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Zusammenfassung

Marine Lebewesen und Okosystemmgissen in Zukunft in deweltmeerennicht nur mit steigenden
Temperaturen, sondern auch mit einer zunehmendemeicherung von CQurechtkommen

Im Rahmen dieser Studie wurde untersucht, ob sich unteEid@luss das Temperaturtolerafenster

des TaschekrebsesCancer pagurysn seinem Habitat in der Nordsee veréandert. Dafiir wurde eine
Temperaturrampe verwettet, die Temperaturschwankungemelcheim Laufe eines Tages in der
Nordsee vorkommen konnensimulieren soll und deshalb auch Akklimatisierungde#
bertcksichtigt. Die Temperaturrampe reichte deshalb voi2QZC, wobei Erwa&rmungsschritte immer

in 2°C Schritten binnen 2 Stunden durchgefiihrt wurden. Einzelne Temperaturschritte wurden jeweils
fir 10 Stunden gehalten, wobei die ersténStunden als Kklimatisationgeit und die zweiten 5
Stunden als Messzeit genutzt wurden. Die Versuchstiere wurden dapbe@s ausgesetzt, die die
heutigen Bedingungen (ca. 480 patm) und prognostizierte Bedingungen nach 2100 (ca. 1400 patm)
reprasentieren.Mithilfe eines multiparametrischen Versuchsaufbaus konnten hochaufgeltste und
kontinuierliche Daten der Sauerstoffverbrauchsrader Herzrate, des Herzschlagvolumens und der
Herzleistung nichinvasiv aufgenommen, beziehungsweise berechnet werden. Dies eriméglic
Untersuchungen dartber, wie die aerobe Stoffwechselrate und dasKkterglaufsystem als Schlissel
Komponenten der Leistungsfahigkeitim Laufe eines Tages durch Temperahstiege und
verschiedeneCQ Partialdriickemoduliert werden.Da im Rahmen dieséessmethoden allerdings

nur relative Anderungen desiagvolumens bestimmt werden koten, wurdeversuchteinen nicht
invasiven Ansatz zur Quantifizierung des Schlagvolumens mit Hilfe von - cine
Magnetresonanztomographieu definieren. Dieser Ansatz konndiariiber hinausauch komplexe
innere Strukturen des Herzmuskels identifizieren, die wahrscheinlich die Effizienz des Pump
Mechanismus verstarken.

Trotz der hohen inteindividuellen Variabilitat der Versuchstiere konntdeispielhaft an den
Herzaten durchgefliihrte Analys@ zeigen, dass die temperaturabhangig steigenden Amplituden der
rhythmischen Muster (ausgddet bei aerobem Metabolismusjuf steigendenLeistungsmaxima
beruhen, wahrend dieMinima konstant bleiben. AuBerdem konnte ein temperaturabhangiger
Wechsel von niedrigen zu hohen Frequenzen gezeigt werden.

Neben diesen temgraturabhangigen Effekten konntgezeigt werden, dassQ-Konzentrationervon

ca. 1400 patm Uber die Zeit leicht narkotische Effekte auf die Herzaktivitd€ vpagurusaben.




Da die anderen Parameter allerdings keine einheitlichen Reaktionen zeigen un€Ckemehangigen
Anderungen der Temperatureffekteeobachtet werden konntenlegen diese Ergebnisse nahe, dass
die projizierten C@Levelin der Nordsee uber das Jahr 2106dus das Temperaturtolerasizenster

des Taschenkrebses nicht verringern.

Abstract

In future oceans, aquatic animals and marine ecosystems will have to cope with combined effects of
ongoing warming and G@ccumulation. This study investigated posséddfects of ambient Cfbnthe
thermal tolerance window of theNorth Seaedible crabCancerpagurus To enhance ecological
relevance, the temperature ramp was chosen to mimic daily temperature changes and allow for
acclimation effectsApplied temperaturesanged from 12°C to 20°C with 2°C warming steps (within 2
hours). Temperature steps were ldefor 10 hours including 5 hours acclimatiomé& and 5 h
measurement timeAnimals were exposed to present day nhormocapnia (ca. 480 patm) aneéve
projected beyond 2100 (ca. 1400 patm). Using a mp#trameter approach (measured/calculated
parameters: metabolic rate, heart rate, cardiac stroke volume proxy, cardiac output proxy) enabling
non-invasive recording of highly resolveshd continuous datajt was inestigated how aerobic
metabolic rate andthe cardiovascular systemas key components of animal performance are
modulated on a daily basis byhanges in temperature and ambient £CAs nonrinvasive
measurements only allowed for detection of relative changesardiac stroke volume, an approach

for nonrinvasive quantification using cine magnetic resonance imaging (MRI) is presented. This
approach further revealed complex inner structures of the ventricle likely enhancing efficiency of the
pumping mechanism.

Despite high interindividual variability, exemplary analysis of the heaetover time could reveal,

that increasing amplitudes of rhythmic patterns (representing aerobic metabolism) in response to
rising temperatures mostly depended on increases atrieximum levebf performance whereas
minimum levels remained stable. Additionally, temperatdependent changes from low to high
frequencies could be observed.

Beside these temperaturdependent effects, it could be shown, that £€ncentrations arond 1400

patm can have light narcotic effects on the heart activity over timé.qgfagurusThe diverse responses

of the other parameters and napparent CQ-dependent shifts inthe performanceresponse to
temperatureimply, thatprojected CQ@levelsin the North Sea beyond the year 2100 do not narrow

the thermal tolerance window of. pagurus
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1. Introduction

1.1 Impacts of climate change on marine ecosystems

Since the beginnings of industrializatjotihe global greenhouse gas (GH@&missions (comprising
carbon dioxide (C£p methane (CH, nitrous oxi@ (N:O), hydrofluorocarbons (HFEs
perfluorocarbons (PEFand sulpbrhexafluoride (Sff) have constantly growdue to human activities.

An increase of 709 emissions was observed between 1970 and 2004 .98Hltance warming effects

in the atmosphereas they allow for shonivavelengthradiation emitted by the sun to pass onto the
earth surface, but absorb the subsequent infrared radiation emitted from there. Due to Kirchhoff's law
of thermal radiation, the heated GHGs emit infrared radiation themselves, with a considerable amount
towards the earth surface. This additional radistienhances warming of the lamhd water surfaces
beyond levels which would be reached by sheavdength radiation alongIPCC 2007Between
1979 and 2012, thegylobal averagesea surface temperatures increased by 0.12°C per decade
(Hartmannet al.2013)

The oceans play an important role with regard to global warming trends, as they activalysats

for heat. Since 1960, the net amount of heat absorption of the oceans was about 2Chigghes than

the heat absorption of the atmospherg.evituset al. 2005) Simultaneously mgoing deforestation
combined with increased rates of foshikl-burning have led to inelasing atmospheric
concentrations of C£ one of the most important anthropogenic GHG@lue to its higkguantity
emissionCiaiset al.2013; Doneet al.2009)

Between 1970 and 2004 its annual emissions haeeg by about 80%, from 21 to 38t representing
77% of total anthropogenic GHgnissionsgn 2004 (IPCC 2007Generally, atmospheriamountsof
CQgrew by 40% since 17%Blartmannet al.2013)

These valuesshould have been even higher, if not fine oceans absoling up to one thirdof the

additional atmophericCQ and therefore effectively aaigas sinkgSabine and Feely 2007)
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However, increasing amounts of g@the seawater lead to alterations of the carbonate chemistry

the following ways
8
#1+( /1P (#1  ( +(#/ [1]

(#1 % +#1 2]

Increases in ambient GE(CQ)) are termedhypercapnia. Under hypercapnic conditions, the amount
of [H*] increases and causes a decreaseeBwgster pHa processalled ocean acidificatiofboneyet

al. 2009) As a general response to increasing C@nhcentrations in seawater, concentration$
bicarbonate buffers(( # /) will slightly increase, whereas concentrations aafrbonates(# / )
decrease.

Effects of hypercapnic conditions on energy metaboligraquatic animalsan range from metabolic
depressionMichaelidiset al. 2005; Pértneret al. 1998; Pdrtneret al. 2005; Pértneret al. 2004)over

no changegGutowskaet al. 2008; Lanig et al. 2010)to increases in metabolic ratd¥homsen and
Melzner 2010; Waltheet al.2009)across different species, indicating different strategies in response
to ocean acidificatioifMelzneret al. 2009; Whiteley 2011)

In future oceans, aquatic animals withve to cope with combined effects of ongoing warmingl an
acidification. For the North Sea as a shallow sea in particular, botteater temperatures are
projected to warm > 1°@ith a simultaneous drop in sface water pH oD.12 until the year 2055
(RCP8.5Earth Systems Research Laboratory 2018). These changewmotmayly have severe effects
on the species, ht also onecosystemlevels Projected effects include shifts in geographical

distributionto increasing risks of lat extinctions of species or eventire ecosystems like coral reefs

0l 2S3KnDdzZf R6SNEH HannpT teth®RIY YR ,2KS HnnoT
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1.2 The edible crabCancer pagurus

1.2.1 Morphology and ecology
The edible craliCancer paguru@.innaeus 175&8)elongs to the subphylum Crustaceagder Decapoda
and infraorder BrachyuraAdult C. pagurs can reach a carapace widtf around 27 cmand are
coloredreddishbrown (Fig.1; Neal and Wilson 2008} isfound in sublittoral regions in the NdrEas
Atlantic from Norway to Morocco, even occurring in the Mediean SedFig.2).
For animals living in the German Bighsublittoral regons near Helgoland in particular, temperatures
can range from 8 to 20°C during the course of the yeaith highest temperatures reached during
summer times. Tie annualaverage temperature reported for this region is 128DSYNA 2018)
As nocturnal predators andcavengerstheir food includesa broad variety of preysuch asother
crustaceanssmaller members of their own species, molluscs, like the blue mMgsiglis edulir the
European oysteOstrea edulisor simply any dead matter they come acrgsieal and Wilson 2008)
Sexual maturity is reached with a carapace width of aboutlBlcm, whereby a clear sexual
dimorphism is shown. The abdomen folded under the thorax of females has areudd shape,

whereas in males it is more narramd pointed(Kaestnelet al. 1970)

Fig.1: Anterior view ofC. pagurusThe displayedndividualhad a carapace width of 18 camd weighted ca.
400 g

14



[ 500 km | \\"J,/r Food and Agriculture
500 nm Qﬁ Orgaiizationof the

United Nations

Fig. 2. Geographical distribution of the edible @b C. pagurus(red areas) Source:Food and Agriculture
Organization of the United Nations

1.1.2 Open circulatoy system of decapod crustaceans
The general open circulatory systemroughly fits C. pagurusas well as other members of the
brachyuran(Fig.3; (Maynard 196Q)While they technicallpossess an open haemocotley show a
high degree of vascularization. Despitellastablished arteries, venous structures are simply formed
by cavities of their shell (see below), #® organsare still bathedin the circulated fluid, called
hemolymph(McGaw 2005)Analogous to vertebite blood, crabhemolymphis responsible for the
transport of respirabry gasesnutrients and waste productsThe total volume ohemolymphvaries
between 2050% of the total volume of the anim@aylor and Wheatly 1982)hedecapod crustacean
circulatory system contains some level of adjustabdity its efficiencynay be comparable to closed
systems of equally sized vertebrat@dcMahon and Burnett 1990; Taylor 19872he efficiencyis
visible in the #Atimes higher cardiac outpt an up to 10 times highéremolymphvolume compared
to vertebrateblood volume. These two properties compaissfor the relatively lower oxygen carrying
capacity of crustaceahemolymph limited by thelow oxygen binding capacity of hemocyargthe
arthropod respiratory blood pigment)This results in a comparable total capacHyer-unit-mass

between fish and arstaceangTaylor 1982)

15



Thedecapod crustacean circulatory system possesg#fésrent arterial systems, originating from the
heart, spreading into fine, capillatike strucures, which are especially well developed around the
central nervous system. In larger and active species, these small vessels carlBguaid diameter
(Sandeman 1967)he arterial system suppliesgans and tissuewith oxygenated hemolympkFig.

3, Fig.4).

After systemic circulationthe hemolymphflows into interstitial spaces and ventral lacunae and
subsequently over large sinusiego the infrabranchial sinu~ig.3). This sinus runs ventrally on both
sides of the body and is connectedtte locomotory apgndagesof each segment

The infrabranchial sinus supplies and obtdmesnolymphfrom the limbs, but also serves it to the
afferent branchial sinuses of the gills. In the gills,libenolymphgets reoxygenated and accumulates
in the branchiopericardial ves (Fig.3). These veins are connected to the pericardial sinus and from
there, the hemolymph enters the heart again through valved ostia at diastole for subsequent
recirculation(Taylor 1982)

The heart itself is upheld by suspensory ligaments in the pericardial sinus. Contraction atvggdtsle
against the elasticity of these ligaments. The filling of the heart at diastole relies on elasticwiho
hemolymphentering via the ostia from the pericardial singilkens 1981)The cardiastroke volume
resulting from this process ntrolled by Sterling’s law, corresponding to heart rates and modifying

cardiac output. It is adjustable through nervous and hormonal coffraylor 1982)

Suspensory
ligament
Cerebral

Pericardial ganglion

sinus

Abdominal
artery

Gut

Branchio-
pericardial
vein

Walking Infrabranchial

Afferent leg 4 sinus

branchial
sinus

Fig.3: General circulation in decapodrustaceansOpen arrows indicate arteridlow (from the heart to the
supplied tissues whereas closed arrowghow the venous returnia thegills. The priniple of supply for
the appendages is shown by example for one walking leg and its particular gill. Taken fronfTR8Aor
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Ostium
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Fig.4: Anatomical overview over specific organs and vesselSCofpagurusTaken and modified from Roule
(1898)

The gagxchange with the environmemtffectedat the gills Fig.3, Fig.4, Fig.5). In brachyuran crabs,
they are encased in branchishamberscalled branchiostegites and can be dehted as folds of the
body wall. The gills themselvase connected to the major appendages like the walking legs and the
chelipedsDejours 1975)

Since gas exchange relies on passive diffusion across the gill epithelia, the gills possezsraie el
design,minimizingdiffusion distanceat maximum surface area for an efficiegias exchangéTaylor
1982) However, gas exchange can be facilitated by enhanced ventilaiwuring a high diffusion
gradient from oxygetich water to oxygerdepleted body fluids.

