Biogeosciences, 6, 2202215 2009 "5\ . .
www.biogeosciences.net/6/2207/2009/ ‘GG’ Biogeosciences
© Author(s) 2009. This work is distributed under _
the Creative Commons Attribution 3.0 License.

Impact of anthropogenic ocean acidification on thermal tolerance of
the spider crab Hyas araneus

K. Walther, F. J. Sartoris, C. Bock, and H. O. Portner

Alfred-Wegener-Institute for Polar and Marine Research, Department Integrative Ecophysiology, Am Handelshafen 12,
27570 Bremerhaven, Germany

Received: 16 February 2009 — Published in Biogeosciences Discuss.: 10 March 2009
Revised: 21 September 2009 — Accepted: 23 September 2009 — Published: 15 October 2009

Abstract. Future scenarios for the oceans project combineddifferent future scenarios for CQconcentrations in the at-
developments of C®accumulation and global warming and mosphere and ocean. By 2100 they projected atmospheric
their impact on marine ecosystems. The synergistic impactand surface ocean levels of 710 ppm £é&nhd for the year

of both factors was addressed by studying the effect of ele2300 much beyond depending on the continued use of fos-
vated CQ concentrations on thermal tolerance of the cold- sil fuel resources. Values reached may potentially comprise
eurythermal spider crablyas araneudrom the population 3000 ppm CQ. CO;, penetrates the surface ocean by air-to-
around Helgoland. Here ambient temperatures characteisea equilibration and is distributed by ocean circulation (Orr
ize the southernmost distribution limit of this species. An- et al., 2001). In the studied area, the German Bight, North
imals were exposed to present day normocapnia (380 ppnsea, water depth is less than 100 m (Pohlmann, 1996). In this
COp), CO, levels expected towards 2100 (710 ppm) and be-case, the whole water body will be equilibrated with £O
yond (3000 ppm). Heart rate and haemolymph, FR2O2) The ongoing and predicted increase of £lévels leads to
were measured during progressive short term cooling fronquestions about the potential impact of ocean acidification on
10 to OC and during warming from 10 to 2&. Anincrease = marine ecosystems in times of ocean warming (oftfier et

of PsO2 occurred during cooling, the highest values being al., 2005; Brtner, 2008). Physiological mechanisms affected
reached at @ under all three C®levels. Heart rate in- by CO, have been identified, however, past studies on the in-
creased during warming until a critical temperatufg (vas  fluence of CQ on crustaceans were conducted with a differ-
reached. The putativE. under normocapnia was presumably ent focus and either used concentrations of about 10 000 ppm
>25°C, from where it fell to 23.5C under 710 ppm and then CO, (Cameron, 1978, 1985; Wickins, 1984; Cameron and
21.1°C under 3000 ppm. At the same time, thermal sensitiv-lwama, 1987; Metzger et al., 2007; Pane and Barry, 2007) or
ity, as seen in th@ g values of heart rate, rose with increas- rarely more realistic scenarios (e.g. about 800 ppm used by
ing CO, concentration in the warmth. Our results suggestSpicer et al., 2007). For reliable conclusions concerning the
a narrowing of the thermal window d¢iyas araneusinder  impact of CQ on the physiology and fitness of crustaceans
moderate increases in G@&vels by exacerbation of the heat in the near future, it is necessary, however, to include real-
or cold induced oxygen and capacity limitation of thermal istic CO, concentrations in those studies, as postulated for
tolerance. 2100 (710 ppm) or beyond (3000 ppm), and combine them
with changing temperatures.

The present study investigates the impacts of, Gd
temperature on the physiologyldfas araneu# the context
of the thermal tolerance concept originally developed in crus-
The ongoing increase of GOn the atmosphere is a key taceans, namely by Frederich andrfRer (2000) forMaja
driver of global warming (IPCC, 2001, 2007) and causesSauinado The thermal tolerance window as characterized
an inrease in accumulation of GGn the oceans leading PY temperature dependent haemolymph oxygen partial pres-

to an acidification. Caldeira and Wickett (2005) modelled Sure (RO2), heart and ventilation rates comprises the tem-
perature range of aerobic performance (or scope). The ther-

