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Summary

The hypothesis of oxygen limitation of thermal declined with declining oxygen concentration, this was not
tolerance proposes that critical temperatures are set by a the case in the beetle. Efficient oxygen delivery via
transition to anaerobic metabolism, and that upper and tracheal system makes oxygen limitation of thermal
lower tolerances are therefore coupled. Moreover, this tolerance, at a whole organism level, unlikely in insects. By
hypothesis has been dubbed a unifying general principle contrast, oxygen limitation of thermal tolerances is
and extended from marine to terrestrial ectotherms. By expected to apply to species, like the isopod, in which the
contrast, in insects the upper and lower limits are circulatory system contributes significantly to oxygen
decoupled, suggesting that the oxygen limitation delivery. Because insects dominate terrestrial systems,
hypothesis might not be as general as proposed. However, oxygen limitation of thermal tolerance cannot be
no direct tests of this hypothesis or its predictions have considered pervasive in this habitat, although it is a
been undertaken in terrestrial species. We use a terrestrial characteristic of marine species.
isopod (Armadillidium vulgare) and a tenebrionid beetle
(Gonocephalum simplex) to test the prediction that
thermal tolerance should vary with oxygen partial Key words: critical thermal limits, critical thermal maximum
pressure. Whilst in the isopod critical thermal maximum  (CTmay, 0xygen limitation, tracheated arthropods, marine, terrestrial

