abstract

European green crab&8drcinus maengsare a highly invasive coastal decapod native

to Europe andorthern Africa. Minimum seasonal water temperature has been hypoth-
esized to limit green crab range expansion. Green crabs were first found in Newfound-
land in 2007; this location experiences the coldest water temperatures throughout the
hybri d p oapge.lThethybodizedg@opulatiom Newfoundlandcontains hap-

|l otypes from both the Onort heediebexpgen-d 6s o0l
ments andn situ monitoring todocument green cradeasonal behaviour and habitat
use, and thus better understand survival strategies in Newfoundland during the winter.
Crabs were absent from the intertidal zone during the coldest months (D, but
remained in the subtidal zone during the wintéel to avoid exposure to air when
temperatures commonly fall below 0 °C. Similadgich rates imonthly subtidal sur-

veys using baited traps declahduring the winter months, with a catch rate of zero in
February and March, when water temperatures were |lolestuacoustic monitoring
showed crabs remained within a sheltered bay during the winter and did not migrate
outside the bay into deeper waignallenging theories that green crabs move to deeper
waters during winter. During long term exposure (28 days) to 2 °C in a laboratory mes-
ocosm green crabs spent most of their time under shelter, with a concomitant reduction
in locomotor and feeding activity. The situ acousticobservationsn the field con-

firmed lab experiments that crabs reduce locomotor activity during the colder months,
butdo not cease completelintermittent activity during winter likely represents feed-

ing, because although lab experiments showed some crabs could survive 5 months at 2
°C without feeding, a decrease in protein serum and increase in mortality rates occurred

after 3 monthsGreen crabs remain in the shallow subt@ieduring the extreme cold
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temperatures in Newfoundlangndcontinue to move and feed at a lower rate support-

ingt he idea that-lt hkey semted aadtherpohan a

Introduction

European green cralCércinus maengsis a small decapod crustacehatreaches a
maximum carapace width of approximately 10 cm (Mc@awl, 2011) It has an av-

erage lifespan that varies fromr3years, depending on geographical location (Klassen

and Locke, 2007andinhabit sheltered bays with soft sediment, rocky intertidal and
estuarine habitats (Klassen and Locke, 2007; Ametrall, 2009; McKenzie et al.
2022).C. maenasrenative tonorthwest Europe anabrthern Africa, but over the last

200 years have expanded their range to include every continent, except Antarctica (Carl-
ton et al, 2003; Klassen and Locke, 2007). The main mechanism forvtidsspread
dispersal is thought to be maritime activity, specifically transport in ballast water of
vessels as larvae/juveniles (Grosholz and Ruiz, 2002; Carlton and Coher2008¢-

nas success as an invadpartly reflectstheir broad thermal tolerance (Kern et al.,
2002) . They can survive in temperatures
acute exposure to temperatures as lowlas e C wi t h eeffdact (Mirpnpea r e n t
al., 2002; Young et al., 2006; Tepolt &8dmero, 2014). Their larvae, however, have a
narrower temperature tolerance and requir
months for successful development (Berrill, 1982; de Rigead, 2007; Hidalgcet al.,

2005). AlthoughC. maenagontinue to invade new locations and expand their range
within established locations, they have not colonised polar or tropical regions, most
likely because ahe temperature limitations of their larvae. Minimum seasonal sea sur-
face temperature has been suggested as a highly influential tfeettonaydetermire

northern range expansion and limit of green crabs (Aetlat, 2003; Hidalgcet al,
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2005; Jefferewt al, 2018). Theorigin of the population also affects takility of green
crabs to tolerate low temperatures witghercold tolerancén populationgrom north-
ern Europe (Norway and Iceland), than southsouthern Europe andorth Africa)

populations (Comptoat al, 2010).

Numerous studies have documentesponses of green crabs to temperature increases
(Frederichet al, 2000; Madeirat al, 2012; McGaw and Whiteley, 2012; Kelleyall,

2013). In general crabs increase in metabolic rate and heart rate with increasing tem-
perature (Ahsanullah and Newell, 1971; Whitetyal, 1997; McGaw and Whiteley,

2012; Jgrgensest al, 2017). This increase occurs ungachinga critical thermal max-

imum, followed by a sharp decline in M@nd heart rate thereafter, until death ensues
(Taylor, 1981; Whitelyet al, 1997; Cuculescat al, 1998). In addition, locomotor ac-

tivity increases with temperature and green crabs forage more consistently and effi-
ciently during the warmer, summer months (Elner, 1980), reaching optimum foraging
rates at approxi matel y adntrasCfeWeBugiesshave and
consideredhe responses of green crabs to declining temperatures. Berrill (1982) ob-
served reduced feeding, lack of matiagn d r educed growth at tem
and suggested torpor occurs at approxi mat
metabolism,feedin@nd | ocomotor activity also occu
Camuset al, 2004; Younget al, 2006; Tepolt and Somero, 2013; Tepolt and Somero,