To move water through the branchial chambhedecapod crustaceans developed a specialized
appendage, the scdqpgnathite, which is the flattenedxopodite of the seaod maxilla(Fig.5; Young
1975) The scaphognathitescillates dorsoventrally, creating a pulsatile hydrostatic pressure, sucking
water through openings around the bases of the walking letgstime branchial chambers over the

gills(McDonaldet al.1977; Taylor 1982; Taylor and Wheatly 1980)

17



Gill 9
Cut edge of
branchicstegite

chamber Exhalant

Scaphognathite

Milne-Edward’s
opening Cheliped

Fig.5: Water flow and functional anatomy of the gills in decapod crustaceafibe branchiostegite has been
removed. Water enters at the bases of the walking legs and flows over the gill lamellae into the
epibranchial space, where it gets drawn forward by the oscillating scaphognathite and outcasted
anteriorly. Taken from Taylor (123.

Blood perfusion of the gills depends on the performance of the heart. Unéikebrates crustacean
hearts do not possess a myogenic pacemaker, digglay no propagatinguscle action potentials
(Taylor 1982)Muscle contraction in crustaceans originatesai number of motor endplates otne
muscle fibes, which induce cumulative depolaations of their membrane@~att and Katz 1953;dylle

and Wiersma 1958)

To achieve simultaneous contramm of all necessary muscle filseat systole, a burst of propagated
action potentials is sent from cumulative neurons located in the dorsal wall of the heart. This group of
neurons is alstermed asthe cardiac ganglioMaynard 1960; Van Der Kloot 1970)

When resting and undisturbed, any decapod crustaceans displdythmic patterns of metabolic
activity. Spontaneous peaks in overall physgital performance arénterrupted by apnoea and
bradycardia, or cardiac arre@Bradford and Taylor 1982; McMahon and Wilkens 19THj)s behavior
showed high variability within and between species Bmadford and Taylor 1982; Burnett and Bridges
1981; McMahorand Wilkens 1977)

The presence of rhythmic patterns represents the resting state of decapod crustaceans in which
metabolic energy is saved by reducing the energy costs of pumping water (through ventilation) and
hemolymph (tmough the cardiovascular 9gen; Bradford and Taylor 1982; Burnett and Bridges 1981;
McMahon and Wilkens 1977)
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As onsets of respiratory pauses immediately result in decreases in heart rate, the cardioregulatory
system has &unctionalconnection to the respiratory system, whichay have implications on general
whole animal performancé@cMahon and Wilkens 1977; McMahon and Wilkens 1972; Taylal.

1973) First evidence for this neural link com&romWilkenset al. (1974) who identified command

fibers which triggeactivityin hearsand scaphognathitgat the same time after electrical stimulation.

1.3 Metabolic rate and respation

Metabolic rate describes théeat productionof catabolic processes, including both, aerobic and
anaerobic processeg$ry 1971) Over a longer period of time, aerobic metabolism displays the only
way to sustain animal life. Therefore, measurements of oxygen consumyaties provide reliable
proxies for energy demand and metabolic rate. Besitee utilization of oxygen foroxidative
phosphorylation, 2810% of basabxygen consumption can be consumed in other callptacesses
e.g.in proton permeability of the mitochondrial inner membra@rand 1990; Nobest al. 1990)
Therefore, wholeanimal metabolic rate, which includes all these processes, isluslivalent to
oxygenuptake or respiration rate. It should be noted however, that these two parametersistillze
from differentconcepts. Considering the whebeganism level, respiration rates describe the integral
of all energy consuming processdsis may result in decreasing qualitative significance, since total
metabolic rates can remain stable due to summation of depressed and elevated metabolic processes
from different tissues. However, metabolic rates remain valuable measures for the plysabistates

of animals(Fry 1971)

Minimum respiration rates, sugined over an extended period of time without the necessity of
acquisition of additional sources of energy in a resting, fatisiorptive animal are defined as standard
metabolic rates (SMRThese SMRs comprise tbrygen and energy demands of resting cells and
mechanisms maintaining their functionin@rand 1990; Fry 1971Additionally spontaneous and
unforced onsets of restricted activity cause routif@r spontaneous)metabolic rates (RMFRr
spMR.Both can be determined from time series of respiration rdieteler 1975; Fry 1971; Maes
al.2018)
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1.4The Concept ofOxygen and Capacit-Limited Thermal Tolerance
(OCLTI

Since temperature exerts an influence on any level of biological organization, it is crucial to consider
mechanisms occurring on the different levels of organization (i.e. from cells to tissues ahe wh

animal levels), their cumulative impact and therefore their influence on shaping the overall thermal
limitations of an organism in the context of its ecosystgtodachka and Somero 2002; Portredral.

2017) One prominent concept dealing with the physiological consequeraleanging habitat
temperaturesis first described as a thermal tolerance concepMaja squinadoby Frederich and

Portner (2000) They propsed thermal tolerance thresholds, matched by limits for aerobic
performance of temperature dependent hearnd ventilation rates, and temperature dependent
hemolymphoxygen partial pressur@-rederich and Portner 2000; Walthetral. 2009)

The apparent influence of tissue oxygenation and oxygen transport capacities on thermal tolerance of
ectothermic animals refined this concept to what is now known aggem and capacitylimited
GKSNXYIFf G2t SNIFyOS oh/[¢¢0d . NASFfes O2yaidlyid o
fAYAGAY3 @l ftdSa fSIRa (G2 NBAGNROGA2YyAdA 2y (G(KS Iy
This results in a msatch of oxygen demand andelivery, and subsequently in a progressive decline

in performance(Giomiet al. 2014; Poértneret al. 2017; Portner and Giomi 2013Based on that
principle, animals at their thermal ojptum canfulfill their energy needs under standard metabolic

rates (SMR) by aerobic metabolism.

Fig.6 shows how the OCLTT can be applieMtesquinaddaFrederich and Pértner 2000j should be

noted, that the shape of the curvdiffers between species, but the described parametease
consideredapplicableacross phyla

Optimal temperatures for an animal are reflected in peak steady state aerobic performance (as shown

by maximum body fluid(O;)). The temperature range which can be permanently tolerated is known

as active thermal tolerance window. Processes which are supported within the active thermal
tolerance window ardor examplecardiovascular scope argtostand metabolism(grey boxFig.6;

Portneret al.2017)

Towards higher or lowermperatures, the abovenentioned mismatches between oxygen demand
and-RSt AOSNE Attt fAYAG I SNRPOAO OF LI OAGASEAT STTFS
active thermal tolerance. The loss of maximum aerobic performance is defined to aammdthe

pejus temperaturesT,, Fig.6). Beyond upper and lower,, active thermal tolerance is shifted to

passive thermal tolerance (solid arrowsig. 6), marked by adecline in the steady state aerobic

window, and venou®(0O,).
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At temperatures beyond critical threshold$:), anaerobic metabolism sets in, eventually causing
oxidative stress, triggérg the heat shockesponse Asthese reactions rely on finite resources when
feeding is restricted, passive thermal tolerance is limited in time. Despite these properties, this part of
the thermal window may be commonly experienced, especially in the intertidal, with daily

temperaturechanges involving a lesisan-optimal temperature rangéPortneret al. 2017)

Cardiovascular scope and cost
Scope for growth, metabolism
Mitochondria: capacity and density
Body condition
Scope for behaviour, exercise
\ 1 Active 1 ,
o 1 1
Aerobic Oddative | 7 T, Oxidative .
window damage ! ! damage
(steady R 7
state) See / \ -
Heat shock _ Heat shock
proteins | €=~ 4Po APg, ===¥ proteins
I" kY
g Sa
Anaerobic A bi
metabolism naerobic
metabolism
1 1
| 1
| 1
T 1 1
| K
Denaturation
Denaturation T, l—) ! 1 (—'I T CT.. 2
o | Cold shock ‘ e
Freezing
Passive - Active - Passiverange
Short - Long —  Short-term tolerance

Fig.6: Concept of oxygerand capacitylimited thermal tolerance (OCLTTJhe black curve shows the body fluid
P(Oz) of M. squinadoagainst body temperaturéFrederich and Pdrtner 2000)he grey box lists processes
which are supported under active thermalerance. The performance of these processes is reduced by
reaching pejus temperaturegy). Solid black arrows indicate the transition to passive thermal tolerance.
Dashed black arrows indicate the induction of oxidative damage, heat shock proteinssixpreand
anaerobic metabolism. Blue arrows indicate the onset of these processes after reaching critical
temperature. Red arrows indicate shifts of denaturation temperatuiie¥ l{kely due to wholeorganism
feedbacks. Ciax, critical thermal maximum. Taken from Pdrtner et al. (2017).
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To finally apply the OCLTT concept to current challenges under climate change, it is not only necessary
to consider changes in temperaes, but also other abiotic drivers, such as acidification of the oceans
(see above). Metzger et al. (2007) showed, that exposufe paguruso 1%atmosphericCQ (10000
patm CQ) shifts pejusand critical temperatures to values 5°C below conB@ Q) (measured by
arterial oxygen tension). These results show, that acidification can cause a narrowing of the thermal
window.

Despite this principal evidence for the effects of acidification, 10@eh CQ are beyond wha can

be expected for average surface ocean, @9els. For the year 2100 projections assume-Z000
patm CQ for atmospheric and surface ocean levels, for 2300 values around gamo CQ are
considered(Orr et al. 2001) Walther et al. (2009) used these projections of anthropogenic £O
accumulation to predict possible impacts on the thermal tolerance window of spider ttghs
araneus Therefore, they measurettmperaturedependent chages inheart rate andhemolymph
P(Q,) under different CQ@levels The cardiovascular system & key driver in oxygen uptake and
distribution, so constraints in its performance likely result in reduced hemolyni®,) causing
constraints in thermal tolenace. For the predicted CQvalues of the near future thejound a dose
dependent reduction of, from>25°C under normocapnia to 23.5°C underfdtinand 21.1°C under
3000patm, recognized by breakpoints in heart rat€3onsidering these results, Walthetral. (2009)
concluded, that even Cevels projected for current ocean acidification can cause a narrowing of the
thermaltolerancewindows ofcrustaceans

Mauset al. (2018)showed different levels of hemolymph flow in the central artery at steady heart
rates ofCarcinus maenasnder different seawater carbonate systeniskingthese studies together,

it should be noted, that acidification levels and their impact cardiovascularshould not be

underestimated when investigating thermal tolerance windows.
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1.5Aim of the study

This study shall investigate the performanesponseof the cardiac system cublittoral C. pagurus

to future climate change conditions, regarding temperature changes ande@€ls. Previoustudies
focused on mechanisticprinciples by investigatingspecific physiologicalparameters overrapidly
induced temperature changde.g.Waltheret al.2009) or consideingonly one parameter like artél
oxygen tensiorfMetzgeret al.2007) So far]ittle is known about the immediate interaction of several
parameters shapinthe thermal toleranceor key performance indicators like the cardiac system.
Shce most studies on temperaturgesponses in marine ectotherms choose monotonically,
continuously ireasing temperatures with rates around31C/h (Joyceet al. 2018; Madeiraet al.
2016; Metzgeret al. 2007; Waltheret al. 2009) they aimed to exclude acclimation effects, as they
focused orinvestigations of mehanistic principles. €an warming is a slow proceséfering enough
time to enable acclimations, and acclimation effects in decapod crustaceans already occur@after 4
(Cuculescet al.1998) These effects have to be considered when investigating physiological responses
in an ecological context. To examine possddfects onthe thermal tolerancevindow of C. pagurus
under additional CQ@ exposure it shall be investigated how aerobic metabolic rate ath
cardiovascular systeare modulatedon adailybasis

Since decapod crustaceans possess neurogenic pacemakers exhibiting changing patterdisof ¢
performance as well as changing patterns of metabolic activitypftinterest to see how these traits
affect each other in response to changing environmental conditions. Besides improving the
understanding of the physiological response to gloBatming, measurements across theported
upper pejus temperatures of this species will help to better understand how oxygen dearahd
allocationis affected by rising temperatures and modulated by,.@Die to neurogenic pacemakers,
decapod crustaceansn modify their cardiac stroke volumleutnon-invasive measurements canly
detect for relative changed.herefore,methods for nor-invasive quantification of the strokeolume
shall be efined to provide references for relative changeand finally enat@ noninvasive
quantificationof all key parameters dfieart performance This wilinclude cine magnetic resonance

imaging (MRI) teisualizehe heart beat inC. pagurusion-invasively.
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2. Materials and Methods

2.1 Experimental animals

Ediblecrabs, Caner pagurus were caught in sublittoral zones (2% m) atthe German Bight near
Helgoland (North Sea, norlvestern Germanyp n ¢ Nk m 7 &)byptlhe r&€3earch vessel Uthorn
(Alfred-Wegenerinstitute, Helmholtz Centre for Polaand Marine Research, Bremerhaven, Germany
(AWD). Until experimentationC. pagurusvere kept in aerated and recirculateseawater aquaria at
ambientP(CQ) of ca.400patm and constantemperature of 12°C at the AWI anekre fed twice a
week with frozen blue musseltytilus eduli$. Seven amhals were used in total, from whidour
were employed for preliminary trials (Rggoup, Tab.1), and threefor the main experiments (Main
group,Tab.2). Animals of the Mairgrouphad an average weight of 358 + 48rgl an average carapace
width of 13 + 0.46 cm.

All individuals were labelegrior to experimentation.

Tab.1: Pregroup body parametersThe four individuals of the Pigroup described by threparameters:Sex,
weight and carapacwidth. Weight differedup to 57% betweerCance3 andCancer?.

Animal Sex Weight(g) Carapacewidth (cm)
Cancer f 337 12.7
Cancer3 f 407 134
Cancer6 f 249 11.4
Cancer7 f 232 12.1

Tab.2: Main-group body parametersThe three individuals of the Maigroup described byhree parameters:
Sex, weight and carapaeadth. Animals show no greater differences in weight and carapadén.

