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A comparative analysis of plasticity of thermal

limits in porcelain crabs across latitudinal

and intertidal zone clines
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Abstract. The effect of thermal acclimation on cardiac thermal performance limits was examined in

congeneric species of porcelain crabs (genus Petrolisthes) from temperate and subtropical habitats.

In vivo heart rate was monitored using impedance electrodes during thermal ramps (0.1 8C/min)

where temperature either increased or decreased from an intermediate temperature to thermal

extremes. Arrhenius plots were used to define upper and lower critical temperatures of cardiac

function (CTmax and CTmin, respectively). Across species and acclimation conditions, CTmax ranged

from approximately 28.4 to 41.7 8C and CTmin from approximately �1.3 to 11.3 8C. Thermal

acclimation had the greatest effect on CTmax in species from the coolest thermal microhabitat and the

smallest effect on CTmax in species from the hottest thermal microhabitat. The opposite effect was

observed on CTmin. The ecological consequences of these results are counterintuitive, as the most

heat-tolerant species are predicted to be most susceptible to global warming. The results of this study

will form the foundation of future studies designed to elucidate the mechanistic bases of thermal

plasticity and eurythermy in porcelain crabs. D 2004 Elsevier B.V. All rights reserved.
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1. Introduction
For ectothermic organisms, habitat temperature is a critically important environmental

factor because of the effects of temperature on all biological processes [1]. Evolutionary

responses of organisms to changes in temperature have been shown at a wide range of levels

of biological organization, from molecular to physiological to behavioural [1,2]. Changes in
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habitat temperature can occur on awide temporal range, from fluctuations that occur in hours

as a result of day–night or tidal cycles [3–6] to those that might occur over many years as a

result of global climate change [7–9]. To understand how the distribution and abundance

limits of organisms might change as a result of changes in daily habitat temperature

fluctuations associated with climate change [4], we must understand how much the thermal

sensitivity of organisms can change, or acclimatize. The magnitude of effects of global

warming on species distribution ranges will be a result of the proximity of organismal

thermal limits to maximal habitat temperatures, and the capacity of those organisms to adjust

their thermal limits through acclimation [10].

Thermal tolerance ranges, the range of temperatures between upper and lower thermal

thresholds to normal biological performance (here referred to as upper and lower thermal

tolerance limits, CTmax and CTmin, respectively), can be shifted through thermal

acclimation. The degree to which organisms are able to adjust CTmax and CTmin has

been referred to as acclimation flexibility [2], and capacity for acclimation [10].

In this study, the effects of thermal acclimation on cardiac CTmax, and CTmin have been

investigated in six species of porcelain crabs in the genus Petrolisthes. Porcelain crabs are

an excellent group of organisms for comparative studies of temperature adaptation because

species exist across a large range in thermal microhabitat conditions as a result of

differences in latitudinal and vertical (intertidal zone) distribution patterns [11], and

because phylogenetic information for these crabs [12] facilitates selection of closely

related species that live in different thermal microhabitats. Previous studies have shown

that in over 20 Petrolisthes species, upper thermal tolerance limits are evolutionarily

correlated with maximal habitat temperature [3,10,11,13], and cold tolerance varies across

species from different vertical zones [3,10]. Differences in capacity for thermal

acclimation of cardiac performance limits have been shown in four species of Petrolisthes

from different thermal microhabitats [10]. Petrolisthes from the hottest habitats had the

highest CTmax, but they also had the lowest acclimation capacity of CTmax, while the

opposite pattern was true for CTmin [10].