2014; Chapter 2), further supportitige potential existence afstate of torpor at these
temperatures. However, little informatiemistson the effects of prolonged cold expo-

sure < 5 °C (as experienced during the winter) on the physiological and behavioural

responses of this species.
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In addition to acute responses to temperature change, green crabs sdep@ntb
seasonal changes. As the water warms during the spring, they move into shallow
tered bays, the rocky shore intertidal zoaed estuarine habitats. During the colder
months they appear to be largely absent from these habitats (Klassen and Locke, 2007;
Amaralet al, 2009).Previous studies repayverwintering migration from the intertidal
zoneinto the subtidatonein green crabs in their native range (Naylor, 1962; Atkinson
and Parsons, 1973). Departure of crabs from the intesals occurs in November
when water temperature consistently falls below 10 °C andrétern to the intertidal
zonein May when ocean temperatures reach about 10 °C (Atkinson and Parsons, 1973).
Daily movements, from the shallow subtidal to the interzdale also cease during the
winter months (Atkinson and Parsons, 1973). This strategyreduce the risk of ex-
posure to cold air in the intertidal zone andividuals mayseek less variable temper-
ature regimes (Edwards, 1958; Naylor, 1962; Slead., 2003; ZarrellsSmithet al.,

2022). However, these earlier studies were carried @athasted traps, which primar-

ily attract feeding craband thereforedo not dénitively provethat crabsleavethe
intertidal zone during the winter, only that fewer cradxspondo bait. A seasonal re-
duction in feeding activitgould also result in reduced catches in wi(Beeteler, 1975;

Berrill, 1982; Chapter 2)Advances in technology acoustic telemetry has effdgtive
enhanced assessmentdoth shorterm (Lynch and Rochette, 2007), and lontgem
seasonal movements of green crabs within an estuarine system (ZamgHaet al.,

2022). The latter studeportedhat most crabs restrict their movements within an area
of 3001 600 nft, regardless of season. However, increased directional movement down-
stream is associated with a drop in temperature < 10 °C and some of the individuals

overwinter in the downstream areas.
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Previous studiesuggest brying as an overwintering strategy for avoiding the coldest
part of the winter (Dow and Wallace, 1952; Welch, 1968, see appendix 1 for more in-
formation). Crabs bury themselves in the sediment, coupled with a reduced heart and
metabolic rate (Atkinson an@aylor, 1988; Bellwood, 2001; McGaw, 2004; Chapter

2). A similar reduction in energy expenditure atsourswith torpor (Cumberlidge and
Uglow, 1978), whiclgreen cralzould use in combination with burying. However, the
duration and extent to which green crabs may remain buried and any seasonal differ-

ences in this behaviovsemainunclear.

Green crabs were first reported in Placentia Bay Newfoundland, Canada, in 2007
(Blakesleeet al, 2010; DFO, 2011). They have sinoeen sighteth Fortune Bay and

the west coast of Newfoundland (DFO, 2011). Water temperatures in coastal regions of
sout hern Newfoundland aver age a(M@ghvenxi mat e
and Piatt, 1991Colbourneet al, 2017) these are harsher conditions than experienced

by C. maenasn the entirety of their current range (Comptiral, 2010). Indeed, the

invasion of Newfoundland b. maenaglefied thermogeographic moddlsat pre-

dictedthe minimum sea surface temperatures during the wamédoo low forlarval

green cralsurvival (Comptoret al, 2010).

Green crabs in Placentia Bay are a hybridised population containing a mix of haplotypes
from the southern lineages (originally settling in New England) and a more recent cold
tolerant northern European lineage (Blakeslee et al. 2010; Jedteat)2017; Jefferey

et al, 2018). This population appears to be on their northern limits of cold tolerance,
despite this very little is known about how this population survives during the low win-
ter temperatures characteristic of Newfoundland waters. Local fishermen and scientists

theorise that they may move from the intertidal and shallow subtidal zone into deeper
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warmer waters, as occurs in native and more established populations (Naylor, 1962;

Sharpet al, 2003), but at presenb studies have validatéldese theories.

