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Abstract

In various phyla of marine invertebrates limited capacities of both ventilatory and circulatory performance were found to set
the borders of the thermal tolerance window with limitations in aerobic scope and onset of hypoxia as a first line of sensitivity to
both cold and warm temperature extremes. The hypothesis of oxygen limited thermal tolerance has recently been investigated in
fish using a combination of non-invasive nuclear magnetic resonance (NMR) methodology with invasive techniques. In contrast
to observations in marine invertebrates arterial oxygen tensions in fish were independent of temperature, while venous oxygen
tensions displayed a thermal optimum. As the fish heart relies on venous oxygen supply, limited cardio-circulatory capacity is
concluded to set the first level of thermal intolerance in fish. Nonetheless, maximized ventilatory capacity is seen to support
circulation in maintaining the width of thermal tolerance windows. The interdependent setting of low and high tolerance limits
is interpreted to result from trade-offs between optimized tissue functional capacity and baseline oxygen demand and energy
turnover co-determined by the adjustment of mitochondrial densities and functional properties to a species-specific temperature
range. At temperature extremes, systemic hypoxia will elicit metabolic depression, thereby widening the thermal window
transiently sustained especially in those species preadapted to hypoxic environments.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction: arole for hypoxia in thermal limitations in oxygen availability or supply are in-
limitation? volved in thermal limitation. Early evidence collected
in marine invertebrates (annelids and sipunculids)
The physiological mechanisms setting thermal tol- demonstrated a transition to anaerobic metabolism
erance and defining thermal sensitivity have recently (including mitochondrial anaerobiosis) at both cold
come into focus due to rising interest in the effects of and warm temperature extremegidlinski and
climate change on organisms and ecosystems. In thisPortner, 1996; Sommer et al., 1997later on
context, the question has regained interest whetherconfirmed in crustaceansFrederich and Portner,
2000 and molluscs, i.e. bivalves, gastropods and
msponding author. Tel#49-471-4831-1307; cephalopod.s Rortner and Zle_“nSkl’ 1998; Por}ner
fax: +49-471-4831-1149. et al., 1999; Peck et al., 2002; Sokolova and Pértner,
E-mail address: hpoertner@awi-bremerhaven.de (H.O. Portner).  2003. Studies in a sipunculidSpunculus nudus,
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Zielinski and Poértner, 1996and the spider crab  This transition occurs in fully oxygenated environ-
(Maja squinado, Frederich and Pdrtner, 20P0n- ments. The point of transition where increasing in-
vestigated the pattern of coelomic fluid/haemolymph ternal hypoxia at more extreme temperatures finally
oxygen tensions in relation to warming and/or cool- leads into anaerobiosis, was ternedical tempera-
ing and demonstrated development of hypoxia which ture, T (Frederich and Pdrtner, 2000
preceded the onset of anaerobic metabolism towards Evidently, adaptations to ambient temperature and
both cold and warm temperature extremes. A tem- oxygen levels were found closely related in the ma-
perature dependent optimization of oxygen supply rine invertebrate species studied. The question arose
capacity was visible in the form of maximized arterial early on whether the concept of an oxygen limita-
Po, within a limited temperature range, equivalent to tion of thermal tolerance is applicable to (aquatic)
the window of mean temperatures in the natural en- vertebrates, especially marine teleost fish. Initial ev-
vironment Erederich and Portner, 200 imitation idence demonstrated that the indicator of mitochon-
of both ventilatory and circulatory capacities towards drial anaerobiosis, succinate, accumulated in liver of
thermal extremes was found to explain these patternsNorth Sea eelpoutZoarces viviparus, during heat
of body fluid oxygenation Zielinski and Portner, stress Yan Dijk et al., 1999. Particularly in fish,
1996; Frederich and Pértner, 2000 however, further study of temperature dependent oxy-
Such a restriction of optimized oxygen supply to gen limitation (or vice versa, oxygen limited thermal
a limited thermal window demonstrated that temper- tolerance) proved difficult, firstly due to more lim-
ature extremes are suitable to induce hypoxia in the ited hypoxia tolerance and stress resistance of most
organism despite ample oxygen supply from the en- fish compared to invertebrates and secondly due to
vironment. Work on temperate invertebrates and their limited accumulation of anaerobic mitochondrial end
populations in a latitudinal cline demonstrated a shift products like succinate, especially in bulk tissues
of oxygen dependent thermal thresholds depending onlike white muscle. To monitor the onset of tempera-
the ambient climate regime and winter or summer sea- ture induced hypoxia, particularly the early stages of
sons Gommer et al., 1997; Sommer and Pértner, 1999, transition from normoxic to hypoxic conditions, and
2002. Inclusion of Antarctic marine invertebrates in in order to overcome these constraints, non-invasive
this picture revealed very narrow windows of thermal whole animal experiments or, alternatively, a combi-
tolerance in these organisms, in a temperature rangenation of non-invasive and invasive techniques proved
just above freezing. An early transition to “heat” in- useful. Obtaining the respective evidence in fish was
duced anaerobiosis between 2 antC6seen in bi- supported by recent developments in the non-invasive
valves reflected the permanently low temperatures of techniques of nuclear magnetic resonance imaging
Antarctic seasRortner et al., 1999; Peck et al., 2002 and spectroscopy (MRI and MRS) and their appli-
The work ofZielinski and Poértner (1996550mmer cability to unrestrained, non-anaesthetized aquatic
et al. (1997) Pértner et al. (1999%nd Frederich and animals. The present study is intended to review these
Pdrtner (2000)in marine invertebrates led to the accomplishments and the available information on
concept of oxygen-limited thermal tolerance, which thermal limitation in (marine) fishes. From a wider
suggests that towards cold or warm extremes progres-perspective, it also examines to what extent hypoxia
sively inadequate oxygen supply and thus, decreasinginduced hypometabolism may support survival at
body fluid oxygen levels finally lead to temperature thermal extremes. The respective findings are in line
induced anaerobiosis. Terminology was applied by with the results obtained in invertebrates and suggest
adopting the one used in Shelford’s law of tolerance that thermal limitations in oxygen supply occur in
(Shelford, 193). In the spider cratMaja squinado, fish, however, with an emphasis on a limiting role for
early limits of thermal tolerance during both heating circulation rather than ventilation. These comparative
and cooling were indicated by a set of low and high analyses have thus supported and are in line with
peius temperaturesTp), which denote the beginning a unifying conceptual framework of the physiologi-
of insufficient oxygen supply to an organism, or in cal principles setting thermal tolerance windows and
other words, the onset of mildly hypoxic conditions of the key mechanisms of thermal adaptation and
associated with a progressive loss in aerobic scope.limitation (P6rtner, 2001, 20023),b
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2. Methodological developments