Animal Sex Weight(g) Carapacewidth (cm)
Cancerl m 379 13.1
Canced f 308 12.5
Cancefb f 386 13.4
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2.2 Respirometryand cardiovascalr performance gperiments
2.2.1 General setup requirements

In order to measure the physiological responseCofpagurugo ocean warming and acidification
(OWA) at the wholanimal level, he experimental setupshould fulfill several criteria: Firstly,
controllable and adjusble temperature andP(CQ). of the seawater.Secondly, conant flow of
water through a respirometechamber to ensure sufficient oxygen supply to the animal while still
allowing fa measurements of oxygen consumptiates Thirdly, the implementation of simultaneous
and continuousoxygen consumptionand heart rate measurementsver the whole period of the

experiments

2.2.2 Experimental setupnd experimental protocol
Prior to the star of the particular experiment, the animal was fixed on a plastic griti wiip ties to
restrain movement, so that they cannot remove the sensors attached to t{sem below;Fig.7). To
measure oxygen consumption ratdd @,) and the cardiovascular parameteiigdividualC. pagurus
were fdaced in aespiratory chamber with a totakater volume of 1870 miFig.8). After subtracting
an average volume of 350 mL for one experimental animal, dpproximate volume of the

permanently circulated watewasaround 1520 mLK(g.8).

Fig.7. Preparation of the expgmental animal. The animal was fixed on a plastic grid with zip ties to restrain
movement. (A) Frontal view (Bprsal view.
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Grid
Fig.8: Schematic setup of the respiratory chambdrheexperimental animal was placed and fix
on a grid. Lateral movemenmtasfurther restricted by a perforated slidefhe
plethysmagraph used for heart rate measurementgas placed on the carapaedove the
heart. Dashed lines indicate the inner edge of the lid. Blue arrows indicate water flow
direction. Vamp, voltage amplifier.

The chamber waplaced in a 50 tank making sure the chamber is entirely submergeddawater
The watertemperaturein the system wasegulatedby athermostat (Lauda Eco RE 63&UDADR.
R. WOBSER GmbH & & Germanyfig.9, Fig.10).

A constant flow of water through the chambeas achievedy an aquarium pump with maximum
performance of 490 L/h (Ehei@mbH & Co. K®eizisau, Germany). The incorporated hoses drad
inner diameter of 0.6 cm (Tygon S3 E3603 meetsNSETD; Sat-Gobain, France), effectively
reducing water flowthrough the system t@l00-600 mL/min. During the experiments, the setup was
covered by a lid to prevent visual disturbance of the animal.

Experiments were conducted under norm@ontrol, with waterP(CQ). at present day leve)sand
hypercapnic conditiongelevatedP(CQ)y). Forthe year 2100700-1000 patm CQ are projected for
atmospheric and surface ocean levelsr 2300 values around 30Q@&tm CQare projectedOrret al.
2001) Based on these projections, the values set for normocapnic conditions were 483 patm £ 16.75
patm (controls) and for hypercapnic conditions they wer@67 patm = 13 patm, representig
conditions beyond 2100Compared tgprevious studieshat focused more on mechanistic principles
(Metzgeret al.2007; Waltheret al.2009) the design of this study followed the intention tovestigate

ecologically relevant processes duringsitutemperature changes.
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P(CQ)w for normocapnic conditions wachievedoy permanent agation of the water in the tank with
ambientair using a membrane pump (Schego MK2K32£1V ~ 50 Hz ®/; SCHEO Schemel & Goetz
GmiH & Co KG, Offenbach, Germanyypétcapnic conditionsvere created by using a mix of
compressed aiand CQ provided by a gas mixing deei (ratio: air 3000 sccm, CO5-3. sccm; mks

Instruments, Andover, MA, USRIg.9, Fig.10).

Gas
Ooutlet Vamp inet

mix ﬁ Thermostat
|

|

ERN

Fig.9: Schematic experimental setufd.hecuboidchamber containing thexperimental animais submerged in
seawder. Temperature of the water wasontrolledby a thermostat Water P(Qz) andP(CQ)w were set
by respective gas mixes (see teat)d suppliedvia an aeration stone. ik indicates the microoptode
measuing 100% oxygen saturatiai the water, whereas et indicates the microoptode measuring the
oxygen saturatio of the seawater minus the oxygen consumption of the animalps Mdicates the voltage
amplifier connected to the photo plethysmograplhthe dorsal sidef the animal. Blue arrows show the
approximateflow of water wthin the systenmaintained by an aquarium pump
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Fig.10: Experimental setupOrder of numbers 4 represent the direction of water flow through the setup. At
the pump (1), the water got sucked into the circulation arasged the inlebptode (2). From there it
entered the chamber containing the crab (3) with the attached photo plethysmograph fixed with dental
wax (7, blue). Frorthere, the water passed the outleiptode (4) and exited the hose system. Set levels
of waterP(O2) andP(CQ) were maintained using an aeration stone (5). Water temperature was controlled
by using thermic hoses connected to a thermostat (6).

2.2.3 Temperature ramp
In the habitat the &perimental animals were caugfrom (sublittoral regions near Hgbland, 1625
m), the annualaverage temperature reported for this region is 1ZEDSYNA 2018jorC. pagurus
acclmated at 10°C, the upper pejus temperature indicating the uppermost temperature permanently
tolerated is reported to be 1% and the critical temperature to be 20Metzgeret al.2007)
Based on these values the range of the temperature ramp was set to range from 12°C to 20°C to cover
the thermal optimum a well as the upper passive thermal tolerance rang€.gbaguruslt has been
shown that acclimation has a significant effect on the thermal toleran€& pagurugCuculescu et al.
1998)and already occurs to certain extends afte6 4 under the particular condition®e Wachter
and McMahon 1996)This had to be considered when investigating physiological responses in an

ecological context.
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Therefore, during one temperature step, the animalsre allowed to acclimate for 5 h to the specific
temperature before the 5 h measurement stefSg.11, blue bars show acclimation timeed bars
show measurement timeAfter placing the animal in the chamheir4-19 h of acclimaon time were

set prior to first measurements at 12°C for the animal to recover from handling stress. Increase
between the temperature steps was performed in 2°C steps over 2 hfsars 12 to 20°CThe end of

the 20°C stepwas followed by a cool down th2°C(Fig. 11). Temperaturewas controlled witha
thermostat with deviations of + 0.29Cauda Eco RE 630AUDADR. R. WOBSERermany) Thetotal
duration of thetemperature ramp waapproximately 80 hKig.11). As mentioned aboveht animals

of the Maingroup weresubjected tatwo temperature ramps, one under nhormocapnic and one under
hypercapnic conditions. To prevent training effects, the order of the treatments were randomized and
animals were gien at least one week to recover between the experiments.

In summary, the temperature ramp was designed to generate physiological responSepagurus
during its thermal optimum and passive thermal tolerance under climate change conditions with

regard totemperature courses likely experienced in its natural habitat.

[N}
Q

—
o

Temperature (°C)
I

—
n

0 20 40 60 80
Time (h)

Fig.11: Temperature rampThe graplexemplifieshe course of temperature changeser time. The animal was
inserted into the setup at 0 h and 12°C. 12°C werenta@med between 124 h to ensure acclimation of
the animal within 914 h to the setup before conducting measurements. All other temperature steps were
maintained for 10 h. Warming between the steps was performed with 2°C over 2 h. The animal was
removed fom the setup after 80 h. Blue bars indicate acclimation time to the apparent temperature, red
bars indicate measurement time.

29



2.2.4 Monitoring of sea watecarbonateparameters
To ensure defined conditions throughout the experiments, water temperatsaity, P(CO2) and
pHy (free scale) were determined prior to insertion of the animals into the experimental g&faps
et al. 2018) Water temperature and salinity were measuredngsa conductivity meter (LF19N/TW,
Weilheim, Germany)X(CO2) determination followed from using a combination of a carbon dioxide
probe (CARBOCAP 8B#43;Vaisala, Helsinki, Finland) and carlaioxide meter (CARBOCAP GM70,
Vaisala) from the gas phase of thea water. The pH meter (pH33MTW, Germany) was calibrated
prior to the measurements using NIST buffers (pH 6.865; pH 9.180; itw Reagents, Darmstadt,
Barcelona, Milano, Germany, Spaitalyl) at the apparent water temperature. The obtained values
were then transferred to the free scal®y using corrections foa reference bufferpH in artificial sea
water (Waters and Millero 2013pnic strength and temperature, as recommended by Dickson (2010).
The parameters and given values are summarizd@iné in the appendk. Using these data, the water
carbonate chemistry (including water bicarbonate concentrations, fjQvas calculated via the
aAONR&2TF( 9EDDE OB ONBRT at/ h S NMAés fokyArkl Ko dvdreftakdn ®dn 1 1 nc
Millero (2010),KSQ from Dickson (1990) and [Birom Uppstrom (1974)Before startinganimal
experimentsthe water parameters were checked for stability between stdrt(12°C) and finisi &
20°C) of the experimental temperature ramplo significant differencesvere found in global
carbonate parametersspecificallybicarbonate concentration (pairedtést: Normocapnia: p = 0.73,
hypercapnia: p= 0.4) and dissolved inorganic carbon (pairegbtt Normocapnia: p =0.36,
hypercapnia: p = 0.35;pfendix:Tab.7, Tab.8). Confirmed by a stable water carbonate system across
the temperature ramp, it was sufficient to only measure its set level before the insertion of the animal.
A summary of the water carbonate system in the experimental sptigr to the start of the particular

experiment is given imab.3.
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Tab.3: Water parameters for different experimental conditionprior to start of experiments(n=3). Average
values for the two treatmets normocapnia and hypercapnia were calculated from three experiments
within each group. Values are given for temperature (°C), salinity (PSU), pH (free scaleyrti@D
pressureP(CQ)w (Latm), bicarbonate concentration [HEE (umol/kg sea water) ashdissolved inorganic
carbon(DIQ (umol/kg sea water). Values are displayed in measgandard deviation.

Temperature Salinity pHx P(CQO)w [HCQ]w
Treatment DIC (umol/kg SW
reatmen (°C) (PSU) (free) (Latm) (Lmol/kg SW) (umol/kg S
'i;;“;g 11.6+0.16 33.33+0.17 807 +0.015 480+16.33 2569.83 + 142.82 2792.36 + 173.74
S;’SS; 1157 +052 33.7+0.14 7.63+002 1366.67+13.12 242455 8514  2544.97 90.25

2.2.5 Heart rate measurements
Heart rate of the animal wameasured byusingan infrared photo plethysmographlRPPGHg. 12,
Hg.13;iISITEGmbH Bremerhaven, Germaiyattached dorsally to the carapag®g. 14). As this study
emphasizes omorrinvasivein vivomeasurements)RPPGsvere chosen ovetmore conventiona
impedance electrodes.
This technique has been introducéaor monitoring heart ratgin crustaceans by Depledge (198Bhe
employedsensors and the amplifiers were construgtéollowing the circuit proposed by Depledge
(1984)
The IRPPG consists of an infrared light emitting diode jL&fid a phototransistor detector, which are
arranged parallel and face in the same directi6ig.(12, Hg. 13).When active the diodeemits low
intensity infrared light, which passeshrough the dorsal carapace into the pericardium. Since the
ventricle changests shapeduring systole and diastole, different amounts of light are reflected and
recorded by thedetector, returning high values for diastole and low valdies systole (Hg. 13;
Depledge 1984; Depledge and Andersen 1990 obtained signal got pamplified by a 5 V
preamplifier (ISITEC, Bremerhaven, Germany) and digitized by amafdducer (Powerlab /8SP; AD
Instruments, Sydney, Australia). The digitized signal was transferred to a congpileiteBook
8470p; HP IndPalo Alto, CAUSA)nd visualized using LabChart 7.308\8are at a sampling rate of
1000s (AD Instrumats, Australia).
Following the fixation of the animal, the-FPG was attached watertight to the cardiac region of the
carapace, using dental wax (Surgident Periphery wax; Heraeus Kulzer Inc., Armonk, NY, USA) and
G & dzLJS (RB. fl4dBattex Ultra GelHenkel AG & Co. KGaBilsselddi Germany) Then, the animal
was placed in the experimental chambeavhich was subsequently flooded with sea water and

connected to the circulation for respirometry (s8ection2.2.6).
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To drain tle air from the gills of the animal, the chamber was gently turned in different directions. The
experiment started by initializing the temperature ramp under the particulasri€l.

Heart rates were recorded over the entire course of the experinusitigLabChart 7.3.8 software (AD
Instruments, Australia)For analysis, only heartbeats during the last five hours of emgeérature

step were considered. The signal peaks vwareraged over one minute intervals, givingued in beats

per minute (bpm)

Fromthe shape of theplethysmograph signal, furthgrarameterscharacterizing cardiac performance
were calculated, namely proxies for stroke volume and cardiac output

The stroke volume proxy (SYBassumed to be describleby the integral of the heartbeat signal as
proposed by Giomi and Portner (2018% additional proof is lacking, the suitability of this assumption
shall be further assessed. Therefore, the integral signal will be stated asitieotardiac output proxy
(COPcan then becalculated as the product of heart rate and the integral. Both calculated parameters
were normalized to the mean value at 12°C for each experimental run, to allow for analyses of relative

changes.

Detector Infrared

\. / LED

Fg. 12 Employed infrared pbto plethysmographs(A) Ventral view on the unmodified-FPG, revealing the
location of the infrared light emitting diode and the phototransistor detector. (B) THeRR in ventral
position was modified for experimentation through covering with dentakw(C) The modified PG it
turned by 180° representing its positioning on the animal during experimentation.
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Heart
(systote ! { digstoled

Fg. 13: Principle of infraral photo plethysmographyThe heart reflects different amountd emitted light
dependig on its shape. The shape differs with the stageb@heart cycle. Solid lines indicatmited
light, dashed linemndicate reflected light. Taken from Depledge (1984).