Introduction

Owing to the realization that many species will be incapabldéave concomitant effects on both high and low deleterious
of migrating in response to modern climate change, largely demperatures. In consequence, there is an inverse relationship
a consequence of habitat fragmentation (Warren et al., 200Between performance at high and low temperatures when
there is increasing interest both in the ways in which thermaheasured in either a population across seasons, or among
tolerance evolves and the rate at which this can take plag®pulations from habitats differing in their thermal regimes
(Davis and Shaw, 2001; Hoffmann and Blows, 1993). BuildingPortner, 2001, 2002c; Pdrtner et al., 2000). This inverse
on previous work (Cossins and Bowler, 1987; Prosser, 198@elationship is also apparent in interspecific comparisons,
Ushakov, 1964), Portner (Portner, 2001, 2002a; Pdrtner et aalthough there are differences between stenothermal polar
2000) has developed a wide-ranging hypothesis suggesting tisgtecies and those from other regions (see Pdrtner, 2002a).
in complex metazoans, critical temperatures that affect fithess Portner (2001, 2002a) has argued that this oxygen limitation
(i.e. survival and reproduction) are generally not set by cellulasf thermal tolerance applies as much to terrestrial animals as
level responses (such as loss of protein or membrane functioit),does to the marine species for which he marshalled most
but are rather set by a transition to unsustainable anaerol@eidence. In support of this proposition, Pértner (2001, 2002a)
metabolism. Thus, deleterious temperatures (referred to as theints out that less complex organisms, such as eukaryotes
pejus by Pdrtner) result from insufficient aerobic capacity oind prokaryotes, have high thermal tolerances owing to the
mitochondria at low temperatures, and a mismatch betweesimplicity of their organization relative to spiders, scorpions,
excessive oxygen demand by mitochondria and insufficierturtles and endothermic vertebrates which, as metazoans, have
oxygen uptake and distribution by ventilation and circulatiora much increased organizational complexity, resulting in a
at high temperatures. In other words, whole-animatonsiderable decrease in their thermal tolerances. The
metabolism is limited at both low and high temperaturesynicellular organisms have no need of complex circulatory and
and this sets limits to animal performance. Seasonal arghs exchange mechanisms, and therefore oxygen delivery does
evolutionary adjustments to temperature are made byot set limits to performance.
alterations of mitochondrial aerobic scope and these changesHowever, there is a growing body of evidence suggesting
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that the thermal tolerances of terrestrial species might not be In this study we use thermolimit respirometry to test directly
limited by the same mechanisms as those in marine speciéise prediction of the oxygen limitation hypothesis that hypoxia
The bulk of this evidence comes from insects, in which uppeshould result in a decline in tli&Tmax. We also predicted that
and lower lethal limits are not necessarily related. Rather, theffethe CTmax is a function of failure in oxygen uptake and
limits are decoupled, such that alterations in low temperaturdistribution by ventilation and circulation, then hyperoxia
tolerance do not usually result in a change in upper lethahould lead to an increase in tl&Imax TO test these
limits. Such a decoupled response has been found predictions we use two terrestrial species — an isopod, which
interspecific comparisons at global to regional spatial scalesakes use of pleopodal exopodites for gas exchange, and
(Addo-Bediako et al., 2000; Chen et al., 1990; Gaston ansubsequent transport of oxygerna haemocyanin in the
Chown, 1999; Goto et al., 2000), and in intraspecificcirculatory system (Schmidt and Wagele, 2001), and a
comparisons at somewhat smaller scales (Hercus et al., 20@8nebrionid beetle, which, like all insects (Chapman, 1998), has
Klok and Chown, 2003; but see also Hoffmann et al., 2002gn elaborate tracheal system for delivery of oxygen directly to
and has also been documented in the responda®sbphila its tissues and cells.
species to selection (Gilchrist et al., 1997; Hoffmann et al.,
1997). There is also a generally greater acclimation response
in lower than in upper lethal temperatures, although the extent Materials and methods
of variability in both sets of traits is often small and insufficient  Armadillidium vulgarg(Latreille) (Isopoda: Armadillidiidae)
for perfect compensation (Chown, 2001; Kingsolver and Hueylive mass: 0.0621+0.001@ mean 1s.e.m., N=10 for each
1998; Klok and Chown, 2003). These findings strongly suggesteatment) and Gonocephalum simgleabricius) (Coleoptera:
that thermal tolerance in insects, and possibly in otheFenebrionidae) (live mass: 0.0523+0.0G8IN=10 for each
terrestrial ectotherms (see discussion in Chown, 2001; Klotteatment) were collected 24 h prior to experiments from
and Chown, 2003), is not limited by oxygen delivery.gardens on the University of Stellenbosch main campus during
However, to date no direct test of Portner's oxygen limitatiorthe austral mid-summer. Individuals were housed in the
hypothesis or any of its predictions has been undertaken ftaboratory at 25+1°C with a natural photoperiod (18 h L:D)
terrestrial ectotherms. and were provided with soil and detritus from their
Of the many predictions arising from Pdrtner’s hypothesismicrohabitats. In a pilot trial, Glax was determined under
one of the most significant is that hypoxia should result in @aormoxia by visual observation of knockdown temperatures in
decline in critical temperatures (Pdrtner, 2001, 2002b). A test af water-jacketed set of Perspex chambers connected to a Grant
this prediction, for insects (or other terrestrial ectotherms)Cambridge, UK) LTD20 water bath programmed to increase
initially appears straightforward. However, quite how criticaltemperature at 0.25°C mirfollowing initial equilibration for
limits should be identified in insects is a potential obstacle. 145 min at 30°C.
the work discussed by Poértner (2001, 2002a), critical limits are For the main experiments, a Sable Systems (Las Vegas, NV,
reflected in a decline in aerobic scope (or a measure thereof, swdBA) flow-through CQ respirometry system was used to
as changes in haemolymphncentration), whereas in insects record gas exchange characteristics (LiCor 6262/i350
critical limits are generally measured as knockdown temperatuiefra-red gas analyser; IRGA) and motor activity (AD1 activity
as temperatures are altered (Gibert and Huey, 2001; Huey et aletector; Sable Systems) (see Lighton, 1988). Compressed
1992; Klok and Chown, 2003), or as time to knockdown at aynthetic air (21% @and balance § was passed through soda
given temperature (Hoffmann et al., 1997). Whilst lethal limitdime and Drierite columns to remove €énd HO. From there
and knockdown temperatures are related to some degrdbe scrubbed air flowed through a mass flow controller
selection experiments often reveal a large measure ¢Sidetrak; Monterey, CA, USA) set to regulate gas flow at
independence, reflecting the fact that these traits are genetically ml min! into an automatic baselining system, thenb
independent (Hoffmann et al., 1997; Berrigan and Hoffmanmuvette containing the animal, and finally the IRGA. Sable
1998; Berrigan, 2000). Even so, it is clear that knockdowisystems DATACAN V software was used for data capture and
methods are not conducive to understanding oxygen demarahntrol of the respirometry system. The cuvette and activity
nor are they entirely free from observer bias if the onset afetector were placed inside a waterproof container and
muscular spasms must be assessed, as suggested irhynersed in a programmable water bath (Grant LTD20) set to
Lutterschmidt and Hutchison (1997). However, J. R. B. Lightorequilibrate the animal at 30°C for 15 min in synchrony with
and R. J. Turner (personal communication; see also Lighton atide respirometry system’s baseline and gas equilibration
Turner, 2004) have developed a technique, dubbed thermolinptocedures. Thereafter the water bath increased the
respirometry, which enables a marriage of both conventionaémperature at 0.25°C mito several degrees past thenad
observation of the critical thermal maximum ) using (all animals were dead by this point). A 40-SWG copper-
detection of movement by means of infra-red diodes, and reatonstantan thermocouple connected to a Grant Squirrel SQ800
time respirometry, which provides a measure of metabolic ratatalogger was used to monitor the cuvette’'s internal
as temperature changes. This method objectively pinpoints themperature in synchrony with DATACAN V. Owing to the
exact temperature where activity ceases and closely links thisopods’ sensitivity to desiccation, the synthetic air was
with changes in Cerelease patterns. rehumidified by inserting a LiCor LI610 dew point generator