Over the last 2 decades magnetic resonance spec-

245

iting experiments to more robust fish species like carp
or eel.
Blackband and Stoskopf (199@¢ported the first

troscopy (MRS) and magnetic resonance imaging combined MR imaging and spectroscopy studies in
(MRI) techniques have extensively been used to study marine, albeit anaesthetized, fish. They focused mainly
hypoxia with its immediate and drastic effects on cel- on the feasibility of NMR experiments with marine an-

lular energy metabolism and acid-base regulation. In imals and did not describe any dynamic observations

vivo experiments were carried out in invertebrates like
lugworms Kamp et al., 1995 mussels Tjeerdema
etal., 1991; Shofer et al., 1998hofer and Tjeerdema,
1998 or prawns Raffin et al., 1988; Thébault and
Raffin, 199) and fish. However, the latter were anaes-

or metabolic patterns. Eight years latBorger et al.
(1998) reported in vivo3'P-NMR experiments with
common carp using a similar approach as the one de-
scribed by van den Thillart. However, this time the fish
was placed in a horizontal MR scanner at a magnetic

thetized and restrained during early studies. Various field strength of 7 T. These experiments investigated

review articles about NMR applications in compar-
ative physiology already exist in the literature (e.g.
Ellington and Wiseman, 1989; Van den Thillart and
Van Waarde, 1996 Our emphasis in this review is

on the contribution of MRS and MRI combined with

the combined effects of temperature (acclimation as
well as rapid change) and hypoxia on fish energy
metabolism over several hours with a temporal resolu-
tion of minutes. These in vive'P-NMR observations

confirmed a negative correlation between temperature

invasive techniques to studies of temperature hypoxia and intracellular pH in fish muscle in accordance with

interactions, in the context of testing the concept of
oxygen limited thermal tolerance in fish.

The early NMR investigations of the effects of envi-
ronmental hypoxia on fish muscle energy metabolism
started byVan den Thillart et al. (1989a)They de-
veloped a flow through probe for in vivé!P-NMR
spectroscopy in a 9.4T vertical NMR spectrometer
(Van den Thillart et al., 1989b The set-up allowed
long term online recordings of energy metabolism in
muscle of carp, tilapia and goldfish during anoxia and

the alphastat pH regulation hypothesis developed by
Reeves (1972)However, these experiments again in-
volved the shortcomings of pre-experimental anaes-
thesia and fixation of the animal. Such experiments
preclude long term analyses (for days or even weeks)
especially of delicate organisms like polar animals or
of animals displaying some of their normal physiolog-
ical activities under resting conditions.

The shortcomings involved in studies of anaes-
thetized or immobilized animals were finally over-

hypoxia by means of'P-NMR spectroscopy. Data  come when MRI and MRS experiments were success-
recordings at 10 min intervals were characterized by fully carried out in non-anaesthetized, unrestrained
high signal to noise ratios. Control values indicated by marine teleosts like benthic zoarcids (eelpout) or de-
a high phosphocreatine to inorganic phosphate ratio mersal gadids like Atlantic codBpck et al., 2001;
(PCr/Pi) were reached after 2 h and did not change sig- Mark et al., 2002 Sartoris et al., 2003a)bThe ex-
nificantly over an experimental period of 8 h. Hypoxia perimental set-upHig. 1) allowed long term MRS
induced a rapid decline in the PCr/Pi ratio accompa- and MRI experiments for more than 8 days. Polar
nied by a drop in intracellular pHvVan den Thillart organisms like Antarctic eelpouPdchycara brachy-

et al., 1989 Return to normoxic control conditions  cephalum) were studied under controlled and stable
occurred within 3 h in carp as well as in goldfish. Be- conditions allowing extensive physiological moni-
sides the determination of high energy phosphate con-toring with high localized and temporal resolutions.
centrations, of inorganic phosphate and of intracellu- Animals were not even anaesthetized prior to ex-
lar pH, free ADP concentrations were calculated from perimentation, thereby excluding possible long-term
the equilibrium of creatine kinas&gn Waarde et al.,  effects of narcoticsIfvama et al., 1989 The fish
1990 and provided insight into the functional cou- usually recovered from handling stress within 1h.
pling of phosphocreatine utilisation and glycolysis in  Excellent resting conditions were reflected by ex-
these three species in vivo. Nevertheless, the animalstremely high and constant PCr/Pi ratios and stable
had to be anaesthetized prior to experimentation and intracellular pH values. The fish was free to move in-
were fixed in a vertical position inside the probe, lim- side the chamber, but were imperturbable even during
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Fig. 1. (A) Experimental set-up for in vivo NMR and MR studies of un-anaesthetized and un-restrained fish (adaptBddkoet al.,

