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Abstract. With the arrival of the monsoonal rains and severe anaerobiosis in males, especially the victors: after
after months of inactivity during the dry season, the terres135 s of combat, the maximurrlactate concentration in the
trial crabGecarcoidea natali@mbarks on its annual breed- hemolymph was 35 mmoll 2. It appears that burrowing,
ing migration to the coast. The physiological demands of theourtship, and mating are more demanding than the migra-
migration were assessed by determining respiratory gases tion itself. Furthermore, the data provide evidence that the
the hemolymph, key metabolites, and energy store§.in metabolic responses of migrating individuals®f natalis
natalis during two migratory seasons. At the end of eachmight be different from those at other times of the year.
day of migration the pulmonary hemolympto, decreased
by 1-2.5 kPa, but the hemocyanin remained saturated with
O, and the venous reserve was largely unchanged>0.4
mmol - 1. The breeding migration of red crabs was |l terrestrial gecarcinid crabs must migrate to the coast
accomplished without recourse to anaerobiosis, even thougly release their eggs into the ocean (Gibson-Hill, 1947;
at times walking speeds (up to 62 0.5 m- min™")  Gifford, 1962; Klaassen, 1975; Wolcott, 1988; Adamcze-
exceeded those that promoted anaerobiosis in non-migratingska and Morris, 2001). However, the annual breeding
crabs and in crabs exercised in the laboratory. In contrast thigration of Gecarcoidea natalisthe Christmas Island red
all previous studies, at the end of each day of migrating, re¢rab, is unique among the gecarcinid crabs for a number of
crabs experienced an alkalosis (up to 0.1 pH units) rathefeasons. Red crabs live further inland than most other ge-
than any acidosis. This alkalosis was removed overnightarcinids €.g, Bliss et al, 1978; Wolcott and Wolcott,
when the crabs were inactive. 1985) and must thus travel farther to reach the coast. Fur-

Although there were seasonal fluctuations in the glycothermore, the red crabs undertake their migration during
gen, glucose, and triglyceride stores, crabs engaging in thgaytime, immediately after the arrival of the monsoonal
migration did not draw on these stores and must have feeains and following extended periods of inactivity during
along the way. In contrast, crabs returning from breedinghe dry season. Since the migration is closely synchronized
activities on the shore terraces had significantly depletegyith the lunar cycle, when the rains in some years arrive
glycogen stores. Additionally, in 1993, the male crabs re{ate, the red crabs may have to make their downward
turning from the breeding activities on the terraces wereamigration in a relatively short period of time if they are to
dehydrated and experienced a decrease in muscle tissggmplete their burrowing and courtship activities. The red
water of 11%. In contrast to the breeding migratr s¢  crabs may have to travel more than 4-5 km in 5-6 days
fighting for burrows in which breeding occurs producedduring “rushed migrations” (Adamczewska and Morris,

2001).

Received 23 April 1999; accepted 20 February 2001. The severity of _exercise is often de@ermined by measure-