Oxygen limitation of thermal toleranc2363

in the stream. At the start of a recording (from 30°C) a devand CTmax at the four @ concentrations in each of the test
point of 20°C (2.34'kPa saturation vapour pressure) was setspecies.
The dew point was increased to 25°C (3.k8h) after the
water bath reached 40°C.

Subsequent to the normoxic (21%) C Tmax determination, Results
thermolimit respirometry was repeated in three separate trials ~Metabolic patterns during thermolimit respirometry
using hyperoxic air (40% £), mildly hypoxic air (10% @), From the starting temperature, 30°C, the animals experience
and extremely hypoxic air (2.5%0 Oxygen concentrations benign thermal conditions, and thus metabolic rates remained
were manipulated using two Sidetrak mass flow control unitsstable, with no evidence of discontinuous gas exchange cycles
providing Nb and Q respectively, and connected in parallelin the beetle. At increasing temperatures the metabolic rates
so that they could be adjusted to provide the requiredeach a maximum point analogous to the optimum range, as
concentration at a combined steady flow rate of?®nirrL. defined by Poértner (2001, 2002a) (FIig. This point, the
Oxygen concentrations were monitored using an AMETEKTwetvax, indicates a definite inflection in the metabolic rate
S3A-1l Oxygen Analyzer (Paoli, PA, USA). To allow accurate curve from which the metabolic rate declines markedly for a
regulation of 2.5% @ the total flow rate was increased to few degrees — the deleterious temperature range — before

200 ml mir, another break appears, characterised by a briefpRe in
o _ the recording (Figs 1, 2A, 3A) signifying the respirometry
Determination of th€Tmaxand data analysis CTmax The animals did not recover once they reached the post-

DATACAN V analysis software was used to extractCO, decline (Fig. 1) and we regarded them as functionally
thermolimit respirometry data from the recordings of everydead. After death there is a brief rise in LCénission as
individual at the four @concentrations. Prior to data analysesresidual CQ is released from the body at the increasing
the temperature data were combined and aligned with the C@mperature, followed by a steady and smooth decline until
release and activity data from the Sable Systems recordingsQ, emission rates approach zero.
using the time stamp of the instruments. Pilot trials indicated that during normoxia both the