Perforated
slider

Hg. 14: Positioning of the plethysmographAfter fixation of the animal, the plethysmograph, covered with
dental wax, was positioned over the cardiac area and was fixed and sealed using superglue (A).
the animal was placed in the respiratory chamber, which was subsequently flooded with sea watce

2.2.6 Respirometry

Several methods for measuring oxygen agngtion rates are currently availableguantifying the
decline of oxygemlue to aerobic metabolisrin a knownvolume of waterover time(for reviews see
(Steffensen 1989; Svendsenal.2016)

In this setup, the oxygen consumption is calculated from the differengasrcontent before and after

the animal chamber and the rate of water flqig.9, Fig.10; Ege and Krogh 1914)

Fiberoptic oxygen microoptodes, which determine the oxygen concentration by the amount of oxygen
molecules colliding with a luminescent sensor thg( 15 NTHPstL5TFNS40x0,84°C3,1YOP;
PreSens Precision Sensing GmbH, Regensburg, Germvany)used for oxygen consumption
measurements More colliding molecules result in quenching of luminescence, causing declining

emission signals and therefore represent changes ntentration(Kautsky 199).
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One optode each waslaced beforginlet) and after(outlet) the respiratory chamber and were each
connected to individual oxygen metemslicrox TX3; PreSens, Germanif)e emission signals were
measured continuously by recording one value per @rand visualized by the associated software
(OxyView TX86.02; PreSens, Germany) on a computer (HP EliteBook 8470p; HBSA)C,

Before every experiment, the optodes were calibrated. The 109%aturationcalibrationwas done
using the sea watexquilibrated to the respectivgas composition for the experiment prior to insertion
of the animal. The 0%,-saturationcalibration was done using streaming-&uilibratedwater vapor
flowing around the optodes. Adjustment of calibrations and measurementhanging temperatures
throughout the course bthe experiment were accounted farsing a builin temperature sensor and
the atmospheric pressure at the beginning of the calibration. Furthermore, at 16°C a recalibration of
the 100% oxygen saturation valuas conducted to compensate for potential inaccuracies of the-built

in temperature correction of the sensors

Cannula Tip containing
luminescent material

Hg. 15: Fiberoptic oxygen microoptodesOn the left, the complete optode is shown. The connection betw
the syringe and the cannula is sealed to prevent leakage. On the rigHtrttieescent tipis extended
from the cannulaas it was useduring the experiments

Tomeasure the oxygen consumption of the anintlaé microgptodes were placed in the watstream
before and after the chambeiThese optodekadto be easily accessible and andisturbed flow of
water needed tobe ensured to prevent headspacesthé optodes. The use of§hapedconnectors
as the basis of spdic optodeparts not only helpedo prevent headspaces, it also peatted the
sensitive tips of the optoded he design alloweftbr water to get pumped through the-3haped inlet
optode-part, through the animal chamber, and out again to ptss T-shaped hold for theoutlet
optode (Fig.9, Fig.10).
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Respiratory measurements were conducted over the whole course of the experiment, with sampling
one value per minute.

To obtain the oxygen consumption in nma¥i@in/g the values for oxygen consumption in percent of

air satuation had to be converted into absolute concentration of oxygen at 100% saturation first.
This was done using the formula:

w pnmb | t 0 z0 img nmwvu [3]

With ¢ (100%)= absolute concentration of oxygen at 100% saturation in torr,

h = Bunsen solubility coefficient okygen in pmol/L/torr (from Boutilier et al. 1984),
Pav = Vapor pressure of water in torr (from Dejours 1975)

Pair = air pressure in torr,

0.2095 = Volume percentage of oxygen in air.

These values werthen multiplied with thedifferencebetween inlet and outlet-optodes in percent
2E@3ISy &L GdzNF GA2y FAGAYI (KPORABTFSNBYOS Ay 2E8&:

30 / —+t&O pmumb [4]
Finally, the mass specific oxygen congtion is calculated by:
0/ _ [5]

With UG, = mass specific oxygen consumption rate in nmol/min/g,

nP(Q;) = difference in oxygen partial pressupy) in torr,

h o =Bunsen solubility coefficient of oxygemjimol/L/torr (from Boutilier et al. 1984),
+hy = water flow in L/min,
Ws = fresh weight of the crab in g.
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To obtain correctly paired values of mass specific oxygen consumptiontiratesags letween the
time of oxygenconsumption within and the detection outside of the chamber in dependency to water
flow velocity had to be consideredThese lags occur, because the water between the site of
consumption and detection functions as a reserV@teffensen 1989)Indeed, crustaceans show
strongly correlated patterns of oxygen consumption and cardiac ac{Bitgdford and Taylor 1982;
Burrett and Bridges 1981; Taylor 1982Jherefore, the detection points of the heart rate
measurements, which showed no lag, due to their elicitation directly onto the carapacé4) were
used for correctiorsincethey indicated the exact time of activityhecorrectedtime for the lag under

control conditionsvas maintained for all other temperature ramps.

2.2.7 Data analysis
Recording and analysi$ heart rates were performed using LabChart 7 sbh&ware (AD Intuments,
Australia). To detect single heart beats, a computational fit within LabChart based on human finger
pulse was usedHg.16). This basic fit was further customiz@thb.9, see apendix for every tested
animal and checked manually fquality, confirmingdetection of allvalidheart beat signals.
Oxygen consuption rates were simultaneously obtained with one value per minute. After the
previously described time correction of theygen consumptiomate signal, paied values of oxygen
consumption and heart rate for every time point of the measurement time wegeeived. The time
correction was performed using Microsoft Excel 2013 (Microsoft Corporation, Redmont, WA, USA).
All datapoints for each temperature step were checked for equal variabeegne’s tegtand normal
distribution (ShapireWilk tesj. Sincenormal distributionand equal variances were not constantly
found acrosghe datases, differences between Greatments and temperatures within one animal
were assessethy Wilcoxon signedank-tests for every combinationThis resulted in 45 tests per
parameter.To address multiple comparisgroblems, pvalues were adjustedontrolling the false
discovery rate(Benjamini and Hochberg 1995)he conidence interval amounted to 95%. After
applying the false discovery rate adjments, this reduces themount of false positives to 5% of
significant resulténstead of 5% false positives of all te@&njamini and Hochberg 1995)
To detect underlying frequencies in the heart rate patterns, fast Fourier Transforms were conducted
and visualizations were modified aftgvearing (201Q) Therefore, integrals of the speal densities

are displayed in variance of the time course and frequencies resulted in cycles per unit time.
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All statistical analyseand graphs were conducted and created usirfuglio (Version 1.1.453R
Development Core Team (2008)jenna, Austrin Results are given in means + standard deviation, if

not stated otherwise.

A

i ""’W‘Av“"“""'“‘f wmf\,w

Time (h)

Fig.16: Heart rate detection.Heart rate signals (redurve) were detected using a finggulsebased fit with
individual customization (blaackurve). The detected gaksfor heart rate measurements are marked with
dots. Note, that preceding, smaller peaks are not recognized as full heart beats by the peak detection
routine.

2.3InvivoMagnetic Rsanancelmaging(MRI)

2.3.1 Experimental setup

To study the motion of the ventricle &. paguruziain vivoMRI, animals were placed irfad TMR
scannerwith a 30 cm borgBioSpec 94/30 US/R; Bruker BioSEiRI GmbH, Ettlingen, Germany)
equipped with a 127 kHam gradient system (300;Anaximum slew rate = 1220 T/m/s; BGA20S;
Bruker BioSpin MRI, German@neexperimental animal was placed in a chamber with an approximate
volume of 1 [ but analogusin designto the respirometry chambefThe pogion of the animal was
checkedusing three perpendicular fast overview image scans (tripiloBdraVision 6.0.1 software
(Bruker BioSpin MRI, Germanyp improve the signab-noise ratio in the cardiaegion, avolume
resonator with an inner diameter of 154 mmas used foresonance frequency (REXcitation,
coupled with a receivenly surface coil (40 mmameter; Bruker BioSpin MRBermany). The coil was

placed on the licabove the cardiac region of the anim&id.18).
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The animal was fixed under thehamberlid usinghook and loop fastener® prevent movement and
ensure the position of the surface coil relative to the cardiac regidre chaenber was constantly
supplied with sea water egjiiratedto normocapnic conditions concerning peind P(CQ)w (Fig.17).
Temperature was held constant at 1AFiy.17).

Before statingthe experiment, the animal wagiven at least one hour to recover from handling stress.
Automatized protocols were used to adjust magnetic field homogendigsic frequencyand

reference pulsgower after insertion of the prepard experimental chamber intthe magnet

Compressed
air
——— Thermostat
1
Peristaltic
pump

Fig.17: Schematic design dhe in vivoMRIsetup. Water supply circulation starteat the elevated placed water
tank (1) where temperatureis controlled via a thermostaLauda Eco R630;LAUDADR. R. WOBSER
GmbH & CoKG Germany)and normocapnic conditions were ensured using a membrane p{8opego
MK2K3 2240V ~ 50 Hz 5W; SCHE&fhemel & Goetz GmbH & Co, E&rmanyyia an aeration stone.
The water got transferred to the expemental chamber inside the magnép, grey via hydrostatic
pressure. After passiridne chamber, the water flwed into an overflowbasin (3) and got pumped back to
the elevated water tank via a peristaltic punfMasterflex I/P easjoad model 752910; ColeParmer
Instrument Company, LLC., Vernon Hills, IL, LE3#&¢ arrows indicatthe flow direction of the water.
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Chamber

Exit water
hose

Fig.18: UsedMRIscanner On the left, the completescanneris shown. The experimental chamber is atiad
to an arm on rails which is used to positidghe chamber in the magnet. On the right, a close view on the
experimental chamber includingpsition ofthe surface coil is shown.

2.3.2 Determination of stroke volumesingcineMRI

Stroke volume was determed from cardiac cine movies taken dbancer 4 asn example For
orientation, coronalanatomical scanaere created using: weighted flow compensated fast low angle
shot MRI(T:;-FCFLASHRY) to reveal he inner structure of the hearfHg. 19). This method was used
since itreducesthe measurement time and providesifficienttissue contrast.

To fully cover the heart, 2ihdividualscans with a slice thickness of 1 mm were conducted with no
gaps between thenfTab.4). The scans were visualized and parameters were adjusted irviRama
6.0.1 software (Bruker BioSpin MRI, Germafiyie heart muscle, as well as the pericard wehen
reconstructed as a 3D modahd ther averagevolumes weredeterminedusing Amira 5.6.gThermo
Fisher Scientific Inc., Waltham, MA, USA)

To quantify the stroke volumecoronalin vivocine MRIscanswere conductedThis was done using
the selfgated stationary cardiac imaging package Intra@Ga@ruker BioSpin MRI, Germany)
combination with FLASHRA to reconstructa cardiac cycle as a movisingten frames.Since these
scans only represent the cardiac cycle at the specific posgiansvere repeated to cover the total

dorsoventral extent of the heart
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This requiredL3 scans with a slice thickness of 1.2 mm without gaps between the gtiseangTab.

4). Using these movieghe systolic and diastolitameswere selected ireach layer, resulting in two
datasets, one representing the heart at systole and one representing the heart at diastole. These
datasets werghen reconstructed as 3D modalsing Amira 5.6.0 (Thermo Fisher Scientific IWSA).
Thechangesn muscle volume were estimated by subtracting the diastolic volume from the systolic
volume. For bettewisualizatiorof thetwo states, an animation shdng an artificial heartbeat through
conviction of the models of systole into diastole was created. Therefore, pictures of the two states
were morphed in Adobe After effects CS6 (Version 11.0.0.378; Adobe Systems Inc., San Jose, CA, USA),
exportedasa png-sequence and transferred into a movie in Adobe Premiere Pro CS6 (Version 6.6.0;
Adobe Systems Inc., USAD reconstuctions were performed at the working group f&icological

Networks at TU Darmstadt.

Tab.4: Parameters for visulization using MRIThetable shows the adjusted parameters for the anatomical
scans and the IntraGate moviased for reconstruction.

Parameter Anatomical Movies
Method Ti-Fc FLASH IntraGateFLASH
Repetition time (m3 306.5 7.647
Echo time (ms) 7.93 3.952
Number of _ 5 100
averagegoversampling
Flip angle 80° 70°
Slice thickness (mm) 1 1.2
Slice gap (mm) 0 0
Field of view (mm) 99 x 100 100 x 100
Matrix size 256 x 256 256 x 256

posterior

Fg. 19: Exemplary MRI scan using-FFc FLASHhe scan shows a dorsal view onto the heart resulting from
conducted in a coronal slice orientation. Red circle highlights the heart. The gills are visible latera
heart. The stomach can be seen withight contrast anteriorly of the heart. Extending left and right of
animal between gill chambers and stomach is the hepatopancreas, the main digestive gland of ci
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3. Results

3.10xygen consumptiorates and cardiovascular performance

To investigate the effect of rising temperatures d&{€Q). levels on the cardiovascular performance
of the edible crabC. pagurusgwo major performance parameters oxygen consumptiate and heart
rate were simultaeously measured. After applyingr @perator mediated time correction for the
oxygen consumption, data pairs of these parameters were obtained for every minutarevére
hour measurement time. An exemplary time couedeer correctionis shown irFig.20for Carcer 1 at
12°Qunder normocapnic conditiordisplayinghe high temporal coupling of oxygen consumption rate

and heart rate
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Fig. 20. Exemplary time course of cardiovascular paraters of Cancer 1 at 12°C under normocapnic
conditions.Heart rate (blackine) as vell as oxygen consumption (blliee) changeimultaneously in time
and pattern.Rapid increases in both parameters are followed by steady declites patternof both
parameters fluctuateharmoniously over the measurement time. The lefixis displays the heart rate in
bpm. The right yaxis displays the oxygen consumpti@be in nmol/min/g.

At 12°Cthe heart rate fluctuated betweei®-75 bpm representing a high amplitude of tleecurring
fluctuations. The oxygen consumptioates showed a high amplitude as wai§ngingbetween 045

nmol/min/g. Changes, especially from low to high values appeéaudden within 2ninutes(Fig.20).
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Thedistinct peaks in heart rateand oxygen consumption rates are followed by a steady decline to
minimum values, which seem to prevail over longer times than the maximum values. In summary, at
12°C heart rateand oxygerconsumption rates in&cer 1 show brief maxima but prolonged minima.
Thesefluctuations in performance over time were also fouiod the integral of the heart rate signal
which was used as a prox§ the stroke volumeand the approximated caidc output(Giomi and
Portner 2013) Bringing all thes parameters togetherresulted in a broad coverage of the
cardiovasculaand metabolicperformance of theadible crab at the apparent temperaturd={g 21).
Theserecordingswere obtained for every crab under both conditions and all temperature steps (see

appendix Fig.39-Fig.66).
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Fig 21: Exemplary timecourses of all obtained cardiovasculggarameters of Cancer 1 at 12°C under
normocapnic conditionsThey-axis indicates the displayed parameter in the particular graph. All graphs
share the same-&xis.The ntegral(stroke volume proxy) is displayed its\andthe cardiac outpuproxy
isdisplayed in arbitrary units (A.Jand arenormalizedto the mean of the signal at 12°C.
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Over the course of the measurement tiral parameters show fluctuations between low \edand
high values This pattern is conserved not only within one course, but was observed throughout all
animals (see appendi¥ig. 39-Fig. 66). Time points of high values ioxygen consumptiomates,

coincide with local maxima iheartsrate, integrak and cardiac output proxies
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Fig. 22. Exemplarytime coursesof all obtained cardiovasculaparameters of Cancer 1 at 2C under
normocapnic conditionsThy yaxis indicateshe displayed parameter in the particular graph. All graphs
share thesame xaxis. The integrgbtroke volume proxy) is displayed its\and the cardiac output proxy
isdisplayed in arbitrary units (A.U.) and are normalized to the mean of the signal@t 12°

Increasing temperatures to 20°C, the animals dtplay fluctuating patterngig.22). In contrast to
the measurements at 12%wever, the amplitudedi.e. difference between minimum and maximum
values)mcreasedor all parameters. This becomes especially visible when lookitng ataiues for the
signalintegral (representative of stroke volumend the cardiac output proxywhere the valuesire

threetimesand ten timeshigher than under control condans respectively
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At approximately 80 bpm however, th&ignalintegrak reach plateau levelat three-fold increases
whereas as heart rate levels are still increasing towaedsl® bpm during the same time framé&he
integral signals only decreasgain, once heart rates drop below 80 bpfiis results in a cutofike

shape of the integral signals exemplarily illustrateBign23. This could be observed across all animals.