mal optimum is the temperature where performance is max-
Correspondence tdK. Walther imal, supported by high haemolymph oxygen tension, and
m (kathleen.walther@awi.de) maximum scope (i.e. increase above maintenance) for heart
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and ventilation rates. The earliest limits of the thermal tol- The present study investigates the thermal window of the
erance range with ecological relevancértBer and Knust, Hyas araneupopulation around Helgoland in the context of
2007) are reflected by high and low pejus temperatufgs ( the large temperature fluctuations experienced by the species
Warming leads to rising oxygen demand that can initially in the North Sea. One further question addressed in this
be met by oxygen supply through enhanced ventilation andstudy is to what extent Caffects the wide thermal toler-
heart rate (Zainal et al., 1992; Frederich aritRer, 2000). ance range and whether this effect sets in under expected
The uppefT, indicates the point, where ventilation and heart CO, accumulation scenarios in both atmosphere and surface
rates level off and remain constant indicating capacity limita-waters.
tion. Haemolymph oxygen partial pressure decreases within
the subsequent pejus range, as a result of a mismatch devel-
oping between the rising oxygen demand for maintenance Materials and methods
and the limited capacities of ventilation and circulation in
oxygen supply. Beyond pejus range, a critical temperature2.1  Animals
defines the onset of anaerobic metabolism, where accumu-
lation of L-lactate, succinate and inorganic phosphate set#\dult Hyas araneugL.), including males and females with
in and aerobic scope vanishes (Frederich aixdrfer, 2000;  similar sizes (carapace length: 6888 mm) were caught
Melzner et al., 2006). In the following pessimum range ani- between August and October 2007 around Helgoland, Ger-
mal life is sustained for limited time only. Such critical tem- many. The females used were all in the same reproductive
peratures can also be identified from patternss@iFor heart  stage and were not carrying egg masses. The animals were
rate. A drop in heart rate characterizes the critical temperaheld in tanks with aerated re-circulating natural seawater at
ture as it coincides with the onset for anaerobic metabolite10+0.2°C, 32—33%. salinity, pH 8.0 and a 12h light cycle
accumulation (Frederich andbRner, 2000; Melzner et al., at the Alfred-Wegener-Institute in Bremerhaven, Germany,
2006). As RO- levels depend on oxygen consumption and for at least 4 weeks before the beginning of the experiments.
are controlled by ventilation and heart rate the determina-The animals were fed twice a week with pieces of mussels
tion of critical thermal maxima in different crab species from (Mytilus edulig. A thermostat (Lauda, T1200) ensured tight
heart rate measurements (Ahsanullah and Newell, 1971; Cuemperature control in the experimental setup tank. The tem-
culescu et al., 1998; Stillman and Somero, 1996; Worden eperature ramp starting from a control temperature ¢fCLO
al., 2006) would likely match critical thermal limits accord- was coded using the wintherm plus program (Version 2.2) of
ing to the concept of oxygen and capacity limited thermalthe thermostat. The water was cooled froni@@o °C and
tolerance. warmed continuously from 2C to 25 C at a rate of 1C per
The impact of moderate elevations in €0On thermal  h. The accuracy of the temperature ramp w9 2°C/h for
window may be small in the thermal optimum but may ex- cooling and 30.1°C/h for warming protocols.
ert stronger effects on thermal limits as hypothesized earlier
(Portner et al., 2005; &ttner and Farrell, 2008). Atthermal 2.2 Surgical procedures
extremes it may exacerbate the reduction in aerobic scope to-
wards thermal extremes (cf. Metzger et al., 2007) which will Prior to experimentation animals were prepared for contin-
decrease functional capacity and fithess and may minimizeious simultaneous measurements of arterial haemolymph
survival in the field once animals §Rner and Knust, 2007). oxygen partial pressure {B,) and of heart rate. Briefly, two
Little is known about the effect of COon temperature holes were drilled through the carapace, one directly over the
tolerance of cold-eurythermal invertebrates, especially inheart, avoiding injury to the hypodermis. This hole was cov-
species at the border of their temperature dependent distriered with latex dam to prevent haemolymph loss. The sleeve
bution range along a latitudinal gradient. The spider crabof an inflexible venipuncture needle (after Strauss, BRAUN,
Hyas araneugL.) was chosen as a model for a cold temper- Germany) was used as an adapter for fixation of the oxy-
ate crustaceartlyas araneuss found in the North Atlantic  gen optode. This adapter was fixed with dental wax over the
from the North Sea, near Helgoland, Germany, to the Arcticdrilled hole. A second hole was drilled behind the optode
around Svalbard, Norway (Christiansen, 1969). During thepreparation for fixation of the Doppler probe used for heart
year the mean ambient temperature of the North Sea variesate measurements.
between 3C and 18C and reaches maxima of about°20
in summer (Wiltshire and Manly, 2004). In Svalbard wa- 2.3 Oxygen measurements
tersHyas araneuss exposed to temperatures betweé 0
and 6C (Svendsen et al., 2002). The species lives on stonyMeasurements of arterial @, were carried out with
sandy and soft bottom fromx1 down to 360 m, most com- microoptodes (NTH-PSt1-L5ITF-PC3,1-NS 35x1,20-YOP,
monly at depths less than 50 m. Males may reach a carapadereSens GmbH, 93053 Regensburg, Germany). Data were
length up to 105 mm (Christiansen, 1969). recorded on-line by use of temperature compensation via
TX2-A oxygen monitors and software (Oxy View TX2 C
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4.02) (PreSens Regensburg, Germany). Optodes were cali- a - normocapnia