The critical thermal maximum was defined dually in termsrespirometry and activit Tmax values were identical to the
of the species’ motor activity, monitored by the AD1, andknockdownCTmaxestimated visually for both species (Isopod
respiratory breakdown, based 8o, (Fig. 1). From activity = 44.4+0.4°C, mean s.e.M., ANOVA F(1,2770.001, P>0.98;
data the Chax for both the isopods and the beetles, wadeetle 48.8+0.3°C ANOVA(1,18~1.017,P>0.32). Therefore,
recorded as the last temperature where a movement wakentifying theCTmax values based on activity recordings and
detected by the AD1 (Fid.). In the isopods, the respiratory on respirometry recordings was straightforward and consistent
signal that corresponded closely with the activity-baseda&eT for both Armadillidium vulgarend Gonocephalum simplex
point was a brief spike in the G@mission. Because of their  In A. vulgare, the C® traces were smooth (Fig), as
diffusion-based gas exchange their pleopodal exopodites, might be expected for a species with no means of physically
the isopods gave generally smooth O@cordings and the regulating gas exchange. The regression coefficients of the
characteristic spike at the onset of i@l could be easily rate—temperature relationships decreased with declining oxygen
identified (Fig.1). In the beetles, spiracular activity resultedconcentration, from 40% to 21%,0Obut were idiosyncratic
in rapidly fluctuating CQ@ emissions at temperatures thereafter (Tabld). At 2.5% O, the large majority (7 out
preceding the Giax However, their respirometry Gdx  of 10) of the individuals investigated showed a decline in
spike can be distinguished from preceding spikes by a smoothetabolic rate (FigeC) with increasing temperature,
COe decline following the Chax onset, signifying the suggesting that this species was under considerable stress and
complete cessation of spiracular activity (Fig. This is a metabolic conformer (sensu Herreid, 1980), with metabolic
cessation of spiracular activity therefore corresponds closelate declining in response to hypoxia. This was reflected in
with the overall cessation of motor activity measured by théhe significant decline of Metvax With declining oxygen
infrared activity detector. concentration (Tabl&). There was a decrease in both activity

In addition to theCTmax, We also measured the temperatureand respirometrCTmax With declining oxygen concentration,
of maximum metabolic activity (etmax). This was the point at least at and below normoxia (TaB)e At values between
at which CQ production reached its peak, and there was a21% and 40% &there was no change CiTmax (Table2).
inflection in the curve (indicated on Figj). The deleterious Although the regression coefficients of the relationships
temperature range was between thewiax and the Chax betweenVco, and temperature differed withp@oncentration,
where metabolic rate declined with increasing temperaturalbeit in inconsistent directions (Table 1), the majority of the
(Fig. 1). respiratory and thermal parameters in G. simgitered from

Least-squares linear regression was used to determine tAevulgare. Excluding extreme hypoxiBvetmax did not differ
relationship between log®, and temperature, and the with %0;. The CQ traces also showed similar, marked
regression coefficients of these lines were compared ampng @uctuations, suggesting spiracular opening and closing,
treatments using analysis of covariance (ANCOVA). Analyseprobably as a consequence of animal activity (B)g.At
of variance (ANOVA) were used to compare maximugo,V 2.5% &, the CQ trace was generally much smoother,
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Fig. 1 Standardized data output of thermolimit respirometry outlined as (A,B) changes in metabdliggaten COz 1) and (C) activity

(V) for a tracheal breathing beetle (A,C) and a pleopodal breathing terrestrial isopod (B,C) at increasing temperatures starting at 30°C.
Analogous to the law of tolerance (Schwerdfeger, 1977; Shelford, 1931) as interpreted by Poértner (2001, 2002g)rafile€Characterise

the rise in metabolic rate in both species across their range of aerobic capacity (above 30°C), culminating in a maximum metabolic rate
Vco,max corresponding to a temperature here termedithevax (equivalent to Portner’'spli — upper pejus temperature). Beyond Th@imax

