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SUMMARY

A rotating respirometer was designed which enabled respiratory gas ox-
change in the land hermit crab Coenobita compressus to be correlated with
valunitary snbmaximal sustained pedestrian aetivity. In the laboratory,
crabs remained spontaneously active for up to 153Umin, maintaining
velocitics of 4-6cms™!. Comparable activity patlerns were observed in
the ticld. Quiescent Os uptake (M) increased logarithmically as a funetion
ul load rating of the adopted mollusean shell. Steady-state M, and
Mo: were measured afler H) niin of spontaneous activity and both increased
litcarly with velocity. There was good correspondence between Y-wutercept
values and those measured in inactive erabs. At the mean locomotory speed,
Mo: and Meo, were increased 3-4-fold and 2-6-fold respectively abave
settled rates. Minimum and gross energetic cost of transport were estimated
and compared with values in the licerature. Mo, and Meo, returned to settled
levels within the first hour of recovery, The actvity profile and conenmirant
chianges i gas exchange are discussed in the context of acquisition of the
shell-dwelling habit.

INTRODUCTION
In reeent vears much interest has [ocused on the physiological changes wlich
aceompany exercise in decapod crustaceans (sce review articles by Herred, 1981
McMuhon, 19815 McMahon & Wilkens, 1983}, In many of the original studies (e,p.
MeDanald, McMahon & Wood, 1979; McMahon, McDonald & Wood, 1979;
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Rutiedge, 1980) distance. specd and force of locomaotion were not quanuficd s animals
were simply exercised to exbhaustion which penecalls occurs within 10 mm. This has
madve 3 comparison with the literature on ectothermie vertebrates difheult (reviewed
by Brett, 1972; Benncte, 1978). Some of the more recent investigations on the land
crabs Cardisoma (Wood & Randall, 19814,6; Herrand, ('Mahoney & Full, 1983),
Firgus (Smatresk & Cameron, 1981), Ocvpode (IFull & Herreid, 1983) and Uea (Full
& Herrerd, 1984) have quantified speed of enforced locomotion nsing classical tread-
mill techniques. The focus however has remained on 10- 1o 20-man bursts of exhaust-
ing activity {speeds of around [0 em s™"). While bursts of sprinting activity are impor-
tant 1n cseaping predalors, submaximal but sustained Incomotion may be far morce
tvpical of the natural behavioural vepertoire. T'he vnly existing study on mamtained
activity 1s on the blue crab, Caflinectes sapidus, (Booth, McMahon & Pinder, 1982)
which can be [orced to swim far up to 1 h.

Treadmill studies 1 all animals are somewhat questionable since speed 12 generally
peescl by the investigator, Irequently unsupported by measurements of Aeld activity.
Furthermare, recent studivs in humans have demonstrated that even tramed reead mill
runners expericnce balance problems which are nat assovated with ground running
(Woolley & Wuner, 1980). Thus treadmill exercise 18 undoubtedly more stres<hui
than voluntary activity.

Al night, on beaches in Panama, we were impressed bv the sustained pedestrian
locomotion of a local terrestnal hermut crab {Coenobita vompressus H. Milne Ed-
wards). Previous studies of short burats nf forced activity of this species have heen
made using a treadmill {C. ¥, Ilerreid & R. ]. Full, unpublished). Hermit crabs are
mteresting from an energetic view point duc to the additive locomotor costs associated
wilh carriage of the adopted molluscan shell which = trequently equivalent 1o body
mass (Wheatly, 1984). As such, they provide a unique apportunily to asscss the
natural ellects of loading in an invertebrate species. Furthermore, hermit crabs
provide an interesting comparison with other decapods since they do not use sideways
actapedal locomotion but move in & lorwards direction using the chelipeds, seeond
and third pairs of legs for walking. "Vhe [ourth and ffth pairs of leys are reduced and
modificd to assist in shell retention.

T'he prexent paper describes observations we made in the Reld on natural locoma-
tory patterns m Cocnpobita. We subscquently developed a rotating respirometer to
study the energenics of voluntary activity in this species. "['his apparatus enabled us
Lo correlate exercise performance with exchange of respiratory gases.