2. Materials and methods

2.1. Species selection

Six species of Petrolisthes were selected for study. Four of the study species,

Petrolisthes cinctipes, Petrolisthes cabrilloi, Petrolisthes manimaculis and Petrolisthes

eriomerus, are within one phylogenetic clade of northern temperate species with a most

recent common ancestor of about 16 million years ago (mya) [12], and two, Petrolisthes

gracilis and Petrolisthes hirtipes, fall within one phylogenetic clade of species endemic to

the northern Gulf of California with a most recent common ancestor of about 8 mya, and

these two clades shared a common ancestor about 25 mya [12]. Both temperate and Gulf

of California species have distinct vertical zonation patterns: P. cinctipes and P. cabrilloi

inhabit the middle–upper intertidal zone, P. eriomerus and P. manimaculis inhabit the low

intertidal and subtidal zones, and P. gracilis and P. hirtipes inhabit the high and middle

intertidal zones, respectively [14].

The two species from the northern Gulf of California live in an extreme thermal

habitat, as water temperatures can vary from 15 to 30 8C annually, and during low tide
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conditions, temperature fluctuations can be much greater. During low tide in the northern

Gulf of California, under rock temperatures in Petrolisthes microhabitats have been

measured at over 40 8C during summer months. In the cold north temperate, water

temperatures fluctuate between 7 and 13 8C, and intertidal species of Petrolisthes

experience fluctuating microhabitat temperatures (Fig. 1) that can be above 30 8C in

summer months [3]. Thus, the species selected for study here are from a great range of

thermal microhabitats, from P. eriomerus, which sees the coolest and least variable

habitat temperatures, to P. gracilis, which sees the warmest and most variable thermal

habitat.

2.2. Specimen collection

Specimens were collected by hand during low tide and transported to Hopkins Marine

Station where they were maintained in flowing seawater at 12–15 8C (temperate species)

or 25 8C (Gulf of California species) for approximately 5 weeks until the beginning of

thermal acclimations. Crabs were fed SELCO-enriched Artemia and frozen copepods three

times per week throughout the duration of the study.

2.3. Thermal acclimation experiments

Thermal acclimations were performed in recirculating aquaria with carbon and

biological filtration (FLUVAL 304 canister filters) and weekly water changes. P. cinctipes

and P. eriomerus were acclimated together for 8 weeks to 8, 13 and 18 8C, and P.

manimaculis were also acclimated in the 8 and 13 8C tanks. P. cabrilloi were acclimated to

8 and 18 8C for 4 weeks. P. cinctipes, P. hirtipes and P. gracilis were acclimated together

for 4 weeks to 15 and 25 8C (P. eriomerus cannot survive acclimation to 25 8C), and P.

gracilis alone was acclimated to 35 8C (no other species in this study can survive

acclimation to 35 8C). P. cinctipes were also acclimated to 22 and 4 8C, but none of the

specimens survived for over 7 days at 4 8C, and no heart rate data were collected for those

crabs.
Fig. 1. Microhabitat temperatures of P. cinctipes at Cape Arago, OR during winter and summer months.

Temperature data loggers (n=5; ibutton, Dallas Semiconductor) were placed underneath the same stones in winter

and summer, 2004, and were set to collect temperature data every 15 min (summer) or 20 min (winter). Data

shown is the average temperature of the recovered data loggers (n=2 (summer), n=3 (winter)), and variation

between loggers was generally within 1–2 8C at any time-point.
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2.4. Determination of cardiac thermal performance limits

Cardiac activity was monitored using impedance electrodes (as described elsewhere [10])

during thermal ramp experiments where temperature was increased (CTmax) or decreased

(CTmin) at 0.1 8Cmin�1. Briefly, crabs were suspended from a cork glued to their carapace in

a water bath containing a heat exchanger connected to a recirculating temperature control

device. Temperatures were held constant for 1 h prior to initiating the thermal ramp, and

ramp experiments were generally completed within 5 h. Average heart rates (beats per

minute) were calculated in bins of 30 s for the duration of the recording. Arrhenius break

temperatures of heart rate (CTmax and CTmin) were determined from plots of the natural log

of heart rate vs. inverse temperature by calculating the intersection point of regression lines

fitted to the first 200 data points (before a transition in slope occurred) and the final 60 data

points of each record (after the heart began to fail), as described elsewhere [10].