200]). The animal is positioned inside the chamber with slide barriers parallel to a NMR surface coil, ensuring the mobility of the fish. (B)
Water was continuously supplied from a temperature controlled water reservoir (minimurigg) by hydrostatic pressure. Temperature
stability in the chamber and reservoirs w&6.5°C as confirmed by continuouEmeasurementsT¢, Tri, Tr2)-

periods of MR scanner sounds; therefore MR im- tunnels fed through the NMR systemdrtner et al.,
ages were obtained with high anatomical resolution 2002; Bock et al., 2009b

allowing for localized MR spectroscopy of differ-

ent organs Bock et al., 2001, 2002aFor example,

Fig. 2 depicts perfectly localized in vivdH-NMR 3. Evidence for temperature induced hypoxiain
spectra obtained in embryos of the North Sea eelpout fish

Z. viviparus.

This methodology proved applicable to demersal, Infish, heart rate and both ventilation frequency and
more mobile fishFig. 3 presents a stack plot of in  amplitude have frequently been reported to increase in
vivo 3IP-NMR spectra from North Sea cd@adus association with a temperature-induced rise in oxygen

morhua during hypoxia and recovery. The time inter- consumption in order to compensate for elevated oxy-
val was 5min between each spectrum. Under control gen demand by progressively enhanced oxygen sup-
conditions, only NMR signals from the high-energy ply (Barron et al., 1987; Graham and Farrell, 1989;
phosphates PCr and ATP could be detected, inorganicMark et al., 2002 According to the concept of oxy-
phosphate signals did not even reach noise levels, in-gen limited thermal tolerance (s&ection ) onset
dicating minimal activity levels and undisturbed rest- of thermal limitation should be elicited by limited ca-
ing conditions of the fish. Onset of hypoxia resulted in pacity of oxygen supply mechanisms to match oxy-
an immediate increase of inorganic phosphate levels gen demand beyond low or high peius temperatures
at the expense of phosphocreatine. Values returned to(Ty,, see above), thereby eliciting a drop in aerobic
control levels within 15 min of post-hypoxic recovery scope. In NMR experiments monitoring of blood flow
(Fig. 3. In the meanwhile, this technology has been changes by a flow weighted MR imaging sequence
developed even further to allow online study of tis- was combined with localizedH-NMR spectroscopy
sue energetics of unrestrained swimming cod in swim in the North Sea eelpot viviparus at different tem-
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Fig. 2. Anatomical MR image of a pregnant specimen of the North Sea eefimantes viviparus. Localized in vivo'H-NMR spectra
obtained in two voxels are presented on the right. Metabolites in spectrum (A) originated from embryonic fish, whereas almost no signal
(except for residual water) arose in spectrum (B) where no embryo was presenB@dieet al., 2002a

peratures. Progressive warming resulted in increasedtions were reached at this temperature; consequently,
arterial and venous blood flow until it remained un- the animal died.

changed despite a continued rise in oxygen demand These findings already indicated closely coordi-
(Van Dijk et al., 1999; Zakhartsev et al., 2Q0Bbove nated adaptation to ambient temperature and oxygen
a critical temperature invasive work reported succi- levels as derived for the marine invertebrates. In con-
nate accumulation in liveMan Dijk et al., 1999. In sequenceZakhartsev et al. (2003tudied the tem-
the MR studies a sudden drop in blood flow was ob- perature dependence of the critical oxygen tension
served and lactate accumulation in the white muscle (P¢) in eelpout,Z. viviparus. The P; was determined

of the fish was detected in localizéH-NMR spectra as the oxygen tension below which the rate of oxygen
(Fig. 4). Lactate as an anaerobic end product is a more consumption fell below the regulated value when the
indirect marker for cellular hypoxia than succinate. animal was exposed to progressive hypoxia. Zakhart-
It nonetheless indicates that critical metabolic condi- sev et al. reported that th# rose linearly depending
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Fig. 3. Stack plot of in vivo®'P-NMR spectra collected in Atlantic co8. morhua during normoxia (front), hypoxia and post-hypoxic
normoxia (afterBock et al., 2002a Time resolution between spectra was 5min. Note the drastic decrease of phosphocreatine and increase
of inorganic phosphate under hypoxia. Switching to normoxia caused values to return to control levels within 15 min.

on water temperature and would reach normoxic reached a plateau abovéQ, possibly due to a limita-

levels at those temperatures wheéran Dijk et al. tion of heart and/or vascular capacity. In contrast, ex-
(1999) had found the critical temperature and onset periments carried out under hyperoxyf, = 45 kPa,
of mitochondrial anaerobiosis. ~2-fold normal Q tension) did not cause a significant