brated in air-saturated millipore water (100%) and in oxygen- 18 - 710 ppm

free seawater, using sodium disulfide (0%). Haemolymph 16 - 3000 ppm

clotting around the oxygen probes was prevented by rinsing ‘

the probes in a heparin solution (5000 U/ml) prior to use. The " H ! “ )

tip of the optode was inserted through the adapter and latex 12 IT *IH; Tm“ IU H“““H l

dam into the pericardial sinus and fixed with parafilm. Oxy- g 10JH I : I TT *UTT TT TH lmll\

gen values were recorded as % air saturation and converted 5‘; m m Hm I TT'H' TTTT Ti

R A
“ T

2.4 Heart rate measurements I { H H m

4-

Measurements of heart rate were carried out with a non- 2

invasive laser Doppler perfusion monitor (LDPM PeriFlux

System 5000, Perimed ABarfalla, Sweden) as described & [ T

by Lannig et al. (2008). Prior to the experiments, the probe b

was two-point calibrated. The laser Doppler signal was mon- 70-

itored by chart 5 (AD instruments). Heart rates (beats/min)

were derived from regular changes in the laser Doppler sig- 65+

nal caused by fluctuating haemolymph flow. Laser Doppler = 604

values were averaged for individual temperature steps$@0.1 'E

for the warming ramp, 0°Z for the cooling ramp). g 55+ | l
[

2.5 CO,incubations 3’50' l | Iy l“{ Ih
© _'

After the implantation of the sensors, animals were allowed t ® . m ““ﬁlxlﬁ fl TTU( *

to recover for 24 h in 75-1 seawater tanks aP@0 During 2 40| MHHMI#IM“ ! T o] '[ W [

the experiments animals were exposed to differens €- 45 %TTT I /! TTTU m THTT { m Y

centrations (normocapnia, 710 ppm, 3000 ppm) in the sea- TTT T T I

water. For normocapnic conditions (380 ppm £S@eawater 30 — T

was bubbled with air. For exposure to different £6bn- 6 1 2 3 4 5 6 7 8 9 10

centrations Vdsthoff gas mixing pumps (Typ 2M303/a-F-T, temperature (°C)

5kM303/a-F, 5kM402-F) were used to mix @@ree air with )
Fig. 1. Temperature dependent patterns @DP and heart rate

COp. During exposure to 3000 ppm GQvater, water pH of Hyas araneusxposed to different C®concentrations during

dropped from 8.0 to 7.3 (expected pH value calculated as e cooling from 10 to0C (grey: normocapnia; red: 710 ppm:

7.29). Equilibration with 710 ppm C£roncentration caused - .- 3000 ppm).(a). PeOy, values under 3000 ppm were sig-
a pH decrease from 8.0 to 7.8 (expected value calculated gggicantly different from those under normocapnia and 710 ppm
pH 7.80). Prior to exposure to the temperature ramp animal$aANOVA, p<0.001). (b). Heart rate under 3000 ppm was sig-
were exposed for 24 h to 1Q at each particular COcon-  nificantly different from those under normocapnia and 710 ppm
centration. New acid-base equilibria were reached in bodyANOVA, p<0.001). Data are means SE,n=7 (normocapnia)
fluids of the crabs within 24 h (Truchot, 1984). All animals and 8 (710 ppm, 3000 ppm), respectively.

survived experimentation.