B TR Y T
R P AT T
64 65 66 ] n:sz . 68 69 70

Fig.23: Exemplarycomparison of heart rates and integral signals of Cancer 1 at 20°C under normocapnic
conditions. The red box indicates the heart rate values, which do not correlate with a rise in in integral
levels. For these heart rates, steady values of integrals wetected, resulting in a cutoffke shape of
peaks in the integral time course.

To detect differencedetween normocanic and hypercapnic conditions, comparisons between
distributions of values in the time courseere conductedFig.24).The boxplots only contain phases
of quiescent state, rhythmiperformance patterns, as shown g 21 andFig.22. Excluding phases
of nonfluctuating, constatly high valuesesults inat least 90 data pointé.e. 1.5 h of measurement)
and a maximum of 300 data poinfise. 5 h of measurement) per temperature step and condifiam
each animalFig.24-Fig.27, B-D). The boxplots containing values afl animals Fig. 24-Fig. 27, A)

therefore contain a maximum of 900 data poim&ach
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Fig. 24: Distribution of oxygen consumption rees for all investigated individuals All graphs show the
distributions for theoxygen consumption ratest every temperature step. (A) Oxygen consumptiates
of all animaldn nmol/min/g (n=3) (B)Oxygen consumption rates for Cancer 1 in nmol/mirf@ Oxygen
consumption rates for Cancer 4 in nmol/min(§)Oxygen consumption rates for Cancer 5 in nmol/min/g.

The boxplots iifrig.24-Fig.27 describethe distributions of theemperature- and conditon-dependent
time courses ofoxygen consumption rates arghrdiovascular performance of all tested animals as
exemplarily shown irfrig 21 and Fig.22. Outliers were deteatd as points outside of 1.5 times the
interquartile range.

For the majority of the datasets, namrmal distribution was found, as well as requal variances
(see appendixTab.10-Tab.15).

As generalresults obtained for every animal and parameter, especially for those of cardiovascular
performance, mediatevel rises depended strongly on maximum level rises, whereas minimum levels
remained stabléFig.25-Fig.27, A). Additionally, heart rate and oxygen consumption rate signals reach
performance maxima at 16°88°C, indicated by similar levels in medians of their distributions.

For combined oxygen consumption rate®f all three animals median levelsrise with rising

temperatures under both condition$={g.24 A).
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Especially at temperatures ranging from 1@ C,oxygen consumption rate distributiordo not

differ between normocapnic and hypercapnic conditions at the d$jpetémperature steps (see
appendix,Tab.30).

For oxygen consumption rates of Cancerl® out of 45 combinations show FRBjustedp-values

being nonsignificant (since the majority of the results are significant, the-signiicant are marked

as bold inTab. 18, see appendx The levels of oxygen consumption rates under normocapnia are
generally higher than under hypercapnia, especially when comparing higherZQ8Etemperatures
(Fig.24B). Thereby, the oxygen consumption rates rise with rising temperatures until 16°C, where they
reach a plateau. The rise in consumption rate levels can be quantified by detdiffergnces when
comparing high(16°C, 18°C, 20°C) to lowntperatures (12°@4°C). The reach of the plateau is
described by same levels of medians between high temperatures under normocapnic conditions (16°C,
18°C, 20°C). Comparing within hypercapnic measurenardexcluding 12°C, a similar rise could be
observal. (Fig.24 B; see appendixTab.18).

When looking at the oxygen consumpticate boxplots of Cancer,4listributionsfor 14°C under both
conditions distinguish significantly from everyer distribution (see appendiX,ab.22). Generally for
oxygen consumption rate measuremengsnilarities could be found when comparing temperatures

of at least 16°C under both conditions to each otli€ig. 24 C. Similaritieswere alsofound when
comparing control conditions (12°C normocapnia) to high temperatures under hypercapnia (see
appendix,Tab.22).

The oxygen consumptiorates of Cancer5 rise in maximum levels with increasing temperature.
Furthermore, in contrast to the first two animals, the minimum rates clearly rise too, even though the
slope appears not as steep as for the maximum leWts 24 D). Additbnally, the width and position

of the interquartile range under hypercapnic conditions seems to level off at 16°C, whereas this cannot
be observed for interquartile ranges under normocapnic conditidfig. 24 D). This plateau cabe
further quantified by detecting similarities between the distributions of 16°C to 18°C and 20°C under
hypercapnic conditiong~g.24 D; see appendixTab.26).
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Fig.25: Distribution of heart rates for all investigated individual®\ll graphs show the distributions for the heart
rates at every temperature step. (A) Heart rates of all animals in bpm (n=3). (B) Heart rates for Cancer 1 in
bpm. (C) Heartates for Cancer 4 in bpm. (D) Heart rates for Cancer 5 in bpm.

Generally, althree cardiac parameters (without oxygen consumptiates) show simultaneousises

in amplitudes towards higher temperatures under both conditions. There, the rise of aneditud
depend on a rise of maximum performance levels while maintaining constant minimum performance
levels over all steps of the temperature ramp. Furthermore, the interquartile range, representing 50%
of the values incorporated in the boxplot, shift upwarsish rising temperaturesNo distinct pattern

in reaction to elevated CCcould be observed when comparing central tendencies of combined
distributions(Fig.25-Fig.27, A).

Beside these general trenddserved from the combined distributions of all animals, for heart rates
of Cancer 1 mder normocapnic conditions, the temperatudependentrise continues until 16°C,

where the heart rate levels reach a plateau analogous to the one found for the oxygsuanaption

rates
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The rise under normocapnic conditions until 16°C is quantified by detecting differnerdisgibutions
between 2°C, 14°C anth°C(see appendixTab.19). The plateau is described by similarities between
temperatures from 16°C to 20°€i§.25 B; see appendiXab.19).

Under hypercapnic conditions, a similar shift towards higher heart rates in maximum levels and
interquartile range position under risingrtgeratures could be observeHif.25B). At 18°C, the heart
rates reach a plateau. This could also be described statistically, since no similarities could be observed
when comparing temperatures from 1218°C to one another. Thenly similarities were found
between 18°C and 20°€i¢.25 B; see appendixXTab.19).

When comparinghe temperature courses of bothonditions,the heart rates under normocapnic
conditions reach the lateau phase at lower temperatures (16°C) than unligpercapnic conditions
(18°). Alditionally, the heart ratenterquartile ranges and mediamse found to beapproximately half

the sizeand heightat temperatures from 12°@6°C under hypercapnic conditis than under
normocapnic conditionsThis finding is supported by similaritieketected between 12°C under
normocapnic conditions and 14°C under hypercapnic conditions and 14°C under normocapnic
conditions and 16°C under hypercapnic conditiosee(appedix, Tab. 19). However, distributions
under both conditions s&m to approach to similar maximufavels, since no differences could be
observed when comparing high temperatures (:8%CC) under normocapnic conditions to high
temperatures (16°€20°C) under hypercapnic conditionkid. 25 B; see appendix,Tab. 19). In
summary, the heart rate levels under normocapnic conditions rise continuously with rising
temperatures until they rach a performance plateau at 16°C. Under hypercapnic conditions, this rise
in performance levels is offset towards higher temperatures, resulting in reaching the plateau at 18°C.
However, the performance leveteached at the plateau are the same under lbabnditions.

For Cancer 4, individuatends in the heart rate measurements follow the same mechanism as
observed in Cancer 1, with rising temperatures, the amplitude of the fluctuations increases due to
rising maximum levels of heart rate. Minimum hegate levels remain on the same level throughout
the temperature ramps, except for 14°C under hypercapnic conditions. During this measurement time,
the animal showed hardly any levels of fluctuatioRig)(25 C see appendix;ig.53). Additionally, the
distribution obtained during this temperature step shows significant differences to all other
distributions (see appendiX,ab.23).

Furthermore, aker 14°C, the interquartile ranges grow, except for 18°C hypercapnia, indicating more
dispersion of the values in the mid 50% of the distributidfig.25 C). This can also be seen when

looking at the particular time courses (seppendixFig.49-Fig.51, Fig.54-Fig.56).
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Under normocapnic conditions, no inciEain performance levels from 1620°C could be observed.

As seen for the other two animals, the rise in amplitude of the heartsrateCancer 8epends on the

rise of the maximum levels. The interquartile ranges increase slightly with rising tempesamder

both conditions and migrate towards higher heart ratey.25 D).

When only comparing normocapnic conditions, a steady rise of the course over the temperatures could
be observedKig.25 D, see appendix,Tab.27). Under hypercapnic conditions, there is also a rise in
heart rate levels observable. At 16°C, heart rate levels under both conditions align and this alignment

also maintains for 18°C and 20Ry(25 D; see appendixTab.27).
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Fig.26: Distribution of signal integraldor all investigated individualsAll graphs show the distributions for the
signalintegrak at every temperature step. Signals are normalized to 12°C normocapnia meaSgr{al)
integrak of all animals intg (n=3). (Bpignal integral for Cancer 1 int¥. (C)Signaintegrak for Cancer 4
in Ms. (D)Signal integral for Cancer 5 int¥/
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The signalintegral of Cancer Irises towards higher maximum levels and higpesitions ofthe
interquartile rangewith rising temperaturesMinimum levels remain stable over all temperatures.
Furthermore, no plateau phases as present in oxygen consumption rates and heart rates could be
observed Fig. 26 B; see appendix;,Tab. 20). Thesignalintegral rises simultaneously under both
conditions from12°G18°C. At 20°C the distribution under hypercapnic conditions shift towards higher
levels than under normocapnic conditions, as intéideby significant differences in comparison

(Fig.26 B; see appendixTab.20).

The range of thesignalintegral of Cancer 4 extends evenly with rising temperatures. However, the
central tendencies of thsignalintegrak remain stable over the course of the temperature ramp and
different conditions, unlike the measurements obtained for Cancé¥id.26 Q. Similar distributions
could be found across all temperatures and cowndisi (see appendiX,ab.24).

Thessignalintegral does not show an increase in maximum levels over 2.5 times the control mean
(outliers excluded) and only a slight increase in minimum levels. However, the intélgjuange shifts
upwards towards 1.5 times the control mean with simultaneous narrowing of its refige26 D).
Thereby, the range stays on the same level for 12°C and 14°C and the upshift takestplace

temperatures from 16°Q0°C(see appendixXTab.28).
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Fig.27: Distribution of cardiac output proxy calculations for all investigated individualsll graphs show the
distributions for the calculations at evetgmperature step. Signhals are normalized to 12°C normocapnia
means. (Afardiac output proxy calculatioraf all animals irrbitrary units(n=3). (B) @rdiac output proxy
calculationdor Cancer 1 in arbitrary unit¢C)Cardiac output proxy calculatiorfer Cancer 4 imrbitrary
units. (D) @rdiac output proxy calculatiorfsr Cancer 5 imrbitrary units

Concerning the cardiac output proxy of Cancendler normocapnic conditiong, risein performance
levels from 12°CG18°C could be observed indicated by finding differencesbetween these
temperatures.However at 18°C, the cardiac output proxy reaches a platemu27 B; see appendix,
Tab.21). Under hypercapnic conditiona steady rise in centrathdencies of the cardiac output proxy
over the whole temperature range could be obseryEid).27 B; see appendixTab.21).
Neverthelesscardiac output levels under both conditions rise simultaneo@rslgn 12°C18°C, since

no differences were found when comparing the conditions for one temperature &igp27 C see
appendix,Tab.21).

Compared to the cardiac output obtained by Cancer 1, cardiguublgvels of Cancer 4 are matched

at 12°C and 14°®i@.27 B, Q. Whereas top levels in Cancer 1 rise between 16°C to 20°C up to levels

five times higher than under control conditions, cardiac output in Cancer 4 stays on aradedavel

(Fig.270).
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Therefore, the cardiac output proxy of Cancer 4 does not rise with rising temperatures under both
conditions. As with thesignal integral similarities in distributions were found across comparisons
between all temperatures and conditionkig.27 C see appendixTab.25).

Concerning Cancer 5, the interquartile ranghift slightly upwards, and increase theinge Fig.27

D), even though the signal in general does not reach values as observed in Cancer 1 (for comparison,
seeFig.27 B). Analogous to the signal integral, the cardiac output proxy distributions can be divided

in two pats, describing an upwards shift in cardiac output levels with rising temperatisexs

appendix,Tab.29).

3.2 Pattern analysisf heart activity over time

3.2.1 Time spent on highest and lowest heart rates

Since measrements over time in heart rateshowedfluctuating, rhythmigatterns, possiblehanges

in the shape ofluctuations needed to be quantifiedhe changes in amplitude have been presented

in the previous sectionTheamount of time spent in theippermostand the lowest 25%f the total

range of values of one performance parameter under one specific treatmemevaalperformance
dependentshiftsover temperatures and conditions whicannot be directly covered Hyoxplots. In

the following, this method w&s exemplarily applied to heart rate data obtained for the three tested
experimental animalsThe uppermost 25% of the value range are stated as top 25%, whereas the
lowest 25% of the value range are stated as the bottom 25%.