My studyaimedto gain a greater understanding of the loergn behavioural responses

of green crabs to prolonged exposure to cold temperatures characteristic of Newfound-
land.l, therefore, combined laboratory and field studies to invest{gaagy seasonal
differences inn situ habitat use, (iivhether green crabseed to feeadvhen spending
multiple monthsatlow temperatureqiii) difference inmovement, burying and feeding
behaviour at 12°C and 2 °C, and (im)situ overwintering movement and habitat yse

to determine whether green crabs move to deeper waters during the winter

Methods

Adult male green crabg£arcinus maengsverecollected from July to September 2020

using baited net traps from multiple locations in northern Placentia Bay, Newfoundland.
Large males (carapace width > 5 cm) were transported to the Ocean S€entss
Memorial University. Female green crabs were not used in experiments because proto-
cols to prevent spread of this invasive species precluded their transport and live storage.
The crabs were held in 45 L flethirough seawater tanks (salinity-32 ppt) ambient
temperatures ranging betweén5-13 e C. Air stones in each
concentration > 90% saturation. PVC pipes (10 cm diameter x 12 cm or 24 cm length)
wereplaced intanks to provide shelteffed crabsherring once a weekemovingany

dead specimens and uneaten fish from tanks promptly to minimize fouling of the water.

To investigate the seasonalsituabundance of green crabs in both the intertidal zone

and the low intertidal/shallow subtidal zone of southern Newfoundlaoonducted
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monthly catch per unit effort surveys (CPUE). The low intertidal/shallow subtidal col-
lections were carried out along three wharfs (Septemberi2B82Qust 2021) in South-

ern Harbour, Placentia Bay, NL (Fig. 1). Ten Promaf3[R (Gardena, USA) collaps-

ible fish and crab traps (90 cm x 60 cm x 50 cm) were set off the wharfs in the same
locations every month (Fig. 2) and bottbnecordedvater temperature at each location
using an Agqua Vu (Gen 2) camera and digital thermometer (Crosslake, MN, USA) on
each survey date. The depth of each location at high tide varied between 0.5 and 7.6 m
Traps were set at roughly the same time each month 0%m), although tide state

at deployment differed. baited ech trap with 2 herring, cut into pieces and placed

themin bait potsprior to ak times of 4 5 hours.

Hand collections ssessedhe presence of green crabs in the intertidal zone. Once each
month| surveyedcrab abundance for 30 minutes in the rocky intertidal zone in Little
Harbour East (LHE), Placentia Bay, (January 20Pecember 2021)Conducting he
surveys within 15 minutes either side of low tedl®wed me to overturn and move aside
rocks and seaweed to search for green crabs. Surveys were conductedzaggpat
tern moving from the waterds edge to t

moving horizontally along the water line.
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Figure 3.1 Catch per unit effort survey site locationsMap of The Isthmus of Avalon, Newfoundland,

joins the Avalon Peninsula to Central Newfoundland. Survey sites marked by white, lettered, squares: A:
Southern Harbour, site of low intertidal/shallow subtidal surveys, and B: Little Harbour East, site of
intertidal surveys.

We attachedix HOBO Pendant MX Water Temperature Data Loggers (Bourne, USA)
to concrete blocks (~ 30 x 10 x 5 ctoyecord air and water temperature in the intertidal
zone,pladng themat different locations in the intertidabneso that they were either
directly exposed to the air on the low shoreline or sheltered (under a rock) at mid shore.

The loggers recortl ambient temperature every 15 minutes to capture all tide condi-
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tions while ensuring battery life for the full X8onthdeploymentUnfortunately, | re-
covered only one logger, howeyéris loggerprovidedgood temperature coverage of

both air and water temperatures within the intertidal bmoause placedit in the mid

shore under a rock shelter. Because the logger recorded the temperature during the day
and nightevery 15 minutesand at low and high tide the interaction between these fac-
tors made it impossible to accurately determine when it was emersed and immersed.
Therefore] calculated a singlemean temperaturfer both air and watezombined For

both monthly surveys recorded the number, sex, and sifecrabs (see Table 1 for
description of these categoriesalso recordedl@@omen colour of each crab as either

green, orange or red (McGawal, 1992).

Table 3.1 Green crab size categorie®escription of size categories recorded f

all green crabs caught during Catch Per Unit Effort surveys.

Size categories

Males Females

S: <50 mm S: <40 mm
M: 507 60 mm M: 407 50 mm
L: 607 80 mm L: 507 60 mm
XL: >80 mm XL: > 60 mm