2.6 Data analysis heart rate increments, after De Wachter and Wilkens (1996):

010=(fm2! fr1)exp[10/¢2—11)] with ¢ = temperature andy
Data are presented as meahsSE. Statistical significance = heart rate.

was tested using one-way ANOVA and post hoc Tukey

tests (GraphPad Software, Prism 4). Discontinuities in the

slopes of heart rate changes vs. temperature were calculatesl Results

from intersections of fitted two-phase regressions accord-

ing to the minimum sum of squares and were presented agcute cooling from 10C to (°C resulted in a slight increase
breakpoints and critical temperatureg ), Linear regres- of arterial RO, under all three conditions, i.e. normocap-
sion lines were calculated with Prism 4 (GraphPad Soft-nia, 710 ppm, as well as 3000 ppm g Gtarting from values
ware). Nonlinear regression curves were fitted using Boltz-of PO, which fell with rising CQ levels (Fig. 1a). Un-
mann sigmoidal equation at Prism 4 (GraphPad Software)der normocapnia mean®; ranged from 9.49 kPa at 10
Q10 values were calculated from the exponential phases ofo 13.24kPa at G, under 710 ppm values ranged from
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a ) (ANOVA, p<0.001).Hyas araneuspecimens incubated un-
10+ il der 3000 ppm displayed a lower heart rate than those under
9- = 710 ppm 710 ppm or normocapnia. Heart rate remained more or less
" * 3000 ppm constant between 6 and® under all conditions, at a rate of

37.2t1.2 beats/min under 3000 ppm, 394614 beats/min
under 710 ppm and 40.271.4 beats/min under normocap-
nia.

Upon acute warming from 2C€ to 25C haemolymph
PO, values ofHyas araneudlecreased (Fig. 2a), from a
maximum of about 8.5 kPa at 10 under normocapnia to a
minimum of about 2.5 kPa at 26. Under the same warming
protocol mean FO2 in crabs under 710 ppm fell from 6.3 kPa
to 0.8 kPa, and in specimens under 3000 ppm from 6.9 kPa to
1.37 kPa. Differences were statistically significant between
data obtained under normocapnia and 710 ppm (ANOVA,

P.O2 (kPa)

b p<0.001) as well as between those under 3000 ppm and nor-
709 mocapnia or 710 ppm (ANOVAp <0.01).
654 Depending on C@ treatment heart rate dflyas ara-
L I} . '... || neusdisplayed different patterns upon acute warming be-
T 60 iy lé:lﬁli"l !' :I " '——;u_!i"“ tween 10C and 25C (Fig. 2b). Lowest rates were seen
% 55| frld ,-iu,"ril' '1"|:-||||'i|1.-|| " "'.,: ||‘ " under normocapnia with relatively stable mean values be-
i | kA ' ) tween 43.7 and 55.0 beats/min. In contrast, heart rate in-
£ 50 I creased under 710 ppm from 48.9 beats/min &tCl€ a
*3 . maximum of 63.17 beats/min at 22@ leveling off towards
£ 61.67 beats/min at 236 and decreasing rapidly thereafter
2 40 to 48.44 beats/min at 248. Crabs under 3000 ppm dis-
played an increase in heart rate from 52.49 beats/min°& 10
351 to 65.6 beats/min at 18€ leveling off to 62.52 beats/min
o\ at 21.2C and decreasing thereafter to 50.05 beats/min at
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 24°C. Data under 3000 ppm were significantly different from
temperature (°C) those obtained under normocapnia or 710 ppm (ANOVA,
p<0.001).
Fig. 2. Temperature dependent patterns @OPR and heart rate Figure 3 presents a comparison B values and heart

of Hyas araneusxposed to different Cfconcentrations during  rates within the whole temperature range of all three in-
acute warming from 10 to 2& (grey: normocapnia; red: 710 ppm; o \piione (normocapnia (Fig. 3a), 710 ppm (Fig. 3b) and

black: 3000 ppm).(a). PeO> values were significantly different 30000 ppm (Fig. 3c)). Contrasting trends result fgbp and

between values under 3000 ppm and those under normocapnia ar?_l t rate. Cl h in the d | t of heart rat
710 ppm (ANOVA, p<0.01) and between values under normocap- €art rate. ear changes in the aevelopment of heart rate