At low temperatures, all anirals spent between 5 and iféld more time in the bottom 25% of the
heart rate range when exhibiting rhythmic patterns than in the top 25%g.@28). With rising
temperatures, this amount of time in the bottom 25%dlines, whereas the time spent in the top 25%

of the heart rate range rises simultaneously. Thereby, the times spent in top and bottom ranges of the
heart rate followa general trend to approach an even rateven though the achievement of this ratio
coud not be observed for all animals.

Furthermore, this approach ofxemplary pattern analysis reveals, that all animals across the
temperature ramp under hypercapnic conditions spent either more or same amounts of time in the

bottom 25% of the total rangehan under normocapnic conditionEi§.28).
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Fig.28: Amounts of measurement time located in either the bottom 25% of tHeeart rate range, or the top
25% of the heart rate range forllethree experimental animalsExemplaryime course of the heart rate
in the bottom right corner (Cancer 1, 12°C, normocapnia) illustrates the chosen top and bottom ranges of
the total range of the heart rate and the time points included in the barplbts. every animal, three
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rhythmicheart rate patterns were considered.
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3.2.2 Exemplary fast Fourier Transforms of the heart rate

To detect underlying frequencieharacterizinghe rhythmic patterns of ardiovascular performance

parameters, &st Fourier Transform@-F) were conducted. Thesagansforms are shown exemplir

for two temperatures (12°C and 20°C) of the heart rates of the experimental anforalsoth

conditions.Since the integral under the spectral density plots equals the variance of the time series,

higher integrals for specific frequencies display their increased contribution to the overall vaddince.

other transforms for every temperature gpeare given in the appendi¥ig.67-Fig.84).

As a general finding across all animals, the frequencies describing the heart rate signal shift from low

frequencies between 0:-8 cycles per hour towards tigr frequencies ranging from-B0 cycles per

hour (Fig.29-Fig.34).

Furthermore, mder hypercapnic conditions, the impact of single low frequenftiesd at 12°C under

normocapnic condions decreases (e.§ig.29, Fig.30).

Individual results for the experimental animals are described below.
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Fig.29: Fast Fourier Transformfor the heart rates at 12°C (A) and 20°C (B) of Cancer 1 under hormocapnic
conditions.(A) Upper graph: Time series of the heart rate. Lower grR@sults of the FFT visualized as a
spectral density plot of the underlying frequencies of the heart ratdétgra. The xaxis displays the
frequency in cycles per hour. The integualder the graph equalshe variance of the time course in the
upper graph Higher peaks show more contribution to the variance. (B) Upper graph: Time series of the
heart rate. Lowergraph: Results of the FFT visualized as a spectral density plot of the underlying

frequencies of the heart rate pattern.
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For Cancer 1 at 12°C under normocapnic conditions, the fluctuating heart rate signal is shaped
primarily by a fequency of 1.5 cycteper hour, indicated by representing the highest spectral density

valueswith further contribution of frequencies of 2.5 and45 cycles per houf(g.29).

At 20°C, a shift towards higher frequencies could liseoved. Whereas lower frequencigem 0.5 to
1 cycle per hour are still present, the majority of the heart rate pattern is madefurequencies

ranging from 3o 7 cycles per hour. In contrast to 12°C, these frequencies contribute approximately

equallyto the variance ofhie time series.
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Fig.30: Fast Fourier Transforms for the heart rates at 12°C (A) and 20°C (B) of Cancer 1 lyykacapnic
conditions.(A) Upper graph: Time series of the heart rate. Lower graph:IRedfuhe FFT visualized as a
spectral density plot of the underlying frequencies of the heart rate pattern. Farisxdisplays the
frequency in cycles per hour. The integral under the graph eqgbalyvariance of the time course in the
upper graph Higker peaks show more contribution to the variance. (B) Upper graph: Time series of the
heart rate. Lower graph: Results of the FFT visualized as a spectral density plot of the underlying
frequencies of the heart rate pattern.

Under hypercapnic conditionst 42°C, the heart rate signal pattern cannot be described by on
dominating frequency. Even thouddw frequencies from 2.5 cycles per hour are present, they are
not as dominant as seen for 12°C under normocapnic conditions. Furthermore, they conejuatity

to variance of the time series with higher frequencies between 3 and 5 cycles perFig30j.
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At 20°C, the importance of frequencies between 4 and 7 cycles per hour increases. The highest

contribution to the variance of the time series is given by frequencies aroubdycles per hour.

Under hypercapnic conditions and high temperatures, the frequencies underlying the patterns are

located in ranges between 3 and 7 cycles per hour with approximatedy ewntribution to the

variance of the time serie$ig.30).
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Fig.31: FastFourier Transforms for the heart rates at 12°C (A) and 20°@{B)ancer 4inder normocapnic
conditions (A) Upper graph: Time series of the heart rate. Lower graph: Results of the FFT visualized as a
spectral density plot of the underlying frequencies of the heart rate pattern. Farisxdisplays the
frequency in cycles per hour. The integral under thaphrequalste variance of the time course in the
upper graph Higher peaks show more contribution to the variance. (B) Upper graph: Time series of the
heart rate. Lower graph: Results of the FFT visualized as a spectral density plot of the underlying

frequencies of the heart rate pattern.

For Cancer 4 at 12°C under normocapnic conditions, the heart rate pattern has a different shape than

seen for Cancer 1. Howevehe predominant frequencies underlying this pattern are found between

0.52 cycles per har. At 20°C, the pattern shaping frequencies shift upwards towards higher

frequencies between-Z cycles per houiSimilar toCancer 1, no predominating frequency was found,

they all contribute approximately equal to the variance of the time coursg 81).
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Fig.32: Fast Fourier Transforms for the heart rates at 12°C (A) and 20°C (B) of Cancer 4 under hypercapnic
conditions Nonluctuating patterns were exclude@?) Upper graphTime series of the heart rate. Lower
graph: Results of the FFT visualized as a spectral density plot of the underlying frequencies of the heart
rate pattern. The saxis displays the frequency in cycles per hour. The integral under the graph dupals t
variance of the time course in the upper grapghigher peaks show more contribution to the variance. (B)
Upper graph: Time series of the heart rate. Lower graph: Results of the FFT visualized as a spectral density
plot of the underlying frequencies of the &¢ rate pattern.

Under hypercapnic conditions at 12°C, the fuating pattern of the heart ratds predominately
described by frequencies around 1.5 cycles per hour. At 20°C, the heart rate pattern shifts towards
higher frequencies, indicated by shifibserved in the spectral density plot. There, fredominant
frequencies are located between7cycles per hour, with their contribution to the variance spread

evenly over this frequency rangEig.32).
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Fig.33: FastFourier Transforms for the heart rates at 12°C (A) and 20°@{E)ancer Sunder normocapnic
conditions.Nonluctuating patterns were exclude@?) Upper graph: Time series of the heart rate. Lower
graph: Results of the FFT visualized as a spectral density plot of the underlying frequencies of the heart
rate pattern. The saxis displays the frequency in cycles per hour. The integral under the graph dupals t
variance of the time course in the upper gra Higher peaks show more contribution to the variance. (B)
Upper graph: Time series of the heart rate. Lower graph: Results of the FFT visualized as a spectral density
plot of the underlying frequencies of the heart rate pattern.

For Cancer 5 under nmocapnic conditions at 12°C the fluctuating heart rate pattern is predominantly
shaped by a frequency of 3 cycles per hour. Frequencies around 4 and 6 cycles per hour contribute to
overall shape of the pattern as well, evamotigh their amount is about 30 smaller.At 20°C, the
dominant frequencies shift upwards towards higher frequencies ranging from 4 to 10 cycles per hour.
The two frequencies contributing most to the variance of the course are found at 7 and 9 cycles per
hour (Fig.33).
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Fig.34: FastFourier Transforms for the heart rates at 12°C (A) and 20°GofB}ancer Sunder hypercapnic
conditions.(A) Upper graph: Time series of the heart rate. Lower graphulRexf the FFT visualized as a
spectral density plot of the underlying frequencies of the heart rate pattern. Fagisxdisplays the
frequency in cycles per hour. The integral under the graph eghalvariance of the time course in the
upper graph Hider peaks show more contribution to the variance. Ntuttuating patterns were
excluded. (B) Upper graph: Time series of the heart rate. Lower graph: Results of the FFT visualized as a
spectral density plot of the underlying frequencies of the heart dtern.

Under hypercapnic conditions at 12°C, the predominant frequencies shaping the heart rate pattern
are found betwea 2 and 4 cycles per hour. 20°C, the set of frequencies shifts upwards towards
frequencies between 3 and 9 cycles per hour. Feggiies contributing the most are found at 4 and 5

cycles per hourKig.34).
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3.3In vivoMRI

3.3.1 Anatomicreconstruction of the heart

To create the anatomimodel of the heart for Cancer 4, 20 indiva scans using:-Fc FLASH MRI
were conducted. For reconstruction, only the tissue belonging to either the pericard or the ventricle

were considered.

anterior

Fig.35: Anatomical3D reconstruction of the cardiac region of CancerPeriard and parts of adjacent venous
arterial strucutresare shown in purple and transparent, ventricle is shown in green. (A) Dorsal view on the
cardiac region including the pericard and the ventricle. (B) Ventral view on the cardiaciregjimiing the
pericard and the ventricleALA antemlateral arteriesHA hepatic arteriesBCV branchiocardiac veins;

PA posteiior aorta; SA sternal artery. Scale b&x5 mm.

The cardiac region df. pagurudies slightly posterior tahe middle of the bodydirectly under the
carapace and above the pericardial alary musclesthadmidgut regiofigonads. The heart muscle
(ventricle;greenstructure inFig.35) has adteral diameter ofL8 mmon averagean averageheight of
approximately 7.5 mm ang suspendedhside the pericardial sinupericard;purple structure inFig.
35) by elastic alary ligament¢Maynard 1960) In a dorseventral view, loth structures are

approximately pentagonbl shaped.
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In total, five arterial systems comprising seven arteries arise from the heart supplying diffegentge

of the body(McGaw and Reiber 200Zrom the anatomical reconstructiothe followingof these
arteries could be described.

The anteolateral arteries (ALA;ig.35) originate dorsally at the anterior edge of tpericardwith an
angle of around 40felative to the anterior aortaand supplythe stomach, parts othe gonads
mandibles and antenn@cGaw and Reibe2002) The hepatic arteries (HAig. 35) also originate
anteriorly of the heart, but with a smaller angle (appimately 10°) than the antetateral arteries.

The branchiocardiac veins (BARig. 35) collect oxygenated blood from the branchial veins and
transport it from their ventral origin to the dorsal hediticGaw and Reiber 2002Jhe sternal artery
(SAFig.35) exits the heart ventrally and is the largest artery in the circulatory system. It passes the
midgut, turns anteriorlyand then again ventrally to supply the leg mus¢MsGaw and Reiber 2002)
The msterior aorta (PAFig.35) has a small diametatiameter and exits the heart posteriorbjfter

exit, it divides into twaarteries dipping ventrally. Thesapply hemolymph to the gsterior edge of
the gonads, the midguts and possibly promotor muscles of pereiof/dd&aw and Reiber 2002)

The ventricle is theontractile organ of thdweart. At diastole, the ventricle expands pasgiarough

the tension of the ligamentand hemolymph fills it through three paired ostia, placed dorsally, laterally
and ventrally Fig.36; Maynard 196Q) The hemolymph filhg the heart congregates tavities seen in

reconstructions of the ventricland MRI scas Fig.36).
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Fig.36: Structure of the ventricle(A) Dorsal view on the ventricle. Transparence reveals the inner structure with
cavities starting from the lateral ostia. (B) Ventral view on the veletriTransparence reveals the inner
structure with cavities starting from the lateral and ventral ostia. @F¢cTFLASH MRI scan showing the
inner structure of the ventricle and revealing the cavities seen in A and B (inside red dashed line). (D)
Lateralview on the ventricle. Scale bard=mm.

posterior anterior

3.3.2 Determination of stroke volume usir@ne MRI

Two 3D reconstructions of the heart of Cancer 4 were created, one in the systolic and one in the
diastolic state Therefore 13ntraGate FLAS$tansn coronal orienation were created to fully cover
the heart. To determine the stroke volume, differences in muscle volume and cavity volume were

calculated.

At systole the middle of the ventricle contracts laterally(Fig. 37). In the posteriorregion, tre
contraction proceeds in antetateral direction while maintaininghose positions attached to the
elastic ligamentsThe anterior region contracts in posterior direction, however, this contraction is less
intense than in the posterior regio@ombining of these simultaneousntractile patterns creates a

pumpingmechanism supplyinthe arterial system$or systemic circulatiofFig.37, Fig.38).

At diastole, and thus relaxation, the heartidilwith hemolymph.Relaxation in the lateral region

proceeds laterallyo the outside contrary to the contraction directioat systole.
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At the posterior end, relaxation proeds posteolaterally fromthe contracted statend at the anterior

end in anteior direction(Fig.37, Fig.38).

anterior

posterior

anterior

Fig.37: 3D reconstructiorof the cardiac regiorat systole (A) and diastole (BThe ventricle is shown in green,
the pericard in purple. (At systole, contraction proceeds lateraitythe lateral regionanterolaterally
from the posterior endand posterior from the anterior endB) At diastole, relaxation proceeds laterally
to the outsidein the lateral regionpostemlaterally towards theposterior endand anterior towards the
anterior end ALA anterlateral arteriesHA hepatic arteriesBCV branchiocardiac veins. Scale bars =
mm.

Between the two states of the heart cycle, not only the outer shape of the ventricle changes, ¢he inn
structure changes as wellAt diastole the ostia open and the inner cavities of the ventricle fill with
hemolymph(Fig.38). During this state, theentricle revealatrium-like cavities with connections to
the primarily observed ostiaHg. 35, Fig.36) and proximity to arterial systentseing supplied with
hemolymph Fig.37, Fig.38).

At systole, during contraction, these cavities shrink, especially in the areas near to th@~as38).