(=Tpn) increasing temperatures cause the onset of a progressive decrease in metabolic rate. This short temperature range is called tl
deleterious range. This metabolic rate decline culminates in the respirometgy, Gignalled by a brief spike in GGemission. With
temperature increases beyond then&I'metabolic breakdown continues and eventually leads to death and the subsequent release of residual
COe from the body. Motor activity also increases with increasing temperature and these responses are equivalent in both test species. Th
cessation of coordinated motor function characterises onset of the activigy (€8hsu_utterschmidt and Hutchison, 1997). The respirometry

CTmax Often corresponds closely with the activityimax (See vertical line). Furthermore, respiratory recordings in the tracheal breather show
spiracular activity and this ceases in concert with cessation in coordinated motor function shown in the activity recordings (J. R. B. Lighton and
R. J. Turner, personal communication; see also Lighton and Turner, 2004). The primarily diffusive pleopodal breathing isopod does not show

this.

>
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Fig. 2. Representative data for the thermal limit respirometry experiments on Armadillidium vulgare. (A) 21% oxygen, (B) 10%, (C) 2.5%, (D)
40%. (Ai—Di) Metabolic rate &o,, (Aii—Dii) activity in arbitrary units (V), where both negative and positive values indicate activity.

corresponding to reduced activity levels (@) and and increase with hyperoxia. The two terrestrial species we
maximum spiracle opening to ensure sufficientuptake at investigated showed very different responses to changing
that low & concentration. Moreover, metabolic rates wereoxygen partial pressures. In the isopod there was a significant
significantly lower than those at the other concentrations, atecline in Chax with hypoxia, whereas there was no
was the regression coefficient of the rate temperatursignificant change in Gdx in the tenebrionid beetle.
relationship (Table 1). In other words, oxygen delivery onlyMoreover, it was clear that there was a considerable effect of
becomes problematic when the concentration declines frolmypoxia on maximum metabolic rates in the isopod, whereas
10% to 2.5% @ The respirometry Gdax was unaffected by the effect was noticeable only at 2.5% i® the tenebrionid,
oxygen concentration, although the beetles tended to maintaémd then did not cause a pronounced decline inCthigax
very low activity levels at 2.5% £resulting in a lower, but This difference can readily be explained by the dissimilarity of
probably artefactual, activity Gikx (Table 2). the gas exchange and transport systems of the two species.
Terrestrial isopods such as A. vulgaechange gasses by
means of pleopod exopodites, from where oxygen is
Discussion transported to the areas where it is required by haemolymph,
If oxygen limitation of thermal tolerance is a unifying containing the respiratory pigment haemocyanin (Ruppert and
principle at temperatures above freezing (PoOrtner, 200Barnes, 1994; Schmidt and Wéagele, 2001). In this regpect
2002a), then the predictions of the hypothesis should apply tailgareis functionally similar to many of the marine species
all ectothermic animals, or at least to the vast majority of thennvestigated by Poértner and his colleagues (e.g. Frederich and
In this particular instance, Giix should decline with hypoxia Pdrtner, 2000; Mark et al., 2002; Peck et al., 2002; Sommer et
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Table 1. Maximum metabolic rateMdivay and regression coefficients of the relationship between temperature and log
metabolic rate up to th€metmaxat each of four oxygen concentrations in the isofsodulgare and the beet(®. simplex

Tmetmax (Ml COp h—l)

Oxygen concentration (%) Mean Minimum Maximum N Regression coefficient
Armadillidium vulgare
25 0.0403+0.00151 0.0293 0.0469 10 0.0176+0.0082:2
10 0.0550+0.0038 0.0424 0.0703 10 0.0274+0.0(RL.2
21 0.0576+0.0028 0.0497 0.0731 9 0.0181+0.0019
40 0.0794+0.006% 0.0581 0.1156 10 0.0228+0.0(13
Gonocephalum simplex
25 0.0733+0.0328° 0.0547 0.1320 10 0.0217+0.009%
10 0.1554+0.0088 0.1124 0.1920 10 0.0256+0.0007
21 0.1495+0.0128 0.0867 0.2219 10 0.0348+0.0(15
40 0.1724+0.0108 0.1347 0.2317 10 0.0292+0.0011

Values are meansse.m.
In all cases different letters denote significant differences in the values based on ANOVA or ANCOVA — Tukey's HSD test.