nia and 710 ppm (ANOVAp<0.01). (b). Heart rate under nor- UPON warming under 710 ppm and 3000 ppm define the criti-
mocapnia was significantly different from those under 710 ppm andc@l temperaturest) from calculated breakpoints. The upper
3000 ppm (ANOVA, p<0.001). Data are means SE,n=7 (nor-  I. under 710 ppm was 236 and under 3000 ppm 22Q.
mocapnia) and 8 (710 ppm, 3000 ppm). Under normocapnic conditions no breakpoint could be iden-
tified in the observed temperature range between 10 and
25°C, confirming that theT, is found beyond 28C under
8.72kPa to 13.56 kPa and, under 3000 ppm, from 6.05 kP@aormocapniaf,.>25°C).
to 10.65kPa. The 4, values of crabs incubated under  Accordingly, Q19 values ofHyas araneuseart rates (cal-
3000 ppm were significantly lower than in animals under culated from the exponential phases of heart rate increments
both normocapnia and 710 ppm (ANOVA<0.001). between 6 and FZ) increased from 1.25, (heart rate incre-
Heart rate decreased betweerr@Gnd 6C with differ- ment: 44.26 beats/min to 50.60 beats/min) under normocap-
ent slopes depending on G@oncentration (Fig. 1b). The nia to 1.55 (42.27 to 55.06 beats/min) under 710 ppm CO
heart rate of crabs incubated under 3000 ppm &0 more and 2.05 (heart rate increment; 35.79 to 55.08 beats/min) un-
strongly than in animals incubated under 710 ppm and norder 3000 ppm C@ (Fig. 4). These data demonstrate an in-
mocapnia. The statistical comparison of the three data setsremental response to temperature with increasing €@
obtained between 2C and GC revealed a significant dif- els.
ference between animals under normocapnia and 3000 ppm
as well as between those under 710ppm and 3000 ppm

Biogeosciences, 6, 2202215 2009 www.biogeosciences.net/6/2207/2009/
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Fig. 4. Schematic model of heart rate iHyas araneusunder
normocapnia (grey), 710 ppm (red) and 3000 ppm (black) @O
temperatures between 0 and°25 Note the shift in thermal re-
sponses of heart rate, reflected@n g values, calculated from the
exponential phases between 6 and®@2blue bars). Q1¢ val-

ues were larger under 3000 ppi2{p=2.05) than under 710 ppm
(Q10=1.55) or normocapniad10=1.25). As a result, onset of a
30+— . . . . 0 drop in heart rate and upper critical temperature were seen at lower
temperatures under 3000 than under 710 ppm. Heart rate under
normocapnia showed no warming induced decrement. Non-linear
regression fit with Boltzmann sigmoidal equation for normocap-
nia: y=38.92+(50.60-38.92)/(1+exp((7.502-x)/2.0143%0.8429,

for 710ppm: y=38.04+(58.76-38.04)/(1+exp((9.201—x)/2.235));
+2=0.9757, for 3000 ppm: y=36.57+(59.40-36.57)/(1+exp((9.566—
X)/1.506));r2=0.9531.

heart rate (beats/min)
(ed%) 20°d

(ed¥) 20°d

4 Discussion

heart rate (beats/min)

4.1 Thermal tolerance window ofHyas araneus

30

0248 fe"::e:;u:: (:g) 1820224 The aim of the present study was to illustrate the impact of
anthropogenic C®accumulation in the oceans on the ther-
Fig. 3. Combined depiction of §, (black) and heart rate (grey) Mal tolerance window of the spider cratyas araneupspop-
data (means) ofyas araneudetween 0 and 2% (starting point ~ ulation from Helgoland. For an examination of the ther-
10°C). (a) normocapnia. (b) 710 ppm. (c) 3000 ppm. The red mal tolerance window haemolymph oxygen partial pressure
line indicates the shift in the uppef, with rising CO, levels (PeO2) and heart rate were measured during warming and
(n=7, normocapniap=8, 710ppm and 3000 ppm). Discontinu- cooling protocols.
ities in the temperature dependence of.heart rate data (means) Hyas araneugxposed to the cooling protocol from D
between 10 and 2% under normocapnia, 710ppm ¢@nd {5 (°C (Fig. 1a) displayed a moderate increase in arterial
3000 ppm CQ, analysed from linear regressions intersecting at haemolymph oxygen partial pressure while heart rate de-
the respective breakpoints, defined as critical temperatdigs ( reased. Specimens exposed to warming froA€C10 25 C
Data under normocapnia revealed no breakpoint in the tested _. : . . .