For each of these experimenitsalculated atch per unit effortseparatelyfor each
month by dividing the total number of crabs caught by the number of hours of sampling
effort (total amount of time traps were deplofehd collection performed)also rec-

orded &e and sex of green crabs, but some mothsainedvery fewindividualsper
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category Therefore] calculated and preseonly total monthly CPUETable S2.1 lists
individual categories) for the intertidal and subtidal data. For the low intertidal zone
(trap) collectiond averagedhe bottom water temperature recordings at each trapping
location for each month. For the intertidal survesalculatedthe mean temperature

from both air and water temperature using data from two weeks before and after the
survey date (it was necessary to combine air and water temperature because often we
were unable to determine when the tags were emersed as tempeavaterssnilar to

one another)l then contrasteche CPUE data for the intertidal and subtidal surveys

consideringair and water temperatures across time/season.
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Figure 3.2 Subtidal catch per unit effort sample site locationdvlap of Southern Harbour, Newfound-

land (N47.425424, W53.574382). Showing locations of wharfs (A, B and C) used for subtidal CPUE
surveys and trap positions {110) for monthly surveys at each wharf. A: the first wieaipled with
trapsduring each survey, consisting of traps 1 to 3. B: the second sdragled with trapduring each
survey consisting of traps 4 to 6. C: the third wisarhpled with trapduring each survey, consisting of

traps 7 to 10.
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Figure 3.3 Intertidal survey site: Photograph of the rocky shore in Little Harbour East (N47.383053,
W53.560688) annotated to show the categorisaifampper and lower shore used for recording shore
location of green crabs found during monthly intertidal surveys. The upper limit of the inteotigals

the edge of algae covand the lower limit t as the edge of the water line at low tide.
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To investigate hoMong-term exposure to winter temperatur$ectsthe physical con-

dition of Carcinus maenas housedcrabs (n = 96) in individual plastic covered wire
mesh chambers (chambers: 30cm x 30 cm x 15 cm, mesh?)lirctwo 45 L flow
through tanks (served from the saseawater sourcpumped from 40m adjacent Logy

Bay). The experiment was conducted at ambient temperature for 5 months from January
12" to June 1%. During this time the ambient water temperature gradually climbed
from ~ 0. wllowig thetgpical seasddal change in water temperature from

winter to spring in Newfoundland (Colbouratal, 2017).

Before the trial commenced the crH@bs wer
ordedthe followinginformation mass (g), carapace width (to the nearest mm), any leg

loss and haemolymph protein concentration. Crabs were checked twice weekly; any
mortalities were recorded and removed. To determine the importance of feeding during
winter months, the crabs were separated into two groepsivinghalf of food for the

entire period whildeedingthe others herring once per week (~ 5 g per crab) for the
duration of the triall usedmortality rate, for both the starved and fed group, to deter-

mine the impact of starvation, and thus the importance of feeding on survival during the

temperatures typical of the winter months in Newfoundland.

Once per month, removedeach crab from the cage to collect a haemolymph sample
for measurement of protein concentration, at this tineighedthem The haemo-
lymph protein concentration wasovidedas an indication of crab physical condition
and nutritional status (Mooret al, 2000; Oliver and MacDiarmid, 2001; Ozbay and
Riley, 2002; Wang and McGaw, 2014). Haemolynydes withdrawn using a 1 ml
syringe and 1®jauge needle, inserted into the soft tissue between the joints of the

pereiopods. The haemolymph (300 ul) was placed into the sample well of a Brix/RI
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Check Digital Pocket Refractometer (Reichert Analytical Instruments, Depew, NY),
which | calibrated with deionized water prior to each haemolymph measurement. The
Refraction Index (RI) was recorded for each crab and converted to haemolymph protein
density (in dg/100 mL) using the equatiBiD=510(RlaterRIhemolymp)-1.81 (Sunder-

man, 1944; Wang and McGaw, 2014).

To monitor the behaviour &. maena®ver a prolonged time periobset up a labor-
atorymesocosm experiment using a large tank (450 cm x 200 cm x 150 cm), designed
to mimic natural conditions as closely as possible. Struciutésd to the tank allowed
natural behaviours: two trays filled with sand (35 x 30 x 5 cm) for burying, 15 shelters
(30 x 13 cm) constructed from transparent PVS and rocks (mean size: 12 cm x 8 cm X
3 cm) for sheltering, and a tray of live blue mussilgtijus edulig (~ 200 mussels) for
feeding (Fig. 3). The flow through {2 L/min) system maintainedater temperature at

1-2 eC, s a } 32 ppt, tand ailastone8 rhaintained the oxygen concentration
above 90% saturation. A natural light regime was maintained using photocell control.
During the day fluorescent tubes of approximately 300 lux lgytive tank. During

hours of darkness the lights were turned off andiggd bulbs (approximately 100 lux)

were usedthis strategyallowed me to recordvideo footagewithout disturbing the

crabs, as they cannot detect red light (Cronin, 1986). The experiment ran for 4 weeks
during the winter from February"@o March 1@ | then conducted separate control
experiment in thesameapparatus with a separate group of crabs (acclimated to 12 °C)
and maintainedater temperaturat 1+1 2 e C f r o'%to Apra 15 th cordpaire

green crab behaviour in winter and spring/summer conditions.
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Figure 3.4 Mesocosnexperimental setup:Images of the mesocosm experimental setupsahdmatic

of tank layout. A: the full length of the tank used (~ 2.5 m) filled to 35 cm depth, as used in experiment.
B: experimental tank with tray of mussels placed in the centre. C: experimental tank with shelters made
of clear PVC and rocks placed at one ,gftwng green crabs in the tank. D: experimental tank with

two sand boxes placed at one end. E: representation of the layout of the tank and relative positions of the
trays of sand, mussel tray and shelters (not to scale).