Mark et al. (2002)tested whether temperature in- rise in blood flow in theAorta dorsalis, in line with
duced hypoxia was alleviated by ambient hyperoxia in an alleviation of temperature induced oxygen shortage
the Antarctic eelpouP. brachycephalum. They mon- by hyperoxia. At elevated temperatures this effect was
itored the effects of temperature on oxygen demand, also clear from significantly lower oxygen consump-
ventilatory effort and blood flow at normoxic and hy- tion rates under hyperoxia than seen under normoxia.
peroxic oxygen levelsHig. 5. Under normoxia arte-  In fact, hyperoxia alleviated the “typical” exponen-
rial blood flow rose distinctly between 0 andG. It tial increase in oxygen consumption with temperature,

Fig. 4. (A) Axial views of flow weighted MR images of eelpouoarces viviparus) from the North Sea at different temperatures. Blood
flow in vessels, visible as bright spots, increased with temperature (see arrows). At a water temperatt@ bfod@ flow dropped
abruptly after 19h accompanied by an increase of lactate (Lac) in localidedMR spectra from white muscle, indicating that the
critical temperature was reached. (B) Development of arterial blood flow between 10 a@dshPwed an early increment but no further
rise despite increased oxygen demand. Similar to observations in Antarctic edfgnub)(and in cod Lannig et al., 2004 transition to
saturated blood flow velocity is interpreted to reflect the peius temperature which indicates onset of a loss in aerobic Zcdpipalus,

Tp was found at 14C while the critical temperature was reached af@2in line with earlier observations of succinate accumulation
(Van Dijk et al., 1999 modified afterBock et al., 2002and unpublished).
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Fig. 5. Ventilatory effort (a), oxygen consumption (b) and blood flow (c) of Antarctic eelpoltachycephalum at different temperatures

and external oxygen levels. In contrast to ventilation and oxygen consumption blood flow levelled off at higher temperatures. Interestingly,
hyperoxia alleviated the effect of warming on systemic parameters (dfiek et al., 2002 The drop in oxygen consumption observed
under hyperoxia at high temperatures indicates reduced cost of circulation due to ample oxygen supply. In cahtrastpevus, Tp

under normoxia was reached at abouC7in P. brachycephalum.
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very likely due to energy savings in the cardiocircula- unchanged until death of the animals occurred. In
tory system due to enhanced oxygen availability. Ven- cod implanted with micro-optodes in gill blood ves-
tilatory effort under both treatments did not reveal a sels, Sartoris et al. (2003bjYiemonstrated that arte-
significant effect of hyperoxia as it followed the same rial oxygen tensionsKs o,) remained unaffected by
exponential increment, regardless of ambient oxygen progressive warming. However, venous oxygen ten-
levels. sion (Py,0,) dropped progressively during warming,
These findings indicated that the Antarctic eelpouts in line with limited cardiac rather than ventilatory per-
became hypoxic because of a temperature induced sysformance. It was concluded that in resting cod at el-
temic limitation of oxygen supply at rising oxygen evated temperatures, circulatory performance cannot
demand, which was alleviated by hyperoxia. At sim- fully compensate for excessive oxygen extraction from
ilar ventilation rates higher oxygen consumption and the blood Pdrtner et al., 2001; Sartoris et al., 20D3b
limited blood flow under normoxia on the one hand Functionally, this pattern can seriously hamper my-
and reduced oxygen consumption and blood flow at ocardial oxygen supply, as most teleost fish lack or
elevated temperatures under hyperoxic conditions on only possess a weak coronary circulation and hence
the other hand suggested that the cardiovascular ratheralmost exclusively rely on the venous oxygen reserve
than the ventilatory system responds to changes into provide the heart with oxygerrérrell, 1993.
systemic oxygen availability and may thus play a key  Farrell and Clutterham (2003neasured venous
role in thermal tolerance in these Antarctic fidhark oxygen tension in thductus Cuvier of rainbow trout,
et al.,, 2002. Nonetheless, although hyperoxia likely O. mykiss, during exercise at different acclimation
widened the temperature range of available aerobic temperatures. They discussed that a specific threshold
scope in the Antarctic eelpout, it did not cause large Py o, is required in fish in order to maintain suffi-
shifts of the limits of passive heat tolerance. A re- cient oxygen supply to the myocardium and support
cent treatment of thermal limits in various systematic cardiac output. Accordingly, a reduction in aerobic
groups from prokaryotes via unicellular eukaryotes scope is likely to result when a temperature depen-
to metazoa suggested a systemic to molecular hierar-dent decrease in venous oxygen tensidnd,) sets
chy of thermal limitation with the narrowest windows in. In line with these findings and with a limited tem-
found at the highest levels of organisational complex- perature window of optimum oxygen suppharrell
ity (Portner, 2002a At the same time, the concept of (2002) found maximum cardiac output of exercis-
symmorphosis indicates that the functional capacities ing salmonids within the optimal temperature range.
of individual components contributing to the perfor- Similarly, cod make use of their full aerobic capacity
mance capacity of the higher unit, i.e. the organism, and use both the glycolytic and oxidative capacities
are usually not expressed in excess. With respect to of their musculature to support endurance swimming
the functional capacities setting thermal tolerance this under ‘normal’ thermal conditionsMartinez et al.,
would mean that, once the limits at the highest level 2003.
are alleviated (in this case by hyperoxia), those at a At constant levels of arterial oxygen tensiaPyo,)
lower (i.e. cellular or molecular) level of complex- temperature dependent patterns of venous oxygen ten-
ity may now predominate in limiting whole organism  sion (Py,o,) should therefore delineate the window of
thermal tolerance at a slightly but not hugely widened thermal tolerance in fish in similar ways as previous