Fig. 2a) experienced a decrease in megDPralue while

temperature range. Under 710 ppm, thewas 23.5C, under . "
3000 ppm, theT, was 21.2C. Regressions under 710 ppm are: heart rate rose under normocapnic conditions. The compre-

£(10-23.5C)=46.44+(0.64820.01816px, p<0.0001, f(23.5-  hensive depiction in Fig. 3 shows that arterial haemolymph
25°C)=296.8+(—10:0.7759px, p<0.0001.  Regressions un- PeO2 continued to rise down to°@. These data contrast the

der 3000ppm are: f(10-21.2C)=45.59+(0.802%0.031)pX, first such data set elaborated in the spider &afa squinado

p<0.0001,£(21.1-25C)=131.5+(—3.2%0.1852px, p<0.0001. (Frederich and &tner, 2000) where the temperature depen-
dent pattern of arterial ®, characterized the thermal tol-
erance window. IMaja squinadoP:O> fell upon cooling

www.biogeosciences.net/6/2207/2009/ Biogeosciences, 6, 22032009
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until a lower critical temperature was reached, subsequentlyn H. araneusat 10°C and beyond. Close td'Q, high RO2
anaerobic metabolism set in and indicated cold induced oxyvalues combined with relatively high heart rate$iyfs ara-
gen deficiency (Frederich an@fner, 2000). neusreflect maintenance of performance at cold tempera-
The optimum temperature range Bfaja squinadowas  tures. The rise in arteriale®s in the cold reflects the facili-
seen between low and high pejus temperatures of 8.9 anthtion in oxygen supply in cold waters, once tissue functional
17.8C, respectively (Frederich anddRner, 2000), with  capacities are cold adapted. This facilitation is due to rising
a maximum arterial g0, of 92.6 mmHg, equivalent to oxygen solubility in the cold in water and body fluids com-
12.3kPa, which was more or less stable between those sdsined with a putative cold induced reduction of metabolic
called pejus thresholds. The highegOR value recorded in  rates (cf. Brtner, 2002). This conclusion is supported by the
Hyas araneusvas 13.6 kPa at the coldest temperature’@f.0  relaxed oxygen supply situation and the respective molecu-
These data indicate that the optimum performance range dfar to systemic adaptations of polar stenotherms (@ftrier,
Hyas araneuss shifted to colder temperatures when com- 2006).
pared toMaja squinado As Hyas araneusreached their Under normocapnia and both elevatedQ€énsions tested
highest arterial FO, values in the cold this may indicate that Hyas araneuseart rate decreased from 10 ttG6and was
the species experiences no oxygen limitation at extremelynearly constant between 6 andQ reflecting the lower
cold temperatures, at least in its central organs close to thend of an exponential decline phase which characterizes the
heart. However, recent data indicate that venous oxygen terlower end of the thermal window. This pattern is similar
sions may more closely reflect thermal limitation (F. Giomi, to the pattern of oxygen consumption within thermal toler-
personal communication). Limitation in the perfusion of pe- ance windows as seen in the squat lobsfiemida rugosa
ripheral organs associated with low venous oxygen tensiong$Zainal et al., 1992) and in other marine invertebrates, e.g. the
or in general, in functional capacity upon further cooling, lugworm, Arenicola marina(Wittmann et al., 2008). Upon
may thus occur in similar ways as shownNtaja squinado  warming from 10 to 25C the heart rate oHyas araneus
(Bock et al., 2001). Due to capacity limitation in neuromus- remained more or less constant under normocapnic condi-
cular systems all reptant decapod crustaceans were hypothéiens (Fig. 2b). The exponential phase of the heart rate was
sized to be excluded from permanently low temperatures okeen between 6 and %42 under all CQ conditions. The up-
—1°C in polar oceans (Frederich et al., 2000). per point of change between exponential and linear phase is
The range of thermal tolerance bliyas araneuss mir- defined as the upper pejus temperature, where the circula-
rored in its range of natural distribution from the North tory performance ofd. araneusfrom the Helgoland popu-
Sea around Helgoland, Germany, northward to the Arcticlation reaches its upper capacity limit. At higher tempera-
around Svalbard, Norway (Christiansen, 1968lyas ara-  tures tharT), the analysis revealed no further discontinuities
neuscan thus be characterized as a cold-eurythermal specieis the normocapnic data (Fig. 3). For comparison, heart rate
with a lower thermal optimum range than seen in the warm-data ofMaja squinadadisplayed a break at 376, close to
eurythermalMaja squinado(Frederich and &tner, 2000).  their critical temperature identified by the onset of anaerobic
Mean ambient water temperature of the North Sea at Helimetabolism (Frederich anddRner, 2000). We conclude that
goland Roads is about@ in winter and reaches 18, max-  the upper critical temperature of thtyas araneusgrom the
imally 20°C, in summer (Wiltshire and Manly, 2004). Tem- population at Helgoland under normocapnia is likely reached
peratures in Svalbard waters fluctuate between 0 & 6 above 25C.
(Svendsen et al., 2002). This wide range of habitat temper- The observations that the maximal® of Hyas araneus