| recorded arapace width, weight, any leg loss and haemolymph protein concentration

for each crab (experimental group: n=20, control group: n= 21glaeda large unique

foam letter/number (~ 3 cinto the carapace of each crabetmbleeay identification
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on the video footage, before pilag themin the tank. Crabs were left sxclimatein

the tank for 2 days before recording began. A Brinno TLC200 Pro HDR Time Lapse
Video Camera (Taipei City, Taiwan) mounted above the tank cajitueevhole tank

(1 frame every 30 secondsgcordng continuously throughout the experiment. A dark

plastic sheeting draped around the tank prednsual disturbance.

Using the foam tags to identify individualssecordedthe behaviour of each crab for

the full 4week duration of the experimestoring lehaviours as stationary (remaining

still, some positional alterations, but the animal did not move location), sheltered (re-
maining still with all or part of their body under a shelter), active (using pereiopods to
reposition their body) or buried (fully or partially covered in sand and remaining still).

| then calculatednie percentagef time green crabs spent performing each behaviour

over the entire experimental period (28T)is experiment aimeid understand behav-

iour and habitat us@ relation toseasonal changes in temperature, thereforexper-

imental design did not considexffect of light. Additionally, the video recording
method,made calculation gfercentage time per day and night cycle impractasal, |
recordedhese percentages per entire experimental period. Sheltered and stationary be-
haviours were further categorisasd s ol i t aryé (remaining stat
i cal contact with any other individual s)
physical contact with at least one other individual). Tdategorization reflectethe
factthatanimals often congregain groups while remaining immobile for long periods

of time.

In addition to these behaviourslso recordedhe number of feeding events for each
crab. The actual time spent feeding was challenging to medmoasendividuals

would often spend many hours on the feeding tvayydetermining when feeding events
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began and finished was almost impossible. Therefaegordedthe number of indi-
vidual feeding events. A feeding event was considered as an approach to the mussel

tray, orafood item which may have been displaced from the tray.

An acoustic positioning array deployed in the bay of Little Harbour East (LHE) moni-
toredcrab movement and habitat use during the winter months in Newfoundland. LHE
is a small (~0.7 km length x ~0.22 km width), sheltered bay in southern Newfoundland
(Fig. 4), with one small main dockndlimited boat traffic.A mix of sand and rocky
surfaces with a large amount of kelp coseafloor (4 20 m depth)l chose his loca-

tion for the acousticnonitoring tased orits small size, sheltered locaticand lack of

winter scallop dredging activityaCommonactivity in many other local harbours).
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Figure 3.5 Acoustic array receiver positionsLocations of moorings set to form acoustic array within

Little HarbourEast (N47.383246, W53.560938). Moorings were set in December 2020 and retrieved
during June 2021. Each mooring was constructed as in Eigeéy mooring had a receiver, some moor-

ings had an additional temperature logger, some had an additional coded transmitter and some had both
Purple points indicate moorings with temperature loggers attached and orange points indicate those with-
out. Triangles indicate moorings without coded transmitters attached and circles indicate those without.

Figure show depth at locatiomnvhere | seeach receiver. * indicates the crab release location.

Subsurface moorings (Fig. ®omprisedvemco VR2W69 kHz Acoustic Receivers
(Nova Scotia, Canada) attached ~ 1 m from the bottom. Small buoys attached to the top

of the mooringkeptthe receiver upright. used 17moorings, 10 VEMCO V969 kHz
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(Nova Scotia, Canada) coded transmitters attached above the receivers to act as sync
tags for data accuracy.attachedwo HOBO Pendant MX Water Temperature Data
Loggers (Bourne, USA) to separate moorings, one within the bay and the other outside,
to record water temperature for the duration of the receiver deployment. The moorings
were placed in triangular arrays (as mastpossible) within the bay of LHE, and along

the east and west coastline just outside the bay (Fig. 4)"bN@&Ember 2020.