window of thermal tolerance. recordings of arterial oxygen tensions in a crustacean
Studies carried out in Atlantic co. morhua from (Frederich and Portner, 20P0n a combination of in-
the North Sea and in rainbow trou@ncorhynchus vasive oxygen analyses and measurements of blood

mykiss, support a crucial role of the circulatory sys- flow by MRI, Lannig et al. (2004found a decrease
tem in thermal limitation and temperature dependent in venousPo, towards both sides of the thermal op-
aerobic scope and suggest that this may be a generatimum. Resting heart rate in cods( morhua) rose
pattern in fish. Early data bisteath and Hughes (1973)  exponentially upon warming from 10 to 6. How-
would also match this interpretation. They found that ever, arterial and venous blood flow rose only slightly
heart rate in rainbow trout decreased at temperaturesand did not compensate for the drop in vends
above 24C, whereas ventilation remained virtually in the warm. Hence, loss of optimized oxygen sup-
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ply to the heart and thus, decreased aerobic scope ofof oxygen supply mechanisms and the muscular tis-

the whole organism seems to be the first limiting fac-
tor in these fish. The maintenance of artefal, seen
during warming in cod is in line with an excess ca-
pacity of the ventilatory system for oxygen uptake, if
compared to oxygen distribution via circulation. How-
ever, arterialPo, fell drastically above 16C (Sartoris
et al., 2003l presumably indicating the temperature
at which a minimum threshold o, is reached in
cod with the result of cardiac failure and organismic
collapse.

As a corollary, the capacity of the teleost circula-
tory system likely becomes insufficient in the warm to

sues involved falls below the one to cover metabolic
requirements at low ambient temperatures, thereby set-
ting the first limit to cold tolerance. The upregulation
of mitochondrial densities in the cold discussed be-
low indicates that loss in mitochondrial functional ca-
pacity contributes to the limited functional capacity
of cells and organs and is therefore compensated for
in the cold. Again, the symmorphosis concept would
predict that cold induced limitations in oxygen sup-
ply are likely to be closely followed by limitations in
the capacity of other systemic, cellular and molecular
functions such a general functional collapse of the or-

match the rising oxygen demand. The question then ganism occurs beyond but close to the limits set by in-

arises how oxygen limitation develops in the cold. In

sufficient oxygen supply. These relationships warrant

the cold, oxygen provision appears facilitated due to further investigation.

high oxygen solubility in ambient water and body flu-
ids. Moreover, oxygen diffusion should be facilitated

in relation to oxygen demand as diffusion decreases 4. Trade-offs in thermal adaptation setting
less with temperature than baseline metabolic costs functional limits

which are reflected in the level of standard metabolic

rate Q10 of ~1.1 versus~2-3). The data obtained un-
der hyperoxia in Antarctic eelpoutark et al., 2002

The question arises which mechanisms cause ani-
mals and their oxygen supply systems to specialize on

suggest that enhanced oxygen availability as in cold a limited range of thermal tolerance which matches
waters should allow for a reduction in the energy cost the thermal range which a species usually experiences
of circulation and ventilation and thereby support the in its natural habitat. In particular, invertebrates and
reduction in metabolic rates typically seen in Antarctic fish adapted to the stable temperatures of Antarctic
stenotherms. Energy savings are also supported by thewaters rely on narrow thermal windows. As oxygen
increasing importance of cutaneous uptake pirQhe limitations set in at both sides of the temperature win-
cold, culminating in a 30% contribution of cutaneous dow it appears likely that mechanisms are involved
oxygen uptake to standard metabolic rate (SMR) in the which define oxygen demand in relation to the capac-
Antarctic icequaliRigophila dearbornii (Wells, 1986. ity of oxygen delivery by circulation and ventilation
Low metabolic rates at enhanced oxygen solubility in such that tissue functional capacities (esp. of the heart)
body fluids enable icefistChaennichthyidae) to sur- are set to a level sufficient to match maximum oxy-
vive without red blood cells that greatly contribute to gen demand between the average highs and lows of
blood viscosity Davison et al., 1997—an alternative environmental temperatures. The responsible mecha-
way to cut cardiovascular costs at low temperatures. nisms should also characterize the trade-offs involved
Nonetheless, oxygen supply capacity becomes lim- in thermal adaptation, i.e. they should explain why a
iting in temperate water breathers exposed to cold downward shift of the oxygen limited cold tolerance

temperatures, observed in codafnig et al., 200%

threshold coincides with an increase in heat sensitivity

in similar ways as seen in a temperate crustaceanand vice versa.

(Frederich and Portner, 2000r in annelids and sipun-
culids ielinski and Portner, 1996; Sommer et al.,
1997). The drop in venousPo, (in fish) or arterial

The mitochondrial metabolic background of set-
ting both tissue and organismic functional capacity
and oxygen demand at various temperatures has con-