TANOVA F(3,35717.66, P<0.00012ANCOVA for homogeneity of slope&s,290057.952, P<0.00012ANOVA F (3 36=19.87, P<0.0001;
4ANCOVA for homogeneity of slope&s 66875736.319, P<0.0001.
*N=3; most other individuals showed a steady decline in metabolic rate with increasing temperature.

Table 2. Activity and respirometry critical thermal maxima at

each of four oxygen concentrations in the isopotulgare

and the beetl&. simplex

Oxygen

CTmax(°C)

al., 1997; van Dijk et al., 1999). Moreover, it is also similar to
the terrestrial species from which evidence has been cited in
support of the oxygen limitation hypothesis (Portner, 2002a).
Spiders and scorpions generally exchange gasses using book
lungs and circulation igia the haemolymph using respiratory
pigments (Bridges et al., 1997; Burmester, 2002; Paul et al.,

concentration (%) MeanggeM.  Minimum Maximum N
A 1987), whilst in the terrestrial vertebrate models that Portner
A\:msggdlum Activity discussed, gas exchange and circulation are also based on two
25 34 6+0 A1 33.4 36.5 g Separate systems. Itis no surprise in animals using a two-stage
10 42.1+0.6 38.7 457 10 System for gas exchange and its subsequent delivery that at
21 44.4+0.5 41.7 47.0 10 high temperatures a mismatch between excessive oxygen
40 43.2+0.8.C 38.8 44.7 10 demand by mitochondria and insufficient oxygen uptake and
Respirometry distribution shogld arise (Portner, 2001_, 2002a).
25 38.7+0 A2 377 20.4 10 By contrast, insects have a very different system of gas
10 42.4 +0.8 38.7 44.7 10 exchange and delivery. In general, oxygen moves along a
21 44.7+0.6 411 46.6 10 Ppathway from the spiracles through the main tracheal twizes (
40 44.9+0.8 43.7 46.1 10 convection or diffusion) to the tracheoles, where it diffuses to
the mitochondria (Buck, 1962; Kestler, 1985; Nation, 2002).
Gonocephalum . . .
simplex Activity S_ome diffusion from the large tracheae to the sqrroundlng
25 38.442 6.3 30.2 501 g lissues or haemolymph also takes place, although it probably
10 49.3+0.8 48.0 51.2 10  accounts for no more than 25% of the total because of the small
21 49.3+0.8 46.3 50.6 10 partial pressure difference between the tracheal lumen and the
40 49.2+0.2 49.7 50.1 10 surrounding tissues (Schmitz and Perry, 1999). Carbon dioxide
Respirometry does not follow the same route in the opposite direction.
25 50.140.9 48.9 51.8 10 Rather, itis thought to enter the tracheal system at all points
10 49.2 +0.2 48.4 50.8 10 from the tissues and haemolymph, where it is buffered as
21 49.3+0.4 46.6 51.0 10 bicarbonate (Bridges and Scheid, 1982; Schmitz and Perry,
40 49.0+0.2 48.4 50.1 10 1999). Thus, @ delivery is highly efficient. Indeed, most

insects can be considered metabolic regulators in the sense that

In all cases different letters denote significant differences in thexygen consumption remains constant with declining O
values based on ANOVA and Tukey's HSD test. concentration until a critical oxygen tension of about 5-10%