MATERIALS AND METIHODS
Studv site and expernimental animals

The study was conducted on land hermit crabs (Cuenobita compressus (H. Milne
Edwards—identihed by relerence to Ball & Tlaig, 1973) which were collected at Boy
Seouts” Beach on Naog Island, off the Pacific coast of Panama 1o April and May of
1983, In this populatinn, crabs had a mean body mass of 10-5 % |-1g (N =29) and
mast frequently inhabited Nertia scabneosia shells (1dentified [rom Keen, 1971) with
amean weight association index (W1 = mollusc shell mass/crab body mass; Wheatly,
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1984 uf 0-96 £ 0.06 (V = 22). Less trequently Coencbira were [ound inside shells of
Muncanthus, Polinices, Thais, Nuitica, Northia and Opeatostoma providing W1
ralios ranging up o 143, Activity patterns were observed in the natnral cuvironment.
[For physiclogieal 1nvestgation, animals were transported to the nearby Naos
Lahoratary ol the Smithsonian T'ropical Research Tnstitute where they were main-
tainicd under ambicnt conditions {i.c. air temperzture =30 £ 4°C; Lunudity
=701 10 %) 10 glass terraria (60 X 30 X 45 ¢m) for 1 week prior to experimentation.
During this peniod they had Iree access 1o 10 % sea water and [mut. A scaltolding of
ceramic tiles was erceted inside the terrarium to provide shelter and internal
geography.
Field transect survey

On the evening of 27th April 1983, a day which had experienced tropieal weather
tvpical aof the season {1.¢. brief bul heavy rainfall around 10.00h), a transect survey
was 1in on the central portion of Boy Scoutls’ Beach (87 58" N-79°31-9" W) We
had previously ohserved that crabs spent daylight hours sheltering in a patch ol rocks
high up on the beach. A G- wide transect was marked off 1 2-m grids [rom these
rocks (own to the warer line - a total distance of 30 m. Numbers of crabs in each grid
were recorded at hourly intervals from 19.00h unty] nudnight.

Lxperimental apparatus — the rotating resplrometer
Locomotory activity and associated changes in gas exchange were studied 10 a
closed respirometer (Fig. 1) which the ¢rab could rotate a1 will by walking along the
imside inclined surface. The apparatus was [ashioned alter a svstern used by Jensen
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& Holim-Jensen (19807, The reapirometer was a 3160 1ml glass storage jar (1.d. 85 mm).
with & counterbalanced Iid, which would lloat sideways and approximately 50 %
submerged in a surrounding water jacket. The dimensions of the outer container only
marginaliy exceeded the depth and external diameter of the respirometer so that
movements other than rotatonal were eliminated. A plastic meshwork was glued onto
the inside wall of the jar 10 provide traction [or the crab’s walking movements. 'T’he
water jacket was heated with a =mall aquarium filament heater (o maintain air tem-
perature wnside the vespirometer at the experimental temperature which was
3£ 27C0 A hole drdled thirough the lid of the jar was scaled with dental dam serving
as a samphng porl {or respirorneter gas.

A Z-emstrip of alurminium loil was glued along the outside ol the jar in parallel with
the axis of rotation so that «t was immersed in the surrounding water durmyg hall of
each complete revelution. Pwa large Hattened copper electrodes were positioned al
right angles to this strip and led e an tipedance convertor (UFLD Model 2991,
Morrabay, CA)Y to a Gilson aseniplual polsvgraph (ICT-5H). Complete revalutions
were detected as changes in the impedance of the water each tme the [od strip was
immersed and were reenrded as positive square-based deflections in the polvgraph
trace. Distance eovered, duration and veloceity of voluntary locomaotion could | i thee
way, be quantificd.

Protocol and analytical procedures

Basced on preliminary field observations (see Results), antmals were pliced 1in the
respirameter in the carly morning and allowed to acelimate to the experimental charn-
ber during a period of the day when they were normally inactive. Pre-exercised
{cantral) rues ol Oz consumption (Mao.) and COz production (Mo, ) were esbimnated
31 later by analysing the gas content ol samples sequentially rernoved from the inside
of the respirometer. ‘Steady-state’ active or recovered levels of Mo. and Mo, {as
deflined by Stumsby & Barclay, 1970) were measured over the two time periods
(-53-1-0 and 1-0-1-3h from the start or end of spontaneous activity. 'I'nals were
performed an loaded and unloacded crabs. In the case of loaded crabs, animals were
remaoved from their shells for determination ol body mass only upon completion of
IHCUSUCCTILCTITS,

Gas samples (530-100 1) were removed from the respirometer using gas-tight
Hamilion syninges, Contents of 07 and COz were measured using  Applied
Llectrochemistry analysers (5-3A Oz sensor N-37M and CD 3A CO: sensor P6H1B,
Sunnyvale, CA) electrically interfaced with a two-channel Linear [nsirunmients Model
595 llat bed chart recorder. Flow of gas through the analvsers was generaled by two
suction pump/flow meter systemns (R/2a Applied Electrochemisery) which were sel
to have identical fows ol 12:5mlmm . These two systems ctfectively operated in
parallel. One drew dehumidilied room air lirst through a CO: analyser and then
through channel 2 of a differential : analyvser. The second meanwhile drew
dehumudified room awr directly through the reference channel (1) al the O3z analvser.
The ) analyser was sct to display the Jdifferental between the twa channels. A
diagram ol this arrangement 1s given by McMahon & Burggren (1985).