Po, (in the crustacean) and the transition to anaer- tributed to an understanding of the links between

obic metabolism in the cold indicate a limited func-
tional capacity of oxygen supply mechanisms likely
elicited by cold induced slowing. Functional capacity

low and high thermal limits and thus, the trade-offs
in thermal adaptationRortner et al., 1998, 2000;
Portner, 2002a In ectothermic species, especially
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fish a plethora of studies have identified mechanisms likely modulated in Antarctic stenotherms in order
of seasonal and latitudinal cold versus warm adapta- to minimize the cost of cold adaptation below the
tion which are suitable to modulate the capacity of one seen in cold adapted eurytherr®®rtner et al.,
aerobic metabolism. As outlined above, a rise in aer- 2000. Especially in temperate to high latitudes of
obic capacity permits maintenance of cell functions the Northern hemisphere several species are found
in the cold (for reviewGuderley, 1998; Portner et al., eurythermal and, thus, experience high costs of cold
1998, 200). Associated processes are rising enzyme adaptation (e.gSommer and Portner, 20P2associ-
capacitiesCrockett and Sidell, 1990; Guderley, 1990; ated with trade-offs in energy budget and their likely
Lannig et al., 2003)increased mitochondrial or capil- ecological consequenceRdrtner et al., 2000, 2001,
lary densities $isson and Sidell, 1987; Guderley and 2004). Such differences will also have their bearing
Blier, 1988; Ressel, 2001changes in mitochondrial ~ with respect to the sensitivity of animal species to
structure Gaebel and Roots, 1989; St.-Pierre et al., climate and associated temperature change.
1998 and/or alterations in membrane composition  The mechanistic and regulatory bases of the pro-
(Miranda and Hazel, 1996; Logue et al., 2D0Mi- cesses setting thermal tolerance and defining thermal
tochondrial densities are found esp. large in pelagic adaptation as well as their integration into whole an-
notothenioid fishes of the Antarctic, where densities imal functioning are still incompletely understood.
in red muscle result beyond 509 nn et al., 1989 Thermal adaptation is linked to temperature depen-
Recent evidence indicates that the thermal adapta-dent gene expression, for example of key aerobic en-
tion of marine invertebrates follows similar principles zymes, as seen during seasonal as well as latitudinal
(Sommer and Pdrtner, 20p%vhich therefore appear cold adaptation (e.ddardewig et al., 1999; Lucassen
unifying in thermal adaptation. et al., 2003. Rearrangements of aerobic metabolism
In the context of the concept of oxygen limited also occurwith a shiftto lipid accumulation and energy
thermal tolerance, these mechanisms contribute to astorage (cfPortner, 2002pbfor review). The fine tun-
unidirectional shift of both low and high peius and ing of these processes on a temperature scale or their
critical temperatures. Such a shift is associated with a functional consequences at the whole animal level re-
change in mitochondrial density, which drops as tem- main to be quantified and the regulatory signals to be
perature rises and increases as ambient temperaturédentified.
falls. The main advantage of an increase in mitochon-  The mitochondrial trade-offs addressed above will
drial density and activity in the cold is an increase in relate to changes in functional capacity and oxygen
aerobic functional capacity. The associated increase indemand of more or less all cells of the organism
the network of intracellular membrane lipids consti- and these patterns transfer to the next hierarchical
tutes a significant facilitation of intracellular oxygen level, the functional capacity of tissues like the cardio-
diffusion in the cold Gidell, 1998 cf. Portner, 2002h vascular system and finally of the organism. Further
In the cold, the improvement of aerobic energy pro- trade-offs apply at the organismic level, like for the
duction also supports the capacities of ventilation and cardiovascular system of fish which supplies oxygen
circulation Portner, 200 As a consequence of ele- to tissues on the one hand but on the other hand re-
vated mitochondrial densities, however, baseline oxy- lies on supply from residual oxygen in venous blood.
gen demand by mitochondria is enhanced, set by the Therefore, it is cost-effectively designed to consume
level of mitochondrial proton leakage. This will cause rather small amounts of oxygen itselfgrrell and
earlier problems during warming, where associated Clutterham, 2008 This constraint limits the develop-
with a rise in other baseline costs the overall incre- ment of functional capacity and may be the key rea-
ment in oxygen demand can no longer be met by the son why in fish the circulatory system appears more
capacity of oxygen supply mechanisms. A trade-off crucial in thermal limitation than the ventilatory sys-
results between the compensation of functional capac-tem. However, compared to invertebrates and higher
ity in the cold and the resulting increase in baseline vertebrates, where cardiac supply is via arterial blood
oxygen demand which contributes to lower the limits or haemolymph, the excess ventilatory capacity ob-
of heat tolerance. In this context, recent evidence in- served in fish may in fact be related to the unusual
dicates that these mechanisms of cold adaptation arepattern of venous oxygen supply to the fish heart. This
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Fig. 6. Schematic model of oxygen limited thermal tolerance and

performance capacity in fish and other metazoa, set by the capacity

of oxygen supply mechanisms. (A) Functional reserves in oxygen
supply result as combined ventilatory and cardiac out@)tgnd

are maximum at the upper pejus temperatlise before aerobic
scope becomes thermally limited (B). Maximum scopméx)
between resting and maximum output in oxygen supply is likely
correlated with the one in mitochondrial ATP generation such
that the functional capacity of the (ventilatory and circulatory)
muscles is co-defined by the capacity of mitochondria to produce
ATP which is limited by oxygen supply in vivo (C). Part of
this limitation is elicited by the temperature dependent rise in
oxygen demand by the cost of mitochondrial proton leakage which
is no longer available to ATP formation. Low ATP formation
capacity in the cold and high proton leakage in the warm contribute
to insufficient oxygen supply, loss of aerobic scope and finally,
transition to anaerobic metabolism (B). Maximum scope in ATP
generation at the uppd}, not only supports maximum capacity of
organismic oxygen supply by circulatory and ventilatory muscles,

but also an asymmetric performance curve of the whole organism

(D, after Angilletta et al., 2002 with optimal performance (e.g.