The ventricle reduces itausclevolumebetween systoleand diasole by around 11%nm?. Nearly the
same values around 100 nimvere obtained when only considering the changes in cavity volume
between the two states. Therefore, a volume around 0.1 mL will be consider#te agetermined

stroke volume of Cancerusing MR
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Fig. 38 Differences in inner structure of the ventricle during systole (A, B) and diastole (C,(A)).3D
reconstruction of the ventricle asystole. Cavities are smallie to muscular pressure, especially in the
lateral regons. (B) Exemplary IntraGate FLASH scanefrat systole as basis of the 3D model in (A).
Anterolateral contraction of the posterior region of the ventricle relative to (D) can be seen. (C) 3D
reconstruction of the ventricle at diastole. Caviteegpandduring relaxation, especially in the lateral areas.
(D) Exemplary IntraGate FLASH scan frame at diastole as basis of the 3D model in (GhnRefldat
ventricle is shown by the relative position of the posterior region to that in (B). Scae banm
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4. Discussion

4.1 Evaluation of the setup

One intention of this study was wimultaneouslymeasure multiple cardiovascular parametsvigh
oxygen consumption ratesunder changing environméal conditions To measure oxygen
consumption rates flow-through respirometry was chosenwhich is suitable forlongterm
measurements and pattern identificatiodue to its high temporal resolution Since water in the
experimental chamer is permanently replaced ithis method, any local hypoxia, hypecapnia or
accumulation of nitrogenous waste as sophisticatarswn from closed respirometrgouldmostly be
excludedSvendsert al.2016) Oxygen levels at the outlet were always above 37% air saturatiah,
thus above the reported hypoxia tolerance threshold @rpagurugBradford and Taylor 1982pn
the other hand flow-through respirometry can introdte mixing and ashout problemsAn irduced
change in conditions at the inlatill be adaped exponentially by the outlesignal dependent on the
dilution and mixingcharacteristics of the respiratiochamber and theoretically on water flow velocity

and chamber volume (ich were constant in the present setugee equation [J; Steffensen 1989)

The transformation of the water volume depend®dNIE St & 2y (KS R3I{ A ARFNITS E

faster a certain percentage of volume transformation is reacf@ffensen 1989)Therefore, to
reduce time lags due to lagging upie transformation of the water in the respigatNE  OK Il Y6 S NE
0 were desirabldsee appendixTab.5). This wasichievedoy using a respiration chamber only slightly
larger than the experimental animal, thasinimizing the water volume aroundrig.8, Fg. 14). The

70% volume transformation timesare shown inTab. 5 in the appendix The given theoretical
approaches do not implemenhe shape of the respirationhamber. However, to sufficienthorect

for the lags dead volumes and turbulences occurring when choosing rectangular chambers would have
to be considered as wellTherefore oxygen consumption rates were adjusted using quantitative
comparison with the heart rates

Heart rates were measked directly onthe cardiac region and therefore showed no time lagsc&
strongcorrelations in time and shape of oxygen consumptiate and cardiac activity patterns have
beenfrequently describedBradford andraylor 1982; Burnett and Bridges 1981; Taylor 1a82)time
correction for the oxygen consumption signals were done operator mediatedligging oxygen
consumption rates to heart rates under control conditigese appendixXTab.5). Differences between
calculated values antthe applied time correctiotherefore display inaccuracies due tioe shapeof

the chamberand its hydrodynamiccharacteristicsAnother factor contributingo differences wauld

be the shape of the crabnd its ventilation activity,inducing furtherinaccuracies to theoretical

calculations
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Other pitfalls for metabolic rate measurements can result frguotentially divergingyrifts in oxygen
reading devicest in- and outletor undiscovered changes in tea flow rates.Both oxygen sensors
were subjected toa seond calibration at 16°C toeduce the risk ofirifts due tomiscalculations in
temperature compensatiomnd detection errors between two sensorbhe water flow through the
system remained stableof most of the experiments, due to specific combinations of hose and
connector dameters and pump performance. Confirmed by measurements during the experiments,
this made it unnecessary to further introduce flow reducing elements as possible factorsvof flo
instability.

The implementation of heart ratmeasurements in the respiratiochamber was achievetthirough a
water tight inletand the use of dental wax and supglueto create a water free environmerahbove

the cardiac regionHg. 14). Thereby, fixation of the animal not only ensures measurement of quiescent
state metabolic rates but also prevented the plethysmograpim being pulled off by the animalFig.

7). Measurements of heart rates were obteid continuously over the whole period of the
experiments. For all animals, threcordedsignals showed sufficient quality teliably detect heart
beatsand determine their signahtegralfor stroke volume estimatio(Suitability is discussed in 4.3.2).
Confirmed by visual controlpearly every heart beat over the course of the experimewass
successfullgletected by the automatic routine. The routine thus reliably and quickly yieldéges in
bpm athigh temporalresolutionover an extended measuremetime with minimalerror rates in
detection.

The implementation of the temperature ramp was ensured by using a thermostathanchic hoses
distributed at the floor ofhe basin Fig.10). To minimize the time neked forinduction of temperature
changes, and ensure homogeneity, the water volume was supposed telagvely small The
experimental camber was just submerged in seater in the basirio ensure similar temperatures in
chamber and basirHypercapnic caditions in the setup were created using a gas mixing device. A
important requirement thereby was stability of the conditions over the whole course of the
temperature ramp. Thereforeseveral water parameters were measured prioar@malexperiments
andchecked forsignificant differenceélab.3; see appendixTab.7, Tab.8).

The setup used in this studylfilled all the criteria mentioned above and manatye deal sufficienty

with arising method specific problems. The circulation within the setup was kept as simple as possible
to reduceerror sources to a minimungince the setup could provide stalglenditionsat the given set
points for all animals it was deemed suitablér repeated measurements and comparalv&sults

among treatmentsNo animals died duringxperimentation or 48 h afterwards
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4.2 Sea watercarbonateparameters

Even though the values f&(CQ). differed slightly between 380 patm, the global carbon paraters
bicarbonate concentration and dissolved inorganic carbon levels remained stable indicating an overall
stable system. The measurements B{CQ), can differ due to inaccuracies of the measurement
system, requiring to involve other parameters to acdahadescribe water chemistry.

Stability of intendednormocapnic and hypercapnic conditions across the temperature ramps was
shown by similar values for bicarbonate concentrations and dissolved inorganic carbdte(@I€
between 12°C and 20°€eg appendiXTab.7-Tab.8). Stable values of DEDA[( # /]w showthat the
additional carbon added througtie gas mix only elevate(CQ) and reduced water pHyhile not
affecting the carbonate buffer system of the setup, which was shown to eteexwn effect on

crustacean physiologfMauset al.2018)

4.30xygen consumption ratesnd cardiovascular performance

4.3.1 Relevance ofhythmicpatterns
During experiments, all animad$§the Maingroupdisplayedhythmicpatterns of respiratiomates and
cardiac activity. Previous sties showedhese rhythmic patternare matched by ventilatory activity
in undisturbed, resting animalPhases of elevated activity amnaterrupted by apnoea and bradycardia,
or cardiac arrest{acardia;Bradford and Taylor 1982Yhis behavior has been reported for several
decapod crustacearn®radford and Taylor 1982; McMahon and Wilkens 1@rid)showed higimter-
and intraspecifiozariability (i.e.Bradford and Taylor 1982uBnett and Bridges 1981; McMahon and
Wilkens 1977)However, the present study is the first to show the persistence of these patterns over
several days and to analyze their changes under the influence of ocean warming and acidification.
Generally differences in durations of pauses are likely dependent on the amount of oxygen stored in
the hemolynph and its utilization rateDuring pauses, reduction in metaboéinergy demandsould
extendthem whereby contribution of anaerobic metabolisroan be mostly exaded, as no lactate
accumulates in the hemolympBradford and Taylor 1982)
The combination of the described properties of the rhythmic patterns and their common oocerre
considered them to represent mmal quiescent state activitpatterns of C. pagurusand other
decapod crustacean@Bradford and Taylor 1982 uiescent stees are irrgularly interrupted by

phases of elevated activity, prominently displayed by Cancer 4 at 12°C andr4C, Fig.48).
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Toallowfor comparisons betweemetabolic rates and cardiovascular performanak measurements
should arise from the same physiological state. For all animals, rhythmic patterns could be observed
across almost all temperature steps and conditions for at least 90 min during the measurement time
steps (sed-ig.39-Fig.66). Comparinghese rhythmic patternacross animalghe subsequentainalysis

shall focus onthe physiolog of the quiescent state of the animals.

4.3.2 Temperaturedeperdent changes in rhythmic patterns

All tested indvidualsdisplayed a high accordance in shapeeasipiration rate and heart ratever the
measurement times (se€ig. 39-Fig. 66). The presence of central pattern generagoin decapod
crustaceans is supported by findings neural links beween the cardioregulatory centsrin the
central nervous system and the ventilator oscillatfBsadford and Taylor 1982; Burnett and Bridges
1981 Taylor 1982)

For the first time atemperaturedependenteffect on these patterns was analyzed. This was reflected
by arise in median levels of heart rates, oxygen consumption rates and cardiac outpFidseeFig.
27), probably driven by a temperatw@ependent rise in oxygen demaii@e Wachter and McMahon
1996; Fréerich and Pértner 2000

For C. pagurusacclimated t010°C, 16°C has beeeported to be the upper pejus temperature,
indicating the upper border of the species active thermal tolerance réiMgdzgeret al.2007)

Besides hemolymph partial pressure as used fhe detection of breakpointsn thermal toleranceby
Metzger et al. (2007) Portner et al. (2017) suggest that breakpoints in general performance
parametes such as heart rates and respiration rates provide suitable indicatorsefmhingpejus
temperatures.

Considering thisthe observed plateau in heart ragand oxygen consumption rated 16°G18°Cmay
indicate, that the animalseachedtheir upper active thermal tolerance limit these temperatures
and would bein line with previouslydescribed findings betzgeret al. (2007). However in the
present study, the median provided bettereflection of the central tendencies of the considered
parametesthan themean, agparametersrhythmic patterns were mostly nenormally distributed.
The present study revealthat the olserved temperaturedependent rise in median levels relies on
rises of maximum performance levels for heart rate, cardiac output and oxygen consumption rates (at
least for Cancer 1 and Cancepdrtially for Cancer)Swhereas minimum levels remained stalblcross

all temperaturesig.24-Fig.27).
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With regards to the present findings and analyses, temperati@pendent changes in e.g. heart rate
as reported in other studies could thesiically also reflect an increase in maximum performance
capacities at stable minimum performance levéde Wachter and McMahon 1996; Frederich and
Portner 2000; Metzgeet al. 2007; Waltheret al.2009)

Since aly quiescent state rhythmic patterns were considered, thésdifigs represent a temperature
dependent rise in amplitude of the rhythmic patterns of these performance paramddisgibutions
obtained for Cancer 4 at 12°C and 14°C however have to hed@dath some caution, since the animal
showed hardly any rhythmic patterns at these temperatuaesl instead displayed increased activity
for approximately 70% of the measurement tim€his may be due to the feeding process, since
animals werefed two day before experimentationDelayed consumption of the offered food may
have led to still ongoing digestive activities at the start of experiments. Possible changes of quiescent
state metabolic activities this contexthave already been describédnsell 1973)

Animalsare able to maintain thir energy saving mode involving activity pauses at variable length
(translating intoreduced aerobic metabolispBradford and Taylor 1982yen at high temperatures
and should be able tstill rely on excess oxygen stored in the hemolymph.

Furthermore, sinceC. pagurusmostly rely on aerobic metabolism dog exhibition of rhythmic
patterns, it emsthat even at 20°C, they are not in the range of ana@rabetabolism and therefore
shouldnot havecros®dtheir critical temperaturgPortneret al.2017; Portner and Knust 2007)
However, risindrequenciesin activity changes with rising temperaturde not fully compensate for

the shortening ofpauses in metbolic and cardiac activitgince the overall time spent in the bottom
25% declines (compar€ig.28- e.g.Fig.29 for Cancer 1). Consequently, for the heart rate signals,
could be shown, that even though the frequencidshythmic patterngise with rising temperatures

the amount ofoveralltime spent in bradycardia declines (comparg.Fig.28- Fig.29for Cancer 1).

A shortening of time spendn low metabolic and cardiac activibhas already been reported fdt.
pagurusunder hypoxic conditiongBurnett and Bridges 1981Additionally,Metzger et al. (2007)
reported declining hemolymph oxygen partial pressures with rising temperatureS. fpgurus The
combination of less oxygen stored in the hemolymph and a higher rate of utilization may shorten the
time the animal is able to maintain its aerobic metabolism from stored oxygen and therefore shorten
the amount of time spent in the minimum lewedf the heart rate range~(g.28).

According to this apparemhismatch of oygen supply and demanat higher temperatureseducing

the times spent in bradycardia, the timgpent at maximum heart rates dwot increase much: #both,

low and high temperatures, top levelsioéart rates are distingbeaks usuallyconstituting less than a

third of the measurement timeKig.28).
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It seems liken the quiescent stateshort phases of top grformanceare sufficient to coveacute
metabolic needs anstill enable(shorter) pauseswith rising temperaturesThis mayrepresentamore
economical use of energhan steadilyperformingat mediumactivities(Burnett and Bridges 1981)
Nevertheless, the amount of tim€. pagirus displayed high, nofluctuating heart and oxygen
consumption rates also increased with higher temperatures (personal observations, data not shown),
signifying a generally positive correlation between activity and temperature.

During pauses, thsignd integrak, presumed to represent the cardiac stroke volume, shonimum

levels as seen for the heart rates and oxygen consumption rated-(@.81). Previous studies propose

a negative correlatiorbetween stroke volumesand heart ratesdue to increased hydrodynamic
resistanceresulting in insufficient filling of the ventricle at high heart rgf@e Wachter and McMahon
1996; Wilkens 1981oncerning thepplicabilityof the signalintegral as a stroke volume proxn

this studyboth integral signals and heart rates increase with increasing temperétige24-Fig.27).