The two-analyser system was first calibrated vsing u standard gas which was 1%
C(O:z in Na2. Different volumes (10, 20, 30, 40, 50 ) were mected as a disercee
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Dolus1riLe the gas iwllow atan injection port. Sinee all tubing was ~miall Dore. the gus
passed thraneh the analvacrs as a bolus and appeared on the charr as peaks of higher
COeand lower O concentration (as compared with room air). The 0, analyser
syvstemn could he calibrated relatively simply since the area beneath €O peak was
direcily proportional w the OOz content of the mjected gas.

The (), analvser was also calibrated using unetacy injeetions of 3% COzin N sinee
this was the only certified gas mixture avatlable to us in the field. The nepative peak
on the Oz dilferenual trace elfectively represented displacement of (kz trom rovin air
{termed (3 deficit’). This was again calibrated by integrating the area bencath the
curve, In caleulating (): consumption inside the respieameter it was inportant ta
rernember that () “defieic” was attributable to CO; addition as well as (2: removal by
the crab. In calculating that part of the deficit which was due to 0z raioval it was
necessary Lo know proportional changes in C(); content of respiromeler gas and the
total amount of €Oz which had been evolved.

Contents of Oz and CO; in gas samples removed from the respirometer were thus
measured in gmol and were subsequently used Lo calculate Mos and Mo knowing the
volume of the respirameter, elapsed time and animal mass.

Statistical treatment of datu

Al data are expressed as mean * 1s.e. (number of obscrvations). Samples were
tested for homogeneily of variance (F test) and means compared by Student’s two-
tatled #-test (puired ar unpaired design) using /2 =0-05 as the fiducial imit. Lincar
regression was perfarmed by the least squares method. Slopes from different treat-
ments were compared using an analysis of covanance (Zar, 1974). lo cases where
regressian lines were parallel, coincidence was tested by comparing clevations using
the Newman-Keuls mnltiple comparison procedure (Newman, 193%: Keuls, 19523,

RESLULTS

Nporlaneous activiy

Freld ehservations

Fig. 2 illustrates the distribution of hermit crabs on the experimental grid from
[9.00h 10 midnight on a typical evening in the tropics. At [9.00h no crabs were
present. Over the next hour 35 auimals emerged and necupied transects anvwhere up
1o 21 m from the rocks. Tu cstablish this position it was necessary [or them 1o move
at a speed of 0-58cm s~ % The mean weighted distance travelled however was 3-86 m
which cquates 1o an average velocity of (FLLems ' Over the next 2b the weighted
mean distance increased Lo 6-20m and then deereased to 3-:30m by midmght as the
mghly excarsion came to a cluse. From the dilference in weighted mean distances
covered por unit ime, minimum running speeds of 0-09, 0-05 and 0-04em s™" were
caleulated for successive hourly intervals berween 21.00b and midnight. These are
probably conservative estimates of running speed since the mevement of animals
during the hrst hour of activity clearly indicates that individuals were capable of
greater velocities. Anin-depth survey would demand that individual crabs be marked
and ollowed. Visual inspeetion did reveal however that the population as & whaole
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Fur 2. Froequenes distribution of Cuenobita compresaes from 1900 h to madnaghe (27 Aprl 19831 m
2-m prids of a i-m wade transect laid from rocks at hagh tide level (1) distance) to water hine {marked
In downward pointing acrow) on Boy Scouts' Beacl, Balboa, Panama.

remained active [or a number of hours and s0 sustained subimaximal exercise 15 a
proniinent fealure of the normal aclivity pattern.

Valuntary activity in the rolating respurometer

In the laboratory hermit crabs exhibited forward pedestrian locomotion using the
cliclac as levers for propulsion in addition to the seeond and third pairs ol legs.
Arimals were virtually 100% successful in roltating the respirometer and entire
actograph traces were oblained from 32 individual trnals. Activity spontaneously
commenced 1n the late afternoon and continued uninterrupted for an average of
148 £ 13 min. During this time crabs covered 52-9 £ 7-3 m at an average velocity of
06 cm or 0-2 BL (body lengths) s ' where Bl is Laken as the Lip of the chelae Lo the
projection ol the shell apex.