growth, exercise) again expected at the upper peius temperature
Tp. Here, functions are supported by both high temperatures and

optimum oxygen supply in relation to baseline oxygen demand.
As a trade-off in eurythermal cold adaptation (e.g. upper limits
constant, lower limits shifting to colder temperatures), standard
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excess ventilatory capacity likely supports wider tol-
erance windows. Maximized arterial oxygen supply
regardless of temperature would help to prevent an
earlier drop in venouso, below critical values and
thus support the cardiovascular system in counteract-
ing thermal limitation. From this point of view, a co-
ordinated thermal limitation by integrated ventilatory
and circulatory capacities as observed in a crustacean
(Frederich and Portner, 20péxists in teleosts as well;
however, limitation is first experienced by the circu-
latory system. The evolutionary constraint of venous
oxygen supply to the heart in fish leads to specific pat-
terns of temperature dependent oxygenation in arte-
rial versus venous blood. In conclusion and in similar
ways as in marine invertebrates, the integrated cardio-
vascular and ventilatory capacities of oxygen supply
to tissues appear as the first thermally sensitive func-
tional level that defines a fish’s thermal limits of bio-
geography.

The principle trade-offs leading to thermal opti-
mization of cellular and tissue function will not only
be valid for the circulatory system but for many tis-
sues and finally the intact organisms although details
and trade-offs at the tissue and organism levels need to
be investigated. These principle relationships between
temperature dependent capacities and limits of organ-
ismal performance have been summarizedrig. 6
(based on studies across phyla, mostly in aquatic ec-
totherms such as sipunculids, annelids, crustaceans,
molluscs and fishes, cited above). Trade-offs as out-
lined above support optimized performance only
within a limited temperature window. Minimum and
maximum peius temperature$,j delineate the first
level of thermal limitation and indicate onset of a loss
in aerobic scope, as the capacities of oxygen supply
(integrated capacities of circulation and ventilation)
become progressively unable to meet oxygen demand.
Once aerobic scope is reduced towards thermal ex-
tremes, critical temperature thresholds)(delineate
the transition to an anaerobic mode of metabolism or

metabolism and, in consequence, aerobic exercise capacity may
increase in the cold (cfPortner, 2002 while temperature spe-
cific growth performance is reduced likely due to enhanced mito-
chondrial proton leakageP@rtner et al., 2001 These contrasting
changes in exercise capacity vs. those in growth rate are indicated
by arrows in (D) (for further explanations, see text).
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passive tolerance. Extended exposure of animals tothan reducing performance capacity of the organism.

temperatures above high or below low critical tem-

In principle, all processes will become involved that

peratures finally leads to death of the animal unless characterize survival strategies in hypoxia tolerant an-

thermal acclimatization, i.e. a shift @f values occurs
(Zielinski and Portner, 1996; Sommer et al., 1R97
Limitation of survival is associated with a drop of the
cellular Gibb’s free energy change of ATP hydrolysis
to a low, possibly critical valueZjelinski and Pdortner,
1996. In accordance with a hierarchy of thermal tol-
erance limits, a failure in oxygen delivery system at
the whole-organism level occurs prior to a failure in
mitochondrial and then molecular functions, thereby
setting the ecologically relevant thermal tolerance
thresholds of the intact organisrRdrtner, 2002a

imals mainly through metabolic depression and as-
sociated passive tolerance of adverse environmental
conditions as seen with respect to survival of turtles,
frogs or fish during winter cold (Jackson, this volume).

However, while transition to anaerobic metabolism

has been clearly demonstrated in the turtles or gold-
fish other hibernating animals may succeed to use
metabolic depression strategies while being fully aer-
obic. This is likely true for many hibernating am-

phibians and includes mammalian hibernators, where
at least the brain remains fully aerobic, despite ex-

Critical temperatures as discussed here border thetremely cold body temperatureBdck et al., 2002c
temperature range that permits performance on top Passive hibernation is thus interpreted to be a strategy
of baseline energy expenditure and are likely reached which allows the animal to survive at minimal cost

before the onset of spasm&akhartsev et al., 2003
which are traditionally used to define critical ther-
mal maxima [Lutterschmidt and Hutchison, 1997a,b
Within the thermal tolerance window aerobic per-

and thereby escape from the costly mechanisms of
eurythermal cold adaptation outlined abow®#(tner,

2004). The factors and mechanisms eliciting metabolic
depression in excess of the one elicited by cold tem-

formance increases with temperature to a maximum perature itself are currently unknown.

and then decreases at higher temperatures yielding a Heat induced hypoxia will also elicit such responses
species-specific asymmetric bell shaped curve, which which are likely beneficial to counteract the tem-
shifts depending on thermal adaptatioAngilletta perature induced acceleration of baseline metabolic
et al.,, 2002. Fig. 6 predicts that optimum perfor- costs. As the interdependence of thermal tolerance
mance occurs close to upper peius values linked to and aerobic scope have only recently been discussed
the maximum scope for ATP formation by mitochon- as a unifying principle among animaBdrtner, 200
dria. The relationship between temperature depen-these relationships have not been systematically in-
dent growth rates and aerobic scope may follow this vestigated. However, invertebrate examples from the
pattern. Aerobic scope and growth rate were found intertidal zone where they may be exposed to midday
related in a population of codC(aireaux et al., 2000 sunshine and heat, would most adequately illustrate
Growth curves similarly shaped as kg. 6D were that extreme heat goes hand in hand with anaero-
found in invertebratesMitchell and Lampert, 2000;  bic metabolism and passive survivd@dkolova and
Giebelhausen and Lampert, 20@hd in fish Jobling, Portner, 2008 and thus very likely involves a
1997. Moreover, protein synthesis rates will set the metabolic depression scenario which contributes to
pace for organismic growth. Recent findings indicate energy savings and thereby extends the period during
that low blood oxygen tensions limit protein synthesis which heat beyond the critical temperature can be
rates as seen in feeding crabddepte et al., 2008 tolerated.

thereby supporting the concept layed ouFig. 6.