3. Results

3.1. Thermal acclimation of cardiac thermal performance limits

Thermal acclimation affected upper and lower thermal limits of cardiac function in all

species; however, the magnitude of change of CTmax and CTmin differed among species.

P. eriomerus and P. manimaculis, the temperate subtidal zone species, showed the greatest

change in CTmax (~4 8C) and the smallest change in CTmin of all of the species tested (Fig.

2A). In P. eriomerus and P. manimaculis, CTmax changed by 2.1 and 3.5 8C, respectively,
over the 10 8C acclimation temperature range of 8–18 8C (Fig. 2A). CTmax of P. cinctipes

ranged from 32.6F0.2 8C (in 8 8C acclimated crabs) to 33.9F0.3 8C (in 18 and 22 8C
acclimated crabs), and thus changed by 1.3 8C over the 10 8C acclimation temperature

range of 8–18 8C (Fig. 2A). The CTmax of P. cinctipes changed the most between 8 and 18

8C (the largest jump was from 8 to 13 8C), and changed little from 18 to 25 8C (Fig. 2A).

CTmax of P. cabrilloi was the same as P. cinctipes for 8 8C acclimated crabs, but increased

by 2.3 8C in 18 8C acclimated crabs (Fig. 2A).
Fig. 2. Acclimation of cardiac upper thermal limits (CTmax, A) and lower thermal limits (CTmin, B) in six species

of porcelain crabs (genus Petrolisthes) from different thermal habitats to a range of constant thermal regimes.

Sample sizes are from n=3 to 11, and each point is the meanFone standard deviation.
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In the warm-adapted crabs P. gracilis and P. hirtipes from the northern Gulf of

California, small increases in CTmax were observed as the result of thermal acclimation

over a 10 or 20 8C acclimation range (Fig. 2A). CTmax of P. gracilis, the high intertidal and

most warm adapted species, increased by 0.4 8C from 15 8C acclimated crabs (40.8F0.5

8C) to 25 8C acclimated crabs (41.2F0.5 8C), and increased 0.4 8C further in 35 8C
acclimated crabs (41.6F0.4 8C). CTmax of P. hirtipes changed by 0.8 8C from 15 8C
acclimated crabs (38.5F0.2 8C) to 25 8C acclimated crabs (39.3F0.4 8C) (Fig. 2A).

P. hirtipes did not survive acclimation to 35 8C.
The interspecific differences in the effects of thermal acclimation on CTmin were opposite

of those observed in CTmax. P. gracilis and P. hirtipes, the most warm adapted species,

showed the largest change in CTmin, and P. eriomerus and P. manimaculis, the least warm

adapted species, showed the smallest change in CTmin (Fig. 2B). CTmin of P. gracilis

changed from 1.9F0.5 8C in 15 8C acclimated crabs to 6.9F1.3 8C in 25 8C acclimated

crabs, a 5.0 8C change over this 10 8C temperature range, and increased by another 2 8C in

crabs acclimated to 35 8C (Fig. 2B). In P. hirtipes, the change in CTmin was 6.7 8C over a 10

8C acclimation range, from 4.6F0.5 8C in 15 8C acclimated crabs to 11.3F0.4 8C in 25 8C
acclimated crabs.

P. manimaculis and P. eriomerus had the same CTmin values across acclimation

temperatures, and changed CTmin by 2 8C over the 10 8C acclimation temperature range

from 8 to 18 8C (Fig. 2B). In P. cinctipes, CTmin changed by 4.3 8C from �1.4F0.3 8C in

8 8C acclimated crabs to 3.9F0.9 8C in 22 8C acclimated crabs, but did not increase further

in crabs acclimated to 25 8C (Fig. 2B), and there was no significant difference between

CTmin values of 18, 22 or 25 8C acclimated specimens of P. cinctipes. In P. cabrilloi,

CTmin changed by 2.6 8C from 0.6F0.4 8C in 8 8C acclimated crabs to 3.2F0.2 8C in 18