As in the field, individual erabs were variahle in their exercise performance. 'I'he
maximum values observed for speed, distance covered and duration of spontancous
activity were respectively 2-5ems™! (007 BLs™ '), 130 and 300 min. Crabs were
divided arbitrarily into high and low performers based on their abihity Lo cover dis-
tances 2 standard errors in excess ol the mean value. An analysis of velocity with time
during the exercise bout (Fig. 3) revealed that high performers maintained a velocity
of 0-81 ems™! throughout the entire 221 min of activity whereas low performers
exhibited a progressive decrease in running speed which became significantly reduced
prior to ecssation of activity at 11%min.
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Pre-exercised

Standard Mo. and Mco. in inactive (. compressus occupying Nerfa shells at
30°C were respectively 91-4 £8-9 (23) and 41-6 + 4-4 (22) umol kg ' min 7! pro-
ducing an  value of (-5. When removed Irom their shells, these sume crabs main-
taincd Mo, at 928+ 97 umolkg 'min ™' but Mco, declined o 272229
umolkg 'min ' Quiescent Mo, increased logarithmically by a {octor of 086 with
WI (shell:body mass ratio} (Fig. 4). Habwation of the molluse shells Murcanthus
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i Opecrios fonre sigmiticantly mereased the load rating (M 1) (o 124 = 0-06 (N 8,
P=0-013) and 145 = 0-08 (N =30 P =0-007) respectively when compared with
Nerfta associations. Quiescent Mo, increased correspondingly to 138 £ 13 (8) and
245 % 24 (3 umol kg™ min~!. Both mcreases were highly significant compared to
crabs inside Nerifa shells (P =9-9x 10 ', 3:6 X [0 " respectively).

JAetire

To ramove gas samples, 10 was necessary Lo stop the rotation ol the respirometer
momentarily, Although momentum was instantly re-established, sampling was
restricled (o 30-min intervals o minimize any possible disturbing effect on the
locomotory patlerns. The My, and X.-'I(__-nz values for the initial half hour of activily were
discounted since lactic acid accumulated at the start of excereise (sce M. G, Wheatly,
B. R. McMahon, W. W, Burggren & A. W, Pinder, i preparation) and we were
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Fur 5. Mo and My, of Coenobita compressns as a function of running veloemy. Open and closed
s¥mbols in each case are ammals with and withour Nertta shells. Regression equalions are: with
shells, My, = TLET 4 33105 (vel) (7 = 0-074,.8 = 300, Meay, — 4544+ 102:3 {vel) (r — 0440,V - 21,
withot shells: Mo =684 + 1236 {vel) (=442, V=100 Moo, =4 8 ¢ 634 [vel) (r= D820,
A=T).
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Table 1. Y dntercept fzero eelociivg qnd M. fminmant cost of trauspari i feims of
M. and M. ¢ tn Coenobita compressus running i rotating respironieter with and
without Nerita shells

N’Itu \.I( o
Y-intercept Mo Y-amtereept AY
{prnol kg " min B! {mmol g " km I) (] kg "min "y fmial 2 k')
Wath shells 1117 -552 45-4 171
Wathout <hells 084 {-206 1% 1= 1M

1ata taken lrom Fig. 3

unicertain of the extent to which anaerobic ATP production fnelled Iocomonon at this
ume. However, the increase in lactate was not cumnlative and so the values of Mo,
and M, recorded in the two snbsequent time periods are representative of a “steady
state’ and bave been used to assess the Lolal energy required to run at a given velocity.
The mean values reported therefore correspond to measurements taken 45 min into
the exercise bout and are plotted as a function of velocity in Fig. 5 for loaded and
unloaded crabs. Velocity was caleulated [rom the pelygraph traee as revolutions per
minute muliiplied by the internal eircumlerence of the jar.

Moz and Mco, both increased linearly with velocity which is diagnostic of a nurnber
ol birds, mammals and reptiles {T'avlar, 1971). Crabs running with sbells exhibited
running speeds anywlhere from 002-2:0cm ="' Unloaded crabs displayved velocities
at the lower end of this runge. The gradicnt of this line 1 termed My, {(minimnm cost
of transport } and is commonly used o assess the energetic cost of locomation (Taylor,
Sehmidt-Nielsen & Raab, 1970 Taylar, Heglund & Maloiy, 1982) since 1t is indepen-
dent of an amal's resting Moy, and bleo, and range of running velocities. As such,
thos indea allows companson of widely differing species. My represents the oual
amount of energy reguired to locotnote at a given veloeity and assurnes that steady-
state Mo, has been reached (Secherman, Taylor, Maloiy & Armstrong, 1981; Rame,
1982). Both requirements were lulfilled in the present study.