Buoy

= Vemco coded
transmitters
~1lm —
@ HOBO temperature
data logger
Vemco acoustic
receiver
Mooring rope
~1m

Concrete
mooring weight

Figure 3.6 Acoustic array receiver mooring:Diagram of acoustic mooring set up. Small buoy attached
at the top of the mooring, followed by a VEMCO V969 kHz coded transmitters (in some cases) and a

HOBO Pendant MX Water Temperature Data Logger (in some cases), then a Vemce6@R&Y
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Acoustic Receiver and finally a concrete mooring weight. Each component was attached to mooring rope
using knots, zip tieand electrical tape. Mooring total length varied between 3.5.

| captured wenty-five large (> 55 mm carapace width) male crabs at the sitatand
tachedvVEMCO V7 69 kHz codedcoustidransmitters (12 mm diameter x 40 mm, 1.5

g) to the carapace using super glue (Morse and Rochette, 2016). Green crabs moult
during the late summer when water temperature®aseandbecause this study was
carried out between November and Juneréhdsicedany loss of transmitteggven that
moulting would not occur during this study (Poiregral, 2016).l recorded arapace

width, weight, and abdomen colour anreteasedhe crabs within 4 hours of capture and

acoustic taggingt the site on 27November (point marked on Fig. 5).

The moorings and receivers remained in the bay untitJurge 2021spanningthe

whole of the Newfoundland winter and ensthiat water temperatures had started to
increase beforeetreivingthe receivers. Once retrievddyffloadedthe raw data from
receiversandsentit to the manufacturer (InnovaSea) for initial positioning analysis.
Each time an array of receivers detected a tagged ttiabdata was stored and the

cr ab 6 s cabcolaedltthenossaperimposetié GPS position of each detectmrer

an outline of LHE bayColour coding othe monthly movements enablvisualization

of the spatial movements for each crab. The movement patterns of all 25 crabs (Novem-
ber to June) were compiled on one figure and the location and mean depth at each trans-
mitter is shown (Fig. 17). Individual plots for each tag were alsdextéa more clearly

show activity change with time and the individuality of movement behaviour during the
winter (Fig.18)Hy dr ophones wonot detect weeocabsd pul s
shelter under rocks or hum the sand, we assume here that when a tag is detected the

crab is out in the open and likely active (Morse and Rochette, 2016). The number of
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detections per day per crab were therefore calculated and the sum per month plotted

against time to represent the seasonal change in activity (Fig. 19).

To ensure accurate positioninge includedonly positions with horizontal position er-
ror (HPE) values of less than 20 (Espinetal, 20011; Scheel and Bisson, 2012; Furey
et al, 2013). Additionally,we removedall positions on land (could not plausibly be
underwater due to tidebgcausehey represented errors in positioning (green crabs are
not on land during the winter months; Fig. 8). This filtenatained94 % of the data

so | selectedhis HPE cutoffbecausdt removed the majority of eland positions
which are ecologically known to be inaccuratiile retaining a large proportion of the
data (Meckleyet al, 2014).0Our studydid not aim to identify finescale movement of
individual green crabs buatherto understand their general location and movement
activity during the winter month&Ve therefore felthis level of filtering to preserve

data retention was sufficient.

Statistical analysis

A Kaplan-Meier Log rank survival test compaksurvival rates between fed and unfed
crabs and overall survival rate. To assess whether lack of food affected mortality rate,
we ranseparate linear regressions on both fed and unfed groups to assess the effect of
time on mortality. A nofparametric analysis for longitudinal data (nparLD) and Tukey
posthoc test compatemonthly protein serum concentrations between fed and unfed
crabs and between montioguchiet al, 2012;Wilsonet al, 2022). All analyses were

conducted in Rrersion 2022.7.1.55dndnparLD version 2.2 packagsingRstudio.

Due tonumerougeros in the datih necesgated a nonparametric, permutational mul-

tivariate analysis of variance (PERMANOVA: Anderson, 2014) to identify differences

86



in green crab habitat use (total time spent in each habitat) depending on temperature
(two factors: temperature, habitat type)wk observed aaverall significant impact of
temperatureve followed with an independenheway ANOVAs orKruskalWallis

rank sum tests (depending on results of Shayila normality tests: ANOVA = nor-

mally distributed, KruskaWallis = nornormally distributed) to assess the effect of
temperature on the total time spent using each habhattéred, buried, out in open,
moving).Holm-Sidak adjustegbost hoctestsenabledmultiple pairwise comparisons.

We calculated @rcent time spent aggregated and solitary from total time spent sheltered
and out inthe open. KruskaWallis rank sum test analysed tiféect of habitat choice
(sheltered or out in open) and temperature (2 °C or 12 °C) on the proportion of time
spent aggregated or solitary. KruskalWallis rank sum test was used to assess the
difference in the total number of feeding events betweeexperimental runs at 12 °C

and 2 °C
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Results

The highest catch per unit effort (CPUE), 20 crabs per hour, was recorded in August
which corresponded with the highest sea water temperature, 22 °C (Fig. 7). The lowest
CPUEs occurred from January (0.09 crabs/hour) to March (0.06 crabs/houweand
captured no crabs February. In January water temperature had dropped below 5 °C,
and the lowest water temperatwecuredin March (mean temperature 0 °@jcre-

mental changeeccurredin CPUE overtime (Fig. 7A), forming clusters: January to
April (0T 1 crab per hour), May to July (9.3.6.3 crabs per hour), August to September
(16.77 19.4 crabs per hour) and October to Decemberi (8.7 crabs per hour). Water
temperatures however, gradyalhangedseasondy (Fig. 7B), with the greatest change

in water temperature occurring between March and April (increasing by ~ 5.5 °C).