6. Ecological perspectives

5. Temperature induced hypoxic

hypometabolism? Temperature and global climate patterns have fre-

quently been proposed as the most important fac-
The question arises whether temperature induced tors governing marine zoogeographngel, 199).

hypoxia and finally anaerobiosis at the edges of the Compared with terrestrial fauna, marine organisms

thermal tolerance window have consequences othercover larger ranges of geographical distribution and
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exhibit distinct latitudinal zonation more frequently,

especially in the near-shore environment where phys-

ical barriers prevent the migration of littoral species
(Pielou, 1979; Rapoport, 1994Along the same lines
of thought identifying mechanisms of temperature
adaptation Johnston and Bennett, 199@nd their
contribution to adjusting and limiting both cold and
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small temperature changes on the cold side of the
temperature spectrum may elicit larger effects than
similar temperature changes in the warm. For exam-
ple, warming by just 1 or 2C above ambient aver-
age temperatures will be fatal for extreme Antarctic
stenothermsRortner et al., 1999 The cost of adap-
tation to the same degree of cooling appears much

heat tolerance are considered important in the light larger at cold than at higher temperatures unless the

of global warming (e.gWood and MacDonald, 1997;
Portner et al., 200land the associated shifts in
geographical distribution and/or physiological perfor-
mance of ectothermic animalRdrtner et al., 2001
The ecological relevance of the physiological prin-

width of thermal windows is minimizedP@rtner et al.,
2000. This may be one reason for the impression that
true stenotherms in the marine realm may only be
found in polar esp. Antarctic coldP@rtner, 2002a
Moreover, the decrease in biodiversity of extant ma-

ciples discussed in this chapter is emphasized by therine macrofauna towards high, esp. Northern latitudes

observation that in the spider crai, squinado, upper

(Roy et al., 1998may be due to the limited capacity

and lower peius temperatures are more or less equiva-of species to adapt to low but unstable temperatures.
lent to the mean highs and lows of ambient temperature The picture is less clear for the southern hemisphere,

in the natural environment of this specidgdderich
and Portner, 2000 This indicates that peius tempera-

where temperature oscillations are less expressed.
However, a clear temperature dependent decrease in

tures are prime candidates to relate to temperature de-crustacean biodiversity has been shown Astorga

pendent limits of geographical distribution. Due to the
recent nature of the concept of oxygen limited thermal

et al. (2003) The anaesthetizing effect of Mg in
decapod crustaceans is progressively increased during

tolerance such patterns need to be investigated in morecooling and allows reptant decapods to live &C0
metazoan taxa and species including vertebrates andbut no longer at-1 to —1.9°C. In earth history de-

fish. The cellular and organismic principles of thermal
limitation and adaptation outlined here may be influ-
enced by overlying phylogenetic constraints of spe-
cific groups which may then contribute to modulate
oxygen dependent thermal limits. For example, en-

creasing winter temperatures by aboutCiwere as-
sociated with mass extinctions of marine invertebrates
at the Eocene/Oligocene boundary despite constant
summer temperaturebsény et al., 2000 During cli-
mate change scenarios alleviation of winter cold may,

hanced sensitivity to the anaesthetizing effect of mag- therefore, play a key role in changes of ecosystem
nesium reflects such a phylogenetic constraint in the structure and functioning, esp. in Northern temper-
special case of marine reptant decapod crustaceansate zones. As an example, in the North Sea, warmer
(anurans and brachyurans). High magnesium levels in water species immigrate including both invertebrates
the haemolymph of this group likely limit its capabil- and fish Hummel et al., 2001; Von Westernhagen
ity to adapt to extremely cold temperatures belowC0 and Schnack, 20Q1while cold-water species like
by the mechanisms outlined above and, thereby, ex- cod move further NorthKischer, 200p Associated
cludes them from the respective temperature regimeschanges in biodiversity will have to be investigated.
in polar areas Krederich et al., 20Q1 In contrast, Although the contribution of physiological con-
marine ectothermic teleosts exist at all temperatures straints and capacities to these patterns remains to be
of the ocean. Although venous oxygen supply to the clearly elaborated insight is only just emerging that
heart is an evolutionary constraint in teleost fish, it the physiological basis for such ecological patterns
has not been found to limit cold adaptation capacity may be associated with the width of the thermal toler-
or biogeography of the whole group. Nonetheless, this ance window and its location on the temperature scale
constraint may limit the thermal range of individual (Po6rtner, 2002a)b Temperature dependent shifts in
species according to the trade-offs discussed above. geographical distribution may be related to the mis-
Some evidence indicates that adjustment to cold match phenomena elaborated above and may be due
rather than warm temperatures is a more severe chal-to the limited phenotypic plasticity of the species in-
lenge for organismic physiology, in other words, volved, i.e. the limited capacity to shift the window of
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oxygen limited thermal tolerance. A rising width of
the thermal tolerance window, especially in the cold,

was suggested to be associated with enhanced energy
turnover due to the cost of cold adaptation. These

relationships may elicit climate dependent trends in
lifestyles and, last not least, biodiversity in ecosys-

tems and will have to be considered in future analyses

of such patterns.
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