In the vase of Oz uptake, M.,y increased signifieantly from 0-21-0-55 nunol g~
km s a result of shell carriage or loading. When regression cocfficients for animals
with and without shells were tested for homogeneiuty et analysis of covanance, the
slopes were found 1o be sigmificantly difterent {Fq, 1= 9-14; 0-005 < P < 0-0025).
The null hypothesis conld not be rejected for Meg, v5 velocity however (Fryy, 124

- 1:22: P> (1-25) und o common weighted regression coefficient of 134-1 was com-
puted. Statsncally however, these two lines do not coineide, since their elevations are
different (170, 1.20=13-9: P =0-001).

T'he Y-intercept values (corresponding 1o zero velocily} exlrapolated [rotn these
regression equations (‘Table 1) show good agreement with values measured in wractive
ammals (sce above). Mo, measured in unloaded crabs was somewhat higher 1han
predicted mdicating that removal from the shell had traumatized the animal. In this
same group Y-intlercepl Mco. values were very low suggesting that it 1= not advisable
to extrapolate outside the measured range.

Interpolation of the mean locomotory veloaity of (-6 ems™

1

! onto the regression
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V= 0-172x° = 0523 + L3480 (5 = 08973, — shells v=10 I85x" — {-06{)3x + (1135 (r=0-U 17y Oa:
+chells v = 0418 = 120a + 0157 (¢ 0-895). —shells v — 0-189% — (M602x + (735 (r - 0050,

cquations for crabs carvying shells produced mean active My, and Mco. values of
310°6 and 1068 gmol kg™ min~"'. These represent respeetively 3+4 and 2-6 factorial
increases above maclive values. Correspendmg values [or crubs removed [rom their
shells were 142:6 and 42°8 gmolkg 'min ', both ol which constitute a 1+6-lold in-
crease over resting rafes.

The gross energetic cost of transport was caleulated (in mmol g~ km ™! from (lese
regression lines by dividing Mo, or Moo, by velocity (see Herrewd, 1981). 'I'his index
exhibited an exponential decay wlhich could be litted, with greater than 90 % con-
Adence, by a second order polynomial for all lour treatments (IFig. 6.). The asymptote
was 1n all cases close to the value for M. At high velocity the gradient ol this line
tor all treatments was consistently 1-:39 mmol g™ km ™2 h™! As velocity decreased, the
praciient increased to as much as 26-4. The hrst significant departure from the
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asy mptote was arlatrarily defined as the veloeity at which the wradient doubled. This
so-called “ertheal velociny” was 1-Bems ' for anmals carrying shells (1-1ems ! for
Mo 0-9em ="' for Mo whiclt is [airly close Lo the mean velocity observed during
spontaneous locomoton (-0cms ') sugpesting that animals voluniarily minimize
cnergetic expenditure, [nterestingly  the  cnitical  value  was  lower  when
animals were removed fram their shells (0:9ems ' for Moy 0:3em <™ for Moo,
which mav evplain why this group volumarily ran at a lower speed.

Recovered

Mo: recorded between 30min and 1h after activity ceased was 633 £49:3 (13)
uolkg 'min ' whieh was not significantly dillerent from the pre-exercised rate
(I’ 0-06). In some experiments, 20l of 10 % sea water was introduced into the
respirometer by injection through the hid al the start of the recovery period (see M.
(;. Wheatly, B. R. McMahon, W. W. Burggen & A. W. Pinder, in preparatinn}.
Under these circumnstanees Mo, dechined to 105°9 * 394 (7) pmol kg~ min™! which
wits hall the active rale. However, this rate was signilicantly higher than the pre-
exercised level (P =8-7 X 1077). Meo, was 188 £ 2-6 (13} umol kg™ ' min™! in crabs
recovering without water which was a significant reduction below setiled values
(I’ = 4:95 x 107%). When crabs had aceess to water at this time the Mc¢o. measured in
the gus phase decreased further o 12-9 + 1-0(7) gmol kg™ min ', This reduction was
significant compared to settled levels (P=7-17 x [0 *) bul not compared to Mco,
during recovery without water (/7= 0-12).

DISCUSSION

This investigation presents an innovative approach to the study of exereise pliysio-
logy in Jdecapod crustaceans. Its most unique feature 1s that, by virtue of the design
of the apparatus, the activity studied in the hermit erah (. compressus was enlirely
voluntary and not dictated by the experimentor. Furthermore an atternpt was niade
to relate the laboralory exercise performance to aclivily patterns observed in the field.