88



20 1 A
o154
=
o
=
@
o
8 101
&
-
LLI
o
- II I
B e
204 °
= — —
015_
(o]
~ — '
2
=
@ 4
& ° —
o
g |
o ]
51 —
-
0- —
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 3.7 Subtidaltrap catch per unit effort results and temperature: Catch per unit effort (CPUE) of green

crabs and water temperature in subtidal Southern Harbour, Newfoundland, per month. A: CPUE (number of crabs
per hour) per month, and B: water temperature (°C) per month, whiskers represent 95 % confidence limits, boxes

show upper and lower quartiles, horizontal bar presents median values and black circles denote outlying values. The
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surveys were run from September 2020 to August 2021, displayed here from January to December to more clearly

show seasonal change.

No green crabs were found in thentrap surveys in thentertidal zone during the
coldest months of the year (Decembqaril) (Fig. 8A). The crabs first appezat in

small numbers in the intertidal zone in May. However, CPUE remained low from May
to August (< 15 crabs per hour), although temperature gradually increased each month
from a mean of 7 °C to 17 °C (the highest mean temperature) during this time. In Sep-
tember CPUE increased noticeably to 86 green crabs per hoereagnean tempera-

ture had decreased slightly (fraan August maximum of 17 °C) to 15 °C (Fig. &.
significant drop in CPUHEollowed in October (36 crabs per hour) and November (11
crabs per hour) and no crabs weleservedn December. The temperatures measured

in the intertidal zon&aried morethan those in the subtidabneas they represent the

full range of temperatures experienced in the interzdalkethroughout the yeain-

cluding air and water temperatures (Fig. 8B).
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Figure 3.8 Intertidal survey results and temperature:Catch per unit effort (CPUE) of green crabs and water/air
temperature in the intertidal zone in Little Harbour East, Newfoundland, per month. A: CPUE (number of crabs per

hour) per month, and B: air and water temperature (°C) per month, whiskers repseeconfidence limits, boxes
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show upper and lower quartiles, horizontal bar presents median values, black circles denote outlying values and grey

triangles denote the mean.

The proportion of surviving green crabs declined during theo&th experimental pe-

riod for both groups (fed and unfed; Fig, 9ith no difference in the survival rates
(time to 50% mortality) of fed and unfed crabs (KapMeier survival logrank1,96 =
0.037, P = 0.847xrndsimilar survival proportions by the end of the trial for both fed
(0.375) and unfed (0.291) crabs. The median time to 50 % mortality in fed crabs was
104 days (67 % of total trial duration) and 118 days (76 % of total trial duration) in

unfed crabs.
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Figure 3.9 Survival with time: Survival proportion for green crabs held at 2 °C di&0 days (5 months), when

fed weekly (solid/blue) or deprived of food for the trial duration (dashed/yellow).

The KaplanMeier survival test examines the time to 50% mortality but does not ac-
count for changes with time. Linear regression analysis showed a more gradual decline
in survivalin unfed crabghan fed crabs (Fig. 100\ steady mortalityatethroughout

the trialcharacterized fed craflnear regression: F1,48 = 0.074, P = 0.789gontrast

to an increasing rate of mortality unfed crabglinear regression: F1,48 = 5.974, P =

0.0346).
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Figure 3.10 Mortality rate with time: Daily mortality rate of green crabs per day when held at seasonal tempera-
tures (0.5 7° C) and either fed weekly (solid/blue) or deprived of food for the trial duration (dashed/yellow). Lines

showbest fit.

Monthly protein serum concentration [P] was significantly affected by the interaction
between time and treatment (nparLD: F5,95 = 25.908, P < 0.001). The [P] of fed crabs
remained relatively unchanged throughout the trial, while the [P] of unfed crabs de-
clined with time (Fig. 11). [P] of unfed crabss significantly lower than that of fed

crabs by month 3 (March) and [P] also became significantly lower than initial levels
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during month 3 (Tukey postoc test)A further subsequent declivecurredduring the

last month in unfed crabs (Fig. 11).
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Figure 3.11 Protein serum concentration with time:Protein serum concentration of green crabs held at 2 ° C
measured each month when fed weekly (blue) or deprived of food (yellow) for the duration of the trial. Whiskers
represent 95 % confidence limits, boxes show upper and lower quartiles, horizorgegdzarts median values,
circles denote outlying values and black triangles denote mean. * deigtidicantchanges in treatment (unfed)

relative to mean level in control (fed). Lower case letters denote significant differences within treatment groups.