The absolute values of the obtained integrals of leart beat signals as possible proxies of the stroke
volume strongly depend on the position of the plethysmograph on the carapace of the animal and
their anatomy. Some animals displayed very strong signals (high-gignaiseratio) which may be

due tobigger hearts or less signal absorbing tissue between the heart and the detecting sensor of the
plethysmograph. The integral signals therefore varied highly between the animals and to enable
comparability, the signals of every animal were normalized tdrtheerage signal at 12°C (control
conditions). However, the temperatugependent trends of the normalized integral signals are highly
influenced by the signal under control conditions, limiting their comparability to quantitative studies.
At higher hearrates, the cutofflike shape of the signal integrglBig.23) on the other handnay be
indicative fora decline in stroke volume due fweviously described physical limitatiofi3e Wachter

and McMahon 1996; Wilkens 1981n additionakxplanation would be, that the animahs simply
approachedhe volume limits of the ventricleSo far, as a quitative, albeit norinvasive technique,
IRPPCGdoes notsupport clear conclusioran the causes

However,since integral signals follow the same patterns as the heart rate siguetsy a given time
frame, and display the existence of upper limits as described for the stroke volume in the literature,
this study provides further eviderg¢thatthe integral signabf IRPPCcan be used as a validgxy for
relative changes istroke volumeof brachyuran crabfirst use byGiomi and Pdértner 2013)

The cardiac output proxy was calculateg multiplication of the heart rate with the integral signal as
proxy of the stroke volumeObserved increases in cardiac output levels iardine with previous
findings, which also reported an increase in cardiac output with rising temperatutddtacarcinus

magister(De Wachter and McMahon 1996)
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In the present studythe cadiac output shows no limitation as observed for the signal integrals, since
heart ratesrepresentmuch higher multipliers thargiven bythe normalized values for the integral

signal limiting the validity of the cardiac output proxy

4.3.3 CQ-dependent changs in rhythmic patterns

Previous studies provide evidence that high concentrations efc@@se a narrowing of the thermal
window of C. pagurugdescribedby reduced arterial oxygen levelMetzgeret al. 2007) Narcotic
effectsof CQ, reducing general activity and oxygen uptake ratese already seen for ther marine
invertebrateg(Michaelidiset al. 2005; Portneet al. 1998; Pdrtneet al. 2005; Pértneseet al.2004) For
the spider cralH. araneuselevated C&concentrations cause decreased arterial oxygen tersamd

a narrowed thermal windovaswell. There howeverCQ had a dosedependent positiveehronotropic
effect on heart rates with rising temperatur@&/altheret al.2009) It appears that different strategies

on how to deal with ocean warming and acidificateist across marine invertebrataad even within
the order of decapodrustaceans.

In the present studgn C. pagurughe variabledistributions of the measured performance parameters
did not indicate the occurrencef onedistinct reaction as described abovkhis is likehdue to the
high interindividual variatioas Caner 1 displayed depression of heart rates and oxygen consumption
under CQand Cancer 5 elevation of these parameters. These effects are fuatiravatedoy the
smal sample size of three animalBhe choserCQ concentrationsand temperature changedo not
trigger consistent reactioa in C. pagurusalready obvious when comparing central tendencies of
distributions Signalintegrals and cardiac do not show a@@-dependentchanges in distributions
Therefore, it may be more appropriate toduson chan@s inactivity over time as demonstrated for
the heart activity The results of the pattern analysis cérdiovascular performance revealed
consistent pattern of decreased heaattivity for all tested animals, indicating narcotic effects of
elevated C@levels on the heart activity df. pagurusProlongedreduction ofheart activity of the
animals may indirectly lead to reduced oxygen uptake, due to neuronal couploaydibregulation
and ventilation(Bradfordand Taylor 1982; Burnett and Bridges 1981; Taylor 188@)wouldfurther
providepossible explanations for reduced oxygen tensions observéddiggeret al. (2007) On the
other hand, this coupling indicates, that animals in the present study may also show a drop in arterial
oxygen tensionln combination, the results of the present study amse byMetzgeret al. (2007)
imply that narcotic effects on the heart activity by £ay also cause reduced oxygen uptake via

reduced ventilation, which subsequently causes reduction in arterial oxygen tensions.
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This is in contrast tdindings inH. araneuswhere reduced oxygen tensions wepeesented to be
caused by higher oxygen demands due to a-@pendent stimulation of the heart activifyvValther

et al.2009)

Both reactions however lead to reduced thermal toleramdaethe particular organisifMetzgeret al.
2007; Waltheet al.2009) Possibleeductions of thermal toleranckor C. pagurus the present study
with regard to the OCLTT concept could have béetected by observing G@ependent shifts in
breakpoints of the performance parametefBrederich andP6rtner 2000) However, the previously
described temperaturelependent performance breakpoints (16°G18°C)and maintained aerobic
metabolism (rhythmic patterns) at 200 not shiftunder elevated C&xoncentratiors and therefore
imply, that the upper pejs- and critical temperatures and the therm@alerancewindow do not differ
from that under normocapnic conditions.

The nonaffection of the thermal window of. pagurudvy CQ concentrations beyond the year 2100
used in this studguggestghat the narotic effects on the heart activity over time can be considered
to be light in comparison to the effects shown Mgtzgeret al. (2007)clearly narrowing the thermal
window. This discrepancy még due to the doselependentCQ effects already seen fdd. araneus
(Walther et al. 2009)

In an ecological context, these results indicate, iapagurugn the North Sea maot be as critically
affected as other decapod crustaceaht araneuy by CQ concentratiors expectedbeyond the year
2100.While possibleimplications forthe general fithess by light narcotic effects on the animals™ heart

activity over timewere not inwestigated in the present stugyheycannot be excluded
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4.41n vivoMRI

4.4.1 Anatomicreconstruction of the heart

In vivoMRI has already been used in previous studies on crustaceans to detect reactelegaied
CQor changingemperatures using velocity mapping of blood flow and real time cardiac im@gyssk

et al.2012; Boclet al. 2001) However, these studies focused more on functional properties than on
anatomical aspectsThis sudy providesthe first noninvasivein vivostudy on the anatomy of the
decapodcrustacearheart.

The hardware setup was optimized to provide sufficient tissue contrast of the scans, even though the
animals were surrounded by seawater. This was achieved by théined use of volume resonator

for signal excitation and receinanly surface coil for signal reception (deg. 19).

To cover the entire heart, 2€oronalscanswith a thickness of 1 mmvere conductedThis thickess
proved to be the best compromise for imaging time and image resolufiba.3D model resulted from
reconstruction could then besed to studyanatomical structures, that have already been described
usingconventionaterminal methods.

From the3D reconstructions, vessels of 4 of the 5 arterial systems originating at the heart could be
displayed Fig.35). The only artery missing is the anterior aorta, which should be located between the
hepatic arteries at thenedial dorsal anterior aspect of the hedMicGaw and Reiber 2002 owever,

the anterior aorta is very small in diamet@ndapparently had aimilarimage contrasto parts of the
digestive tracks locatednteriorly to the heart Further adjustments to the imaging parameters, with
regards to image contrast (echand recovery time, flip angle) or resolution may be necessary to
decisively visualize the anterior aorta. Still, scan parameters allowed foonratiefactfree images.

In the reconstructions of the ventricle, three pairs of ostia, located dorsally, ventrally and laterally
could be identified Fig. 36). At diastole, hemolymph enters thesart through theg ostia. Their
observed locations are in line with previous findir{yaynard 1960) Furthermore,in singleslice
images(Hg. 19), the ventricle appears to hava spongdike structure. The underlying trabecular
networks have already been described microscopic levels and are thought to facilitate coordinated
contraction(Howseet al. 1971)

The 3D reconstructionsalso reveakd (potentially functional)cavities inside the ventricle. These
cavites originate near the ostia and leadttte originsof the arteries of the arterial systenfig.36).
These structures may channkeémolymphtowards the arteries, possiblgnhancingthe pumping

efficiencyof the decapod crustacean heart.
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The complesstructure of the ventricle angroposedenhanced efficiencyfgoumpingrelated tothe
relatively complexstructure of the remaining vasculaystem in decapod crustaceansay help
redirect hemolymph through its different arterial syster&ven though the hears singlechambered,
these findings corroboratéhe highcomplexity ofthe circulatory syseem of decapod crustacearst

ventricular levels.

4.4.2 Determination of stroke volume usirane MRI

As for the anatomical reconstructions, the exemplary determination of stroke volume was done using
in vivoMR| namelyl3 IntraGate FLASH scazwvering the entire heart.When comparing systolic and
diastolicstates,it was found thatcontractions in anterolateral direction in the posterior regiofiithe
heartand lateral contractiosin its lateral regions were dominant. Coaction of the anterior region

was rather poor, even though it could be observed. Due to the coronal direction of the scans, no
statements could beanade about the albié small dorsoventral movementsbserved in separate
experimentg(B.Maus, personal comaonication).

Volume changes of the inner cavities of the ventricle may be directly linked to the directions of
contraction. This may be due to the previously described contractioredtions synergistically
minimizingcavity volume inthese areas. Since liasalreadybeenshown, that ostia close with the
onset of contractio(Maynard 1960)the hemolymph irthe lateral areas may be directéolwards the
cavities near theentries to the arteries This supports therevious assumptionsbased onthe
stationary anatomical scans, that the cavitiesable directed flow of hemolymph intdifferent
vessels.

To finally determine the strokgolume changes in muscle volume and cavity volume were calculated.
Both cavity volume changawere approximately 0.1 mLApparently, changes ventricle volume as
translators of muscle contraction nearlylly transfer into minimizing theavity volume.
Thermodilutionmethodsfor C. pagurusand pulse Doppler flowmeter measuremerftsr M. magister
displayed values for the stroke volume ranging from @1Z5 mL/kg(Burnett and Bridges 1981; De
Wachter and McMahon 1996 he fact thathe value from one C. pagurusn this study isa little
smaller may be due to the different sizaesdaweightsof the animals. The individual used in this study
weighted 308 g, whereds. pagurusised byBurnett and Bridges (198%)eighted between 4050 g

and M. magisterin the study ofDe Wachter and McMahon (199@)eighted between 50465 g.
Despite these differences in sizes of the animals, ratios of strokene to bog weightobtained in

this study are only 5% smaller than the ones obtaine®bywWachter and McMahon (1996)
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A possibleeasonfor these smallvolume differences might bine exclusion ohemolymph collecting

in the trabecular structure of the ventriclduring reconstructionsTherefore, the actual stroke volume
might be little higher than the calculations in the present study. Furthermore, since reconstructions
and choosing of reconstructed frames are fully operator mediated, mistakes in selecting of
reconstructed tissues cannot be fully excluded.

Considering thighe approach presenteth this studyis a first step for the noinvasive quantification

of stroke volume by direct measurement of ventricular contraction applied to an aquatic invertebrate
Moreover, the use of MRI reveals further details of the pumpirechanism andicknowledgeghe

complexity of thecardiac activityof decapod crustaceans.

4.5Perspectives

The presentdata derivedfrom the temperature ramp experiments provideom for even further
analysisdue to ther high resolution and continuityThs would includehe assignment of methods
used for exemplary pattern analysis of heattivity on the other parameters. This may offer
interesting resultsfor exampletowardsthe oxygen consumption rate§ he stroke volume is known

to change in responst® decreasing heart rates under hypoxia to maintain same levels of cardiac
output (Guadagnolet al. 2007; Reiber and McMahon 1998; Reiletral. 1997; Wheatly and Taylor
1981; Wilkes and McMahon 198X)eeperanalysis ofcorrelatiors to heart rates and cardiac output
may revealeffects not obvious at first sighCorrelations between heart rates anihtegral offer
potential to reveal a C&dependent shifof the observed and discussed maximum performance levels
ofthe integral signalKig.23). This would also apply for correlation analyses between the integral signal
and the oxygen consumption rates.

As it is proposedhat narcotic effects on heart activity indirectly cause decreased oxygpeake via
reduced ventilation, simultaneous measurements of oxygen hemolymph partial pressure and
ventilation rate would providgossibleevidence for this assumption

For the possible detection of C&lependent changes in breakpoints of thesart rates, their
implementation into an Arrhenius plot may provide another optidaditionally, changes integrals

of the heart rate rhythmic patterns may provide information abohtinges in performance over time.
Together, these approaches would generate &iddal information aboutminute changes ithermal
tolerance windowsGenerally further experiments under the same conditions may be necessary to
achieve better representation of the population and obtain general response patterns by minimizing

effects ofinterindividual variability.
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Beyond that, possible affection of the lotgym performance by the observed narcotic effects©n
pagurusrequires further investigationAdditionally, the use of higher G@oncentrations in the
experiments may triggemore disinct dosedependent effects

The first determination of the stroke volume using M&Juires further validation before arfyture
applications. Comparability to previously established (invasive) methods still needs to be confirmed.
Optimalscan paameters would help to streamline the measurement and reconstruction process. At
approximately 1 h, the scan time is still relatively high and definitely too high to detect changes at the
temporal resolution provided by the IRPG measurement¥he aim wold be, not having to consider

all layers of the heart, but only a few, which aepresentative of the complete ventricular contraction

and its changes.

4.6 Conclusions

The employedetup enabled simultaneoyuson-invasivemeasurement®f heart rates (and a®ciated
cardiac parameters derived from these signals) and oxygen consumptiorimagsponse taeliable
manipulatiors of temperatures and?(CQ)y.

The increasing amplitude of rhythmic patterns in response to rising temperatures mostly depended on
increases at the maximum leyekhereas minimum levels remained stablemperaturedependent
changes in frequency and shape of these fluctuations sudigasthe energetic costs fanaintaining
longer phases ahetabolic and cardiac inactivitpight be higler than their benefits.

Beside these temperaturdependent effects, it could be shown, that £€&ncentrations around 1400
patm can havdight narcotic effects on the heart activity over tinoé C. pagurusHowever the diverse
responses of the otheparanetersand no observed shifts performancebreakpoints imply, thathe
thermal tolerancewindow under global change conditions beyond the year 2i508ot narrowed
under OCLTT criteriRossiblamplications fodong-term performance require further invéigation.

IRPPG provided valid proxies for the relative changes in stroke volume, and signals showed previously
described limitations at higher heart rates. However, this method is still not suitable for detection of
quantitative changes. Therefaré was aimed to develop a nenvasive approach to quantify the
stroke volume. Absolute valador the particular animals coutden be used as references for relative
changes obtained by {IRPGn future studies

In the course of this study, MRI could beidaled as a powerful tool to enable anatomical studies on
the heart ofC. pagurusdespite the presence of seawater around the anirf@ainplexnner structures

of the ventriclecould be revealedjkely enhancing the pumping mechanism.
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The noninvasive masurement ofstroke volumeusing MRI provided realistic valsiin comparison to
established referencesAdditionally, it allowed for observations on the detailsf the pumping
mechanism. Adaptegon and simplification of this still timeonsuming methodo research questions

involvingtime seriescoverage of the stroke volume provides demanding challenges for the future.
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