'ANOVA  F333559.72, P<0.0001; ANOVA F(335743.34, 0, s reached (generally lower in adults) (Loudon, 1988). Only
P<0.0001; °ANOVA  F(335529.95, P<0.0001; “ANOVA oxygen tensions below this critical point does metabolic rate
F(3,3672.89, P=0.05. decline. However, many species remain apparently unaffected
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Fig. 3. Representative data for the thermal limit respirometry experiments on Gonocephalum @npl% oxygen, (B) 10%, (C) 2.5%, (D)
40%. (Ai-Di) Metabolic rate &o,, (Aii—Dii) activity in arbitrary units (V), where both negative and positive values indicate activity.

at low oxygen partial pressures, maintaining gas exchange atefm changes in gas concentrations in both physiological and
activity below these levels (Holter and Spangenberg, 199developmental ways (Frazier et al., 2001; Loudon, 1988;
Chown and Holter, 2000). This suggests that oxygen limitatiokVigglesworth, 1935). Even in flying insects, flight metabolism
is unlikely for insects under a wide variety of conditions, ands generally only sensitive to ambient oxygen partial pressures
would certainly not limit thermotolerance, at least not undebelow 10% Q (Harrison and Lighton, 1998; Joos et al., 1997).
the conditions generally experienced in terrestrial habitats. Odrthus, it seems unlikely that a mismatch between oxygen
data on the tenebrionid bee@e simplexcertainly support this  supply and demand sets thermal limits in insects. In addition,
idea, and indicate that oxygen limitation of thermal tolerancén contrast to stenothermal subtidal marine habitats,
does not take place: hypoxia has no effecComax microclimates can and do reach upper lethal temperatures for
One counterargument might be that our assessments tefirestrial arthropods (e.g. Neargarder et al., 2003; Roberts and
CTmax Were undertaken over short timescales and that thieeder, 1999; Wehner et al., 1992), and approach lethal limits
deleterious limits only become apparent over longer period# intertidal environments (Helmuth et al., 2002).
(Portner, 2001, 2002a). In other words, had we continued The question of what accounts for thermal limits in insects
our trials for a longer period, oxygen limitation of thermalthen remains. At high temperatures, thermal limits are probably
tolerance would have become apparent. In our view this e consequence of differing responses to heat injury at the
unlikely. Insects are known to be highly responsive tccellular level. High temperature injury generally results from
changing oxygen availability and can compensate for longedisruption of membrane structure, and problems associated
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with protein folding. This causes a breakdown in the functioriwo sets of wings (Samways, 1994). In this regard, terrestrial
of membranes, especially synaptic membranes, alterations $pecies are very different to those from marine environments.
the cell microenvironment, DNA lesions and perturbation oHowever, from a phylogenetic perspective it is clear that the
protein structure (Feder, 1999; Somero, 1995). The importaneeembers of most other higher taxa, with their two-stage
of responses to cellular level thermal damage for wholeexygen delivery systems, probably face oxygen limitation of
organismal survival is clearly reflected in geographic variationhermal tolerance. At present, too few species have been
in heat shock protein expression associated with variatioexamined to verify these ideas, but clearly Pértner’s hypothesis
in environmental temperatures to which the organisms ammakes several testable predictions that would cast considerable
exposed (Bettencourt et al., 2002; Dahlhoff and Rank, 2000ight on the apparent dichotomy.
Neargarder et al., 2003; Sgrensen et al., 2001). In addition,
thermal resistance of the nervous system has been correlatedohn Lighton and Robbin Turner are thanked for insightful
with concentrations of membrane polyunsaturated fatty aciddiscussions concerning the interpretation of thermolimit
(PUFASs) in vertebrates (Logue et al., 2000; Hulbert, 2003), angespirometry and for providing access to unpublished
could also play a significant role in insects. In turn, membranmformation. Sue Jackson and Richard Mercer and two
damage affects development, neural functioning, musculanonymous referees provided useful and insightful comments
contraction and several other processes at highem an earlier version of the manuscript. C.J.K. was supported
organizational levels (Denlinger and Yocum, 1998). Suclby a National Institutes of Health Grant Al-5245601, B.J.S.
determinants of Gilax at the cellular level in insects would by a New Zealand Science and Technology Post-Doctoral
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