atures implies a wide thermal tolerance range of this spidefs found close to @C, that the upper pejus temperature is
crab. likely seen around I to 12C and that the critical temper-
The heart rate ofHyas araneusdecreased exponen- ature ofHyas araneuss found above 25 indicate that the
tially between 10C and GC under normocapnic conditions width of the pejus range starting beyond@o 12C is sim-
(Fig. 1b). Heart rate reached 37.2beats/min &.0This ilar or somewhat broader than thatMfja squinadowhich
value appears high compared to the 20 beats/min reportedisplays a pejus range between 17.3 and X1.(Frederich
for Hyas araneusat °C (Frederich et al., 2000). IMaja  and Brtner, 2000). This and the progressive rise ¥Op
squinado heart rate at @, below the lower critical tem-  within the optimum range towards the more extreme cold dis-
perature and within the pessimum range was 10 beats/mininguishesHyas araneuss a cold-eurythermal species from
A lower heart beat rate might not only reflect thermal lim- the warm-eurytherma¥aja squinado
itation but also relate to the somewhat larger body size of
M. squinado(carapace length: 142t880.5mm (Berardez 4.2 CO; effects on thermal tolerance
et al., 2005) compared to carapace length: 2.8 mm
in H. araneu3 (Ahsanullah and Newell, 1971; DeFur and During exposure to increased g@@oncentrations (710 ppm
Mangum, 1979). Maja squinadés heart rates in the opti- and 3000 ppm) thed®, of Hyas araneuslisplayed various
mum range (9.3C to 17.3C) were about 40 to 60 beats/min decline phases betweef@and 25C resembling those un-
(Frederich and &rtner, 2000), at the low end of rates seen der normocapnic conditions (Fig. 3). The same was true for
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the pattern of heart rate. However, levels of heart rate andate measurements &ktrolisthesspecies identified a criti-
PO, differed between C®levels. Heart rate resulted lower cal temperature which in the light of our present data and
between 10 and°@ under 3000 ppm than under 710 ppm those by Frederich andoRner (2000) may indicate a shift
or normocapnia. This observation together with a trend forfrom aerobic to anaerobic metabolism. The low intertidal
PO, to be lower under high CPOlevels indicate a reduc- crabPetrolisthes eriomerudisplayed a narrower thermal tol-
tion in functional capacity of oxygen supply in G@xposed erance window and a lowef, of 26.6°C with some accu-
specimens in the cold. mulation of L-lactate at 25C in comparison to the high in-
Above 10C, CQO, concentration influenced the tempera- tertidal crabPetrolisthes cinctipe$7,.=31.5C) (Stillmann
ture dependent rise in heart rate, which resulted steeper withnd Somero, 1996). The example of low and high inter-
higher CQ levels. The increase in heart rate under 3000 ppntidal Petrolisthesspecies illustrates the specialization of ma-
COy was larger than under 710 ppm or under normocapniaine species on limited thermal ranges and the ability to live
(Fig. 2). The stronger thermal stimulation of heart rate undemear their thermal limits. For eurythernidyas araneusve
increasing CQ@levels may reflect a response to lower oxygen suggest, that the thermal tolerance window enables the large
tensions and/or a chemosensory response. It may also reflestale biogeographical distribution of the species. Under nor-
a stronger increase in metabolic rate. Exposure to acidificamocapnia, the responseldyas araneusrom Helgoland re-
tion likely results in enhanced ventilation and a parallel risesembles the one of the high intertidal spedresinctipes
in heart rate, which supports G@elease and thus the alle- In contrastHyas araneusinder elevated COshowed a re-
viation of CQ, induced pH disturbances (cfoRner et al.,  sponse similar tdP. eriomerus which is a low intertidal
2005). species and does not possess such a wide thermal tolerance
Starting from a putativd, above 25C for Hyas araneus range. A CQ induced narrowing of the thermal tolerance
under normocapnic conditions G@learly induces a reduc- will therefore most likely restrict the geographical distri-
tion in upper critical temperature to 23G under 710 ppm  bution of a species.Hyas araneusfrom Helgoland would
and to 21.3C at 3000 ppm (Fig. 3). These results con- already exploit its upper pejus range during present sum-
firm those obtained earlier i€ancer pagurudy Metzger  mers (temperature maxima abouf2QWiltshire and Manly,
et al. (2007), where measurements of Pa@®monstrated a 2004), however without reaching the upér The situation
downward shift of critical temperature from 20G (normo- ~ may change under elevated €€ncentrations of 3000 ppm
capnia) to 15.5C under 1% CQ (=10 000 ppm C®). All of (scenario 2300), where the critical temperaturélgés ara-
these findings support the hypothesis that with highep CO neuswas determined at 21°.C, which would imply an in-
concentrations and a stronger heat induced stimulation o€rease in heat stress during extreme summers and elevated
heart rate the upper critical temperature falls, as a result ofnortality rates.