8C acclimated crabs (Fig. 2B). CTmin values for P. cinctipes and P. cabrilloi were the same
Fig. 3. Maximal plasticity of critical thermal limits of cardiac function during thermal acclimation in six species of

porcelain crabs (genus Petrolisthes) from different thermal habitats. For each species, the maximal change in CT

was calculated over a 10 8C acclimation temperature range using the above data for CTmax (Fig. 2A) and CTmin

(Fig. 2B). From lowest to highest maximal habitat temperature, pairs of points for DCT are for P. eriomerus, P.

manimaculis, P. cinctipes, P. cabrilloi, P. hirtipes, and P. gracilis. Linear regression indicated a significant

relationship between DCT and maximal habitat temperature for both CTmax ( p=0.040, r2=0.692) and CTmin

( p=0.0396, r2=0.694). Maximal habitat temperature data from Ref. [13].
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in 18 8C acclimated crabs, but in 8 8C acclimated crabs, P. cabrilloi had CTmin values that

were about 2 8C higher than those of P. cinctipes. This is the opposite pattern observed for

CTmax for these two species.

3.2. Maximal capacity for thermal acclimation of CTmax and CTmin

The maximal amount of change in CTmax and CTmin over a 10 8C acclimation range

differs among species in a manner consistent with maximal microhabitat temperature ([10];

Fig. 3). The 10 8C range used was 8–18 8C for P. eriomerus, P. cinctipes, P. cabrilloi, and

P. manimaculis, and 15–25 8C for P. gracilis and P. hirtipes. The change in CTmax of

P. gracilis was the same across the 15–25 and the 25–35 8C acclimation temperature interval,

but the change in CTmin was much greater across the 15–25 8C acclimation temperature

interval for this species, and thus this interval was used in the analysis.

To remove the effects of phylogeny from these data, phylogenetic independent

contrasts were generated following methods previously published for these crabs [13].

Independent contrasts of maximal habitat temperature were not significantly correlated

with contrasts of DCTmax ( p=0.53) or contrasts of DCTmin ( p=0.18).

4. Discussion

4.1. Comparative analysis of thermal acclimation capacity

Functional analyses of the concomitant effects of thermal acclimation on both heat and

cold tolerance have been made in many species (e.g., crabs [10], planarians [15],

earthworms [16,17], flies [18], ticks [19], fish [20–23], crayfish [24], copepods [25]).

However, few of these studies examined the relative effects of acclimation temperature on

thermal tolerance in multiple species adapted to different thermal habitats. Thermal

acclimation of three species of Drosophila from different thermal microhabitats had a

greater affect on CTmin than on CTmax; however, this pattern did not vary among species

and acclimation capacity was not clearly related to thermal habitat [18]. In porcelain crabs

from different thermal habitats, this study shows that CTmax is inversely correlated with

maximal habitat temperature, and the opposite is true for CTmin (Fig. 3). Although

phylogenetics-based transformation of these data does not clarify the evolutionary

significance of this relationship, the results suggest an evolutionary and/or functional

trade-off between achieving extreme tolerance limits and maintaining plasticity of

tolerance limits.

4.2. Ecological significance of thermal acclimation capacity

To assess the ecological consequences of the relationship between acclimation capacity

of CTmax and maximal habitat temperature, it is necessary to also consider the proximity of

thermal performance limits to maximal habitat temperatures. In the most warm adapted

species, P. gracilis, CTmax of summer acclimatized crabs (25–30 8C) is within 1 8C of

its maximal habitat temperature [13], whereas in the least warm adapted species,

P. eriomerus, CTmax of summer acclimatized crabs (13 8C) is over 15 8C away from its

maximal habitat temperature ([13]; Figs. 2A and 3). Since the acclimation capacity of

CTmax of P. gracilis is only 1 8C across a 20 8C range of acclimation temperature (Fig.

2A), if maximal habitat temperatures that this species experiences change by more than 2
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8C as a result of global climate change, it is likely that there will be a decline in abundance

of this species. Thus, it is the most heat-tolerant species that will be most susceptible to

global warming, a result that is counterintuitive.
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