*To whom correspondence should be addressed. E-mail: ishka@N€nts of metabolic rate as well as acid-base status and key
ori.u.tokyo.ac.jp metabolites in the hemolymph and muscle tissue. An exten-
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sive body of literature demonstrates that most crustaceanstances of the migration cannot be simulated in the labora-
including red crabs, tend to have low aerobic scope and relyory nor replicated outside of the migration season. Thus,
on anaerobiosis to partially support locomotor activeyg, understanding the physiological processes involved and the
review: McMahon, 1981; Booth and McMahon, 1985; Headconsequences for migrating red crabs could only be ad-
and Baldwin, 1986; Herreid and Full, 1988; Greenawdy dressed by making determinatioimssitu as the crabs jour-
al., 1988; Forsteet al,, 1989; van Aardt, 1990; Henmt al.,, neyed to the ocean to breed.
1994; Adamczewska and Morris, 1994b, 1998a). During The migration is the most intense period of activity
their migration, red crabs must sustain locomotion for up toduring the year. Its physical demands immediately follow
6 consecutive days to reach the shore terraces where tipeolonged periods of inactivity during the dry season, when
males construct and defend burrows and engage in matine crabs may spend up to 2 months in their burrows (Green,
activities (Hickset al, 1990; Green, 1993, 1997; Adam- 1993). This abrupt change in activity levels demands a
czewska and Morris, 2001). sudden change in energy metabolism and is compounded by
Laboratory studies of exhausting locomotion revealedhe fact that the red crabs have reduced foraging opportu-
information about the respiratory physiology of the crabsnities because of the unfavorable environmental conditions
and indicated that they have no exceptional exercise abilitgluring the dry season. Because the migratory activities are
(Adamczewska and Morris, 1994a, b). The gills and lungsnergetically demanding, they may require the use of stored
of G. natalis are involved in gas exchange to different metabolic fuels. Indeed, crustaceans are known to have
degrees, depending on the severity of exercise (Adamczevsubstantial lipid and glycogen reserves in the midgut gland
ska and Morris, 1994a, 1998a; Farrelly and Greenawayand in muscle tissues, which are utilized during starvation
1994). During exercise;. natalisexperienced the classical (e.g, Parvathy, 1971; Pillay and Nair, 1973; Gibson and
respiratory and metabolic perturbations found in other crusBarker, 1979; review: Chang and O’Connor, 1983; Nishida
taceans during exercise; that is, hemolymph acidosis, inet al, 1995).
creased ventilation and heart rate, and elevated glucose andG. natalisappears to have no superior locomotor abilities
L-lactate concentrations (Wood and Randall, 1981b; Bootltompared to other crabs, and this raises a humber of ques-
et al, 1984; Herreid and Full, 1988; van Aardt 1990; Henry tions. Primarily, is there a significant change in the respi-
et al, 1994; Thorpeet al, 1995). The aerobic scope of red ratory physiology and metabolism at the onset of the mi-
crabs was surprisingly poor, implying little scope for in- gration, such that a different exercise regime can be
creased locomotion; despite the fact that the hemocyanisupported? This could include, for example, tolerating an
remains saturated with Owvhen leaving the gas exchange exceptional diurnal anaerobiosis and @ebt. Is prolonged
surfacesG. natalisaccumulated very high levels of lactate locomotion facilitated by a reliance on stored fuels? Do the
during exercise in the laboratory (Adamczewska and Mor-migrating crabs tolerate physiological perturbations such as
ris, 1994b). dehydration and acidosis that limit their behavior at other
Intermittent locomotion can increase the total distanceimes? These factors could circumscribe the potential mi-
walked before the onset of fatigue in ghost crabs (Weinsteimgratory strategy of this species. Do the male crabs attempt to
and Full, 1992) and thus could present an important locoreach the terraces as fast as possible to obtain the best places
motor strategy for migrating crabs. However, red crabs irfor burrowing, arriving in less than peak condition? Alter-
the laboratory incurred greater respiratory and metabolimatively, do they take more time to complete the downward
perturbations during enforced intermittent locomotion thanmigration—thus arriving at the shore terraces fit for combat,
during continuous exercise (Adamczewska and Morriswith ample energy stores—and then attempt to displace
1998a). The crabs became anaerobic even though thedready resident crabs from their burrows?
walking speeds were within the range recorded for red crabs The comprehensive description of the red crab migration
during the migration (Adamczewska and Morris, 2001). (Adamczewska and Morris, 2001) provided a context for the
On Christmas Island, seasonal differences in respiratorfirst field investigation of the respiratory physiology and
status and metabolite concentrations in free-ranging redhetabolism of migrating terrestrial crabs. The field investi-
crabs were related primarily to a higher level of basalgations were carried out on Christmas Island during two
activity in the crabs during the wet season (Adamczewskanigrations as well as in the inter-migratory period to assess
and Morris, 2000). When required to walk for 5 min, annual as well as seasonal differences. Metabolites were
non-migrating crabs responded to exercise in essentially theeasured in the hemolymph and muscle of migrating crabs
same way during both the wet and the dry seasons. Theuring breeding activities and after the migration. The func-
responses of the crabs to non-exhausting exercise in th@n and functioning of the respiratory and circulatory sys-
field during either season were comparable to those in theems in gas exchange and transport were also determined.
laboratory studies (Adamczewska and Morris, 1998a; 2000%tores of metabolic energy were quantified at various stages
and did not help explain how this species completes thef the migration, and their importance in facilitating the
annual breeding migration. The conditions and circum-migration and the associated breeding activities was as-
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Figure 1. Map of Christmas Island showing the location of the ANCA (Parks Australia) field station and the
locations of sampling sites prior to the start of the migration and during the migration.