Habitat use was significantly affected by treatment temperature (PERMANOVA: F1,39
=7.257, P <0.001; Fig. 12). Total time spent using each habitat, except being out in the
(KruskatWwal | i s rank sum test: 62 1,39 twe 0. 153

(oneway ANOVA: moving: F1,39 = 39.632, P < 0.001; Kruskdallis rank sum test:
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burying: 62 1, 39 -wayANOVUA2shelterifg: F1,390=.90686P;= o0 n e
0.015). Less time was spent moving and burymthe 2 ° C trial thanin the12 ° C

trial, crabs spenmore time sheltering the2 ° Ctrial (Fig. 12).

In the12 ° Ctrial the crabs spent the greatest amount of time buried in the sand (mean
= 196 h), followed by remaining out in the open (mean = 151 h), and then sheltering
(mean = 112 h; Fig. 13). In contraistthe2 ° Ctrial crabs spent the greatest amount of
time sheltering (mean = 251 h), followed tiyne out in the open (157 h), and then
buried in the sand (mean = 102 m both 12 ° C and 2 ° @ials crabs spent the least

amount of time actively moving (mean: 12 tr@al = 98 h, 2 ° Qrial = 28 h).
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Figure 3.12 Time spent ineach habitat type:Total time spent using each habitat: A) out in the open, B) moving,

C) buried, and D) sheltered the12 ° Ctrial (yellow) andin the?2 ° Ctrial (blue). Whiskers represent 95 % confi-

dence limits, boxes show upper and lower quartiles, horizontal bar presents median values, black circles denote
outlying values and black triangles denote mean. Lower case letters denote significant differeneesinfteach

habitat between temperature treatments.
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Figure 3.13 Proportion of timespent in each habitat typeTime spent in each habitat as a proportion of total
timein the12 ° Ctrial andin the2 ° Ctrial for all crabs Figure showgroportion of time out in the open (brown),

moving (light grey), buried (dark grey) and sheltered (black).

When crabs were sheltered or out in the open, they showed a propensity to aggregate in
groups. Therefore, the amount of time spent in either of these habitats (sheltered or out

in open) was further divided by whether the crabs aggregated (physicallynguthi

least one other crab) oemainedsolitary (Fig. 14). As a proportion of time spent in

each habitatyabitat choice significantly affectedtal time spent aggregated or solitary
(Kruskatwa | | i s : 2 1,81 = 41.894, P < 0.001)
when under a shelter than when out in the open (Fig. 14). However, temperature did not
affect time spent aggregated or solitary fitiner habitat (KruskaWa | | i s: shel t e

1,39 = 0.557, P = 0.456; out in open: G 2
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Figure 3.14 Time spent aggregated or solitaryTotal time spent aggregated (yellow) or solitary (binehe?2

°C trial orin the12 °Ctrial when A) under a shelter or B) out in the open. Whiskers represent 95 % confidence
limits, boxes show upper and lower quartiles, horizontal bar presents median values, black circles denote outlying
values and grey triangles denote mean. * deysgmificant differences in time spent aggregated or solitary as a
function of habitat choice. Lower case letters denote significant differences as a function of temperature treatment

for each habitat.

The total number of feeding events of green crabs throughout thdiffieaéd signifi-
cantly between temperature treatments (Kruskal | | %18 = 27.843, P < 0.001).
Crabs heldn thel12 ° Ctrial fed much more frequently than those helthe2 ° Ctrial

(Fig. 15), showing an average number of feeding events ten times that of craips held

the2 ° Ctrial (50.4 and 5.4, respectively).
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Figure 3.15 Number of feeding eventstotal number of feeding events (recorded as approaches to the
feeding tray) for crabs heid the12 ° Ctrial andin the2 ° Ctrial. Whiskers represent 95 % confidence

limits, boxes show upper and lower quartiles, horizontal bar presents median values, blaaketiotkes
outlying values and grey triangles denote mean. Lower case letters denote significant differences between
treatment group.

Little Harbour East (LHE) is a small, sheltered bay in Newfoundland. The length of the
bay, measured from the mouth to the tip of the bay, is 0.8 km with a maximum width
of 0.25 km. The bay is relatively shallow averaging 4 m depth in most of the bay and

reaching 9 10 m depth towards the mouth of the bay. Outside the mouth of the bay

the depth drops to 1220 m. However, there is a trench that runs through the center of
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