I'he shell-dwelling habit vreates an important distinenion between the land hermit
craly and other tervestrial crabs since it affords a built-in protection mechamsm against
adverse environmental siimul or predators. If disturhed, erabs will withdraw into the
shell using the major chela m addition to nther Hattened ambulatories to obstruct the
aperture (ITarms, 1929). 'I'he suceess of this species in the Lerrestrial environment is
largely attributed to retention of the molluse shell for purposes of conecalment (Reese,
1969). For this reason terrestnial hereit crabs can avoid bursts of high speed
pedestrian activity which arc observed inoather species such as Uca (Full & IHerreid,
1984} or Cardsoma (Wood & Randall, [981a,bh; Herrewd e al. 1983) and are shori-
Ived smee they are fuelled predominautly anacrobically (see review article by
MoeMahon, 1981). ‘This field has [ocused in the past on short periods of exhanstive
achvity {dleDonald ef al. 1979; Rutledge, 1980} since it is often difficult accuorately
Ly quantify exercise performance without sophisticated mstrumentation.

Snstained submaxunal pedestrian aetivity has not previeusly been studied since
tnost species exhubin erratic movenents when running al low speeds on treadmills
(Full & Elerreid, 1984). Marathon swimmng achivily has however heen studied in the
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Blue crab (Cwllinectes sapidis) which naturally vodertakes long-distance migrations
(Judy & Ddley, 1970). Boothet of. (1982) examined | h of foreed swimming in this
species. Their study revealed some mmporianc differences in the physiological rtes-
ponses to submaximal versus exhaustive activity and these have been further
documented in the present study for pedestrian locomotion.

Their rapid and etfective method of withdrawal [rom hostile conditions has enubled
hermit crabs to colonize extensively the lerrestrial environment. While their activity
lacks the urgeney ol odher terresirial species, it 18 no less impresstve especially con-
sidering the unposed load which they support in the form of the adopted molhiscan
shell. T'he conspreuous regimented motion of this pariicular species across heaches in
the trapics has earned them the local name of ‘soldachV’ - soldiers’ 1o translation. The
nocturnal activity patrern presently reported confirms orginal ebscrvations made by
Ball {1972} who reparted that (. compressus becamce active at ight in arid areas.

Activitv

The rotating respirometer used in Uns study atlorded us the unique ability to
quantily voluntary locomotion in terms of time active, distance covered and running
speed. T'here was a strong sunilarity between activity profiles i the laboratory and
field. In the held at might, erabs were tound as far as 24 m [rom their daytime retreat
(Fig. 2), suggesting an upper mit of 48 m for a mghtly excursion. 'T'he mean distance
covered in laboratary trials was 53 m. Conservative estimates from transect Jata
sugges! thal crabs moved at specds anywhere from 0-11-0-58 ¢m 7' Mean spreds
observed in the laboratory (U-0cms ') were at the upper end if this range. Compared
to ather terrestrial species these are moderate speeds. The fastest documented land
crab s the ghost craly Ocvpede gaudichands (Full & Terreid, 19835 which has g bady
mass af 25 g and can attain speeds of 21-1 cms ', Larger species such as Gecarcimes
latervabis (50g) and Cardisoma guanhur (130g) display runnig speeds around
4+ 7cns™! (Herreid, Lee & Shah, 1979; Herreid ef af. 1983). Full & Herreid (1984)
attribute decreases in speed and endurance time to werease in body mass. Whale ¢
compressus has a mean body mass of 10-5 g, the total mass transported is 20 g due to
the additional mass ol the shell. Nonetheless the average speed reported is still com-
paratively Jow. Body length s another size criterion used in eomparing exercise
performance of different species. Based on the classification of Wood & Randall
(1981a) a veloeity of -2 BLs 1 in Coenobita would cquate o ‘moderate’ exercise for
Cardivuma carmifex, However, again work performed is not a simple funetion of BL
in hermit crabs due to the load of the shell.

Crabs which fell inta our category of ‘high performers’ (Fig. 3) maintained velacity
thraughout 3 h of activity. Based on physiological paramciers which we subsequently
measured (M. G. Wheatly, B. R. McMahon, W. W. Burgeren & A. W, Pinder, in
preparation) ilis our apunon tbatexereise terminaled in the laboratory asaconsequence
of natural activity patterns and not in response Lo any physiological hnutation.