synergistic effects of temperature and £0n contrast to A schematic model of heart rate changesiiyas araneus
observations in the cold it may also involve a £@duced illustrates how the thermal tolerance window is narrowed un-
stimulation of metabolic costs in the warmth. der the influence of C®O(Fig. 4). The CQ induced rise in

The additional decrement in heart rate at low temperature 1o values in the exponential phases of heart rate may be
may possibly involve an accumulation and effect of adeno-involved in eliciting the narrowing of thermal windows, in
sine under C@exposure. Adenosine was found to accumu- similar was as theQ1o enhancement of metabolic rate as
late under elevated CQOevels and depress ventilation rate recently seen in the lugwormrenicola marina(Wittmann
in Sipunculus nudugReipschhger et al., 1997). The role et al., 2008). In the lugworm model the thermal tolerance
of pH in this effect is not clear @tner, 2008). In crus- window is influenced by seasonal acclimatization to temper-
taceans, adenosine also depresses spontaneous activity asttire resulting in a narrower window during winter, associ-
the responsiveness of interneurons to electrical and chemicated with lower metabolic rates and higheig values than
stimuli in the brain (Derby et al., 1987) and elicits brady- in summer (Wittmann et al., 2008).
cardia (Brevard et al., 2003). In contrast, adenosine can dis- We can conclude that GOinduced ocean acidification
play a stimulatory effect on heart rate, haemolymph flow andhas the potential to cause a narrowing of thermal windows.
scaphognathite frequency (Maurer et al., 2008; Stegen and@he present mechanism based projections indicate that spec-
Grieshaber, 2001). This apparent discrepancy resembles thmens from the southernmost population of a species, when
contrasting CQ effects at low and at high temperatures. A permanently exposed to acidification may lose their capa-
stimulatory effect might in fact be involved in the increase bility to acclimate to extreme temperatures. In the future,
in heart rate with rising C®concentrations in the warmth long term exposures which mimic the long term nature of
(Fig. 4). Further experiments are required to test these hyecean acidification scenarios more closely will have to com-
potheses. plement the present experiments. The North Sea around

Stillmann and Somero (1996) identified upper thermal Helgoland already showed a warming trend during the last
limits in heart rates of the high intertidal cr&etrolisthes 40 years of 1.1C to a mean temperature of A8 and with
cinctipesand the low intertidal craPetrolisthes eriomerus, maximum temperatures of about°ZD(Wilthire and Manly,
which correlated with the natural habitat temperature. Hear2004). Personal observations indicate a drastic decrease in
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the abundance ¢i. araneusaround Helgoland, which might  Cuculescu, M., Hyde, D., amd Bowler, K.: Thermal tolerance of
be linked with summer warming. The present study empha- two species of marine cralfancer pagurusindCarcinus mae-
sizes that a further increase in ambient temperature as pre- has J. Therm. Biol., 23, 107-110, 1998.
dicted by the IPCC (2001, 2007) combined with increasedPeFur, P. L. and Mangum, C P.: The effects of en\{ironmental vgri-
ocean acidification (Caldeira and Wickett, 2005) may cause ggfszogngthggzeig;gte of invertebrates, Comp. Biochem. Physiol.,
:ncl:?ﬂz(;a;ﬁ:;;;gi:aﬂ;f;g:ﬂgzlelIirtglt:oi\tlﬁgrior?:;:étés Derby, C. D., Ache, B. W., and Carr, W. E. S.: Purinergic modula-
. . . ) tion in the brain of the spiny lobster, Brain Research, 421, 5764,
and experience a stronger northward shift of biogeographical ;ggq7
boundaries. Frederich, M. and &rtner, H. O.: Oxygen limitation of thermal
tolerance defined by cardiac and ventilatory performance in spi-
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