Respiratory gas exchange

Standard

Standard M. agreed with values reported in other decapods at comparable
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acehmanion remperawres (see MeMalon & Wilkens, PRI, The discovery thag stan-
dard My corrcated with W (g, 4) was not altegecher unexpected exeept that o was
not a simple himcnon ol load raong, On transterring fron a Nesrea 1o an Opeatostoma
shell, € ueneobita mereased the total load supported by only 25 % vet My, increased by
2+t-fold. Most animals which carry shclls are physically attached to them. In hermie
crabs, the shell 1 held tn various ways, The left uropod 15 enlarged and modiiied for
hooking on to the calumella of the shell. Contraction of the longitudinal abdominal
muscles presses the surface of the abdomen against the mner wall of the shell and the
last (wa pairs af legs are pushed against the wall of the shell opening. All of these
gripping imechaniams are enecgetically expensive which means that there is a postural
cost of shell habication even when the animal 1s stationary, The increased cost of
supporting visually larger or heavier shells is offsct by the advantage afforded in
territorial conflict (Hazlew, 1970).

Inactive Mcn, has been reported in two other species of land erab (Herreid er of.
1979, Wood & Randall, 1981a). In both cases the respiratory quotiemt {RQ)) nicasured
in the gas phase was significantly less than unity, agrecing with the present findings.
One major deficieney acknowledged 1n respiratory studies 1 land crabs 1s the extent
to which branchial water s retained and subseqguently used Tor C{k elinminanon.
Based on low settled blood CO. tensions mcasured i another study {see M. .
Wheatly, . R. McMahon, W. M. Bnrggren & A, W, Pinder, in preparation), the
agualic route could be a major pathway lor CO: excretion in Coenoluta compressus,
and this would explain the spunioushy low R} values obtained m the gas phase, 'The
prablem may be exacerbated in hermit crabs since they have a greater volume of water
at their disposal on account of the reservoir contained inside the whorls of the
molluscan shell (see McMahon & Burggren, 1979; Wheatly, Burggren & MeMahon,
1984)_T'his being tric, it (s sneprising that gaseous Meo. did nat increase when crabs
were removed from their shells. However animals were considerably traumatized in
the process and so unloaded crabs were not truly gmescent. Wood & Randall (1981a)
attribute the low RO 1o retention of respreatary CO;z for carapace information.

Aetive

Since our pratocol invalved miermittent sampling of a closed respirometer, it was
not our original intention to determine the kincties of gas exchange. However, the
values we obtamed at 30min after the start of exercise did not increase signiheantly
in the remaining two sampling periods and so ‘steadv-siate’ rates must have been
attained within that time. Since we know that lactate did not accuimulate appreciably
(vee M. G. Wheatly, B. R. McMahon, W, W. Burggren & AL W, Pinder, in prepara-
tiunj, the acrobic response Lo exercise was relatively fast. A rapid imcrease in M, has
been reported 1 response Lo submaximal exercise regimes m mammals (Cerretellt,
Pendergast, Paganelli & Rennie, 1979), cockroaches (Herrerd, Prawel & Full, 1981)
and blue crabs (Booth et af. 1982). By companson, the terrestnal crabs Cardisoma
and Cecarcinus (Herreid e af. 1979, 1983) display shaggish and reduced aerobic
responses, Booth ef af. (1982) were able to demonstrate the rapidity of the response
in fallorectes by orecording scaphognathite and heart rates and (); extraction.
Physiological recordings were made on 5U-g hermit crabs hy MeMahon & Burggren
(1979} oweser, reducing the tubing diameter i arder ta fit a 1)-g crab wih a
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respratony mask would undoubredly inercase resisiance as well as being an energetic
cnenmbrratice. [n the present investigaton we therefore sacrificed this inlormation in
{avour of obtatning reliahle settled gas exchange data (see below and arpumcents raised
by Herrerd, 1981},

in Coenobita Mo, and Mo, were hoth propartional to velocity (Fig. 3) agreeing
with a varicty of other invertehrates (Herreid, 19%1) and lugher vertebrates {Iavlor
el al. 19705 Tavlor, 1973 Feduak, Pinshow & Schinndi-Nielsen, 1974). Chuangres
gail can frequently explain o switch toa curvilinear relationship ( Margaria, Cerretellr,
Arhemo & Sassi, 1963). Muumum cost of transport (M,.) was caleulated [rom the
gradient of this line (Table 1) (or all treatments. Expressed o terms ol () uptake,
M., has previously been determined for two other species of land crab — Lea (Full
& Herrerd, 1984) and Ueypode (Full & Ierreid, 1953). Both species have a hody muss
arountd 2-5g and an My, value of -08 mmaoi Qg "kin ' (= [9ml Oz ' km ).
Sinee M., characteristically decreases with body mass on a double log plot, it is
surprising that the M, values for {ea and Ocypode ave less than hall the values
presently measured m unloaded Cocnobita and must refleet some tundamental dif-
[erences in muscular effiviency which makes the smaller crabs more agile,

Based on the original equation of 'Taylor et al. {1970) relating Mo (inwl Ozg !
km ') to body weight (Wing) (L.e. Mun = 864 W ") ahermit erah of average mass
10-5gshould have an Mo valueof 3-31 ml o g "k ' (= 0131 mmol Qzg "km '),
The value measared was 3-19ml0z g7 kin ' {= 0200 mmolg 'km ), which is
slightly higher than the value predicted from the empirical equation, This may relare
ta the unorthodoa gait they exhibit. Carelul ohservation revealed that hermmt crals
brace the chelipeds in the substrate and drag the shell along in a fashion analogous w
the use of handpoles hy a skier. "Phis mode of transport will inerease {rictional resis-
tance and thereby energy expenditure (Denny, 1980). Together with data tram
Jensen & Holm-Jensen (1950) and Full & [lerreid (1984), the present indings suggest
that Taylor's onginal equatian for vertebrates isapplicable toa range of invertebrates.
[f M,.n s 4 direct function of mass supported, then carriage ol a 10-g shell should
theorencally increase My to 662 ml Qe g™ km ™! (= 0-262mmol Oy Tkm '), The
valne measured in loaded hermit crahs was double this which suggrests that it requires
mare energy to carry each gram of an imposed lead than an equivalent unit of body
mass (cf. Taytar, Ieglund, McMahon & 1.goney, 1980). _

The fact thay extrapolated Y-intercept values for Mo. and Moo: showed good
agreement with valucs measured in inactive crabs suggests that the voluntary exercise
regime we emploved did not unduly stress the animals, Classical treadmill techniques
customarily repoernt Y-intereept values 1-7-fold 1n exeess of settled vates ("Vaylor ef af.
1970 Herrerd ¢ af. 1979). 'This discrepancy may be attribuled to prohlems with
balanee when speeds are involuntarily imposed 1 addition to elevation e basal
mictabolic rates by the use of respiratory masks and recording electrodes, cte.

When running at an average speed of 0:6ems ', loaded crabs increased Mo, by 3-4-
fold producing an acrobic metahaolie scope (AMS) of 219 pmol Oz kg Ymin~l The
majority of decapods studied have an aerobie tactorial scape of 2-5-5-0 (see T'able 14
MMlulion, 1981) although Fnll & lerreid (1983) report a 12-lold increasc in Ocypode
which s more in line with exereising fish (Brett, 1972) and mammals (Taylor et af.
1980). Carbon dioxide flux in loaded crabs did not increase vorrespondingly (26
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lactomaly whieh bad a prolomd effect on acid-base balance. This aspeet of the studs
i~ lurther exatined moanather paper (M. Go Wheatly, B, R. MeMahon, W, W,
Bovppren & A WL Pinder, i preparation). The lactonal scope would appear ta be
lunction ol Toading since values of 1:6 X were obtained in unloaded crabs, Further.
more, Mo, and Me o clunged concomitanily in this group suggesting that the inequa-
lts in Sos and Mo i loaded erabs relates to the presence of the shell water.

Crross cost ol transport decrcased with veloeny o an asviuplote of Mo, (Fig. )
which is thus largely hypithetical since it s only ever approached at lughb speed.
Interesungly ir transpired 1iat My, was first attained at around 1-0cms ' which is
vlose o the average veloaity ohserved in the laboratory and in the field. T'herelore
crabs voluntarily elect to run at speeds which are least energencally expensive. Lin-
loaded crabs could achieve the same energy cconomy at lower speeds which wag
exactly what we observed in luboratary trials (¢l Fig. 5).

Recutered

Moy recovered rapidly after the exercise bout as one wonld predict in the absence
of an appreciabie U; deheit. When water was made availuble during the recovery
period 1t was used 1o replenish the branchial/shell reservoir and correct acid-base
balance (see M. G, Wheatly, B. R McMahon, W, W, Burggren & A. W. Pinder, in
preparation). The intense periad af exchange whick cnsued raised Mo, bt not to
excrased levels. The presence of water during recovery facihtated CO; excretion so
that Mco.: recorded it the gas phase was reduced.

I'his work was undertaken al the Naos Laboratory of the Smithsoman Tropical
Research [nstirute, Republic of Panama in April and May of 1983 at which time the
senior author was an Alberta Herwage Foundanon Postdoctoral Fellow. Agencies
gratelully acknowledged for financial support are AIIMFR (MGW), NSERC (no. A
3762 to BRM), N5I° (no. PCM-R0-03752 10 WWB) and the University of
Massachusetts (WWH and AWP). The artwork was prepared by Shacan Harrison and
Bill Adams.
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