sessed. The data were interpreted together with the behaguring both the 1993 and 1995 downward migration at the
ioral and ecological information to provide a model for same site located on Murray Road near the junction of Jedda

migrating individuals ofG. natalis Cave Road (Fig. 1). Crabs sampled before sunrise, after
“sleeping” the whole night, were designated as the morning,
Materials and Methods or “am’, group. Red crabs become immobile and unrespon-

sive at night and “sleep” with their eyestalks folded down.
The second group, referred to as thwer™ group, consisted
Red crabs Gecarcoidea nataliswere sampled in the of crabs sampled in the afternoon, at about 1630, after they
field during two migration seasons (November and Decemhad been walking for most of the day (Adamczewska and
ber) of 1993 and 1995. To assess the functioning of théviorris, 2001) and had crossed Murray Road towards the
respiratory surfaces and the circulatory system in gas exshore terraces and the coast. In 1993ah@andpm samples
change and transport to and from the tissues, hemolympivere taken on each of 5 days, and thus 5 for each group;
was sampled at various times and analyzed for respiratorin the slower migration of 1995) = 9 for each ofam and
gases and pH. Hemolymph was sampled from three groupss sample groups. Hemolymph was sampled from large
of crabs in 1993 and from two groups in 1995. In 1993 theindividuals of both sexes, but most often from male crabs
first group of crabs was sampled at the end of the dry seasgqidamczewska and Morris, 2001).
prior to the start of the migration, during the limited amount  Three types of hemolymph were sampled from each crab:
of time when they were found outside of their burroms{  pulmonary (300ul from the post-pulmonary vessel, hemo-
12: 6 males and 6 females). The study site for this group walymph leaving the lungs); arterial (5Qd from the pericar-
a 5-min drive from the ANCA (Parks Australia) Field dial cavity, a mixture of post-pulmonary and post-branchial
Station (‘Pre-mig study site’: Fig. 1). In 1995 the migration hemolymph); and venous hemolymph (7@0 from the
of the red crabs commenced earlier than expected (Adamsenous sinus at the base of the last walking leg). The
czewska and Morris, 2001), and thus it was not possible teamples were analyzed for,@ontent ([Q]) and partial
obtain samples from resident red crabs in the immediatelpressureRo,), CO, content ([CQ]), and pH at the ANCA
pre-migratory condition. Field Station as described previously by Adamczewska and
The remaining sample groups were composed of crabblorris (1996). An aliquot of the remaining hemolymph was
migrating down to the coast. Two groups were sampleddeproteinized with HCIQ (0.6 mol - 1%, ratio 1:1) and

Respiratory gas and acid-base status in the hemolymph
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neutralized with 2.5 mot |~ K,CO, for analysis of.-  sure was determined using a vapor-pressure osmometer
lactate. The deproteinized sample and the remainder dfWescor 5100C) calibrated with two precision standards,
whole hemolymph were stored frozen until further analysis290 and 1000 mOsm, containing NaCl. The concentration
of metabolites, calcium, and osmotic pressure (see belowhf Ca in the hemolymph was measured with an atomic
The percentage of Hc-Osaturation was determined as absorption spectrophotometer (GBC 906, Melbourne). To
described previously by Adamczewska and Morris (1996)suppress interference, samples and standards were diluted
with 7.2 mmol- | LaCl,.

Tissue extraction and analysiteg muscle tissue was
obtained by encouraging a crab to autotomize the second
walking leg. The muscle tissue from the leg was immedi-

Glucose-lactate, and urate were measured in the hemoately removed {0.3 g) and deposited into a preweighed
lymph and leg muscle tissue to assess the extent of anaerube with 2 ml of ice-cold HCIQ (0.6 mol- 1) to deproe
obiosis and accelerated glycolysis in the crabs during théeinize the sample. The vials with the muscle tissue were
migration. Additionally, glycogen and lipids (triglycerides) weighed and then homogenized with an OMNI 1000 ho-
were measured in the midgut gland (MGG) and the legnogenizer (6-mm generator) and frozen until further pro-
muscle as indices of metabolic fuel reserves. Hemolympltessing and analysis (see below). Muscle tissue was also
[Ca] was measured as an index of exoskeleton decalcificaemoved from another leg, weighed, and dried in an oven at
tion, which can be important in providing HGObase from 60 °C; the dry weight was recorded and the percentage of
CaCqQ, in response to acidosie.g, Henryet al, 1981). tissue water calculated.

Sampling protocolSamples of leg muscle, MGG, and  Crabs were weighed and anesthetized by cold narcosis
venous hemolymph were collected from free-ranging maléefore removal of the MGG. The carapace was lifted and all
and female red crabs prior to the start of the migratios-(  of the MGG removed and weighed. One portion of the
6 males and 6 females) during the 1993 migration seasomMGG was deproteinized in a preweighed tube with 2 ml of
Leg muscle tissue and venous hemolymph were collecteite-cold HCIQ, (0.6 mol- 1~ *) and homogenized in the field
each day of the downward migration in both 1993 and 1995for later analysis. A second portion of MGG was set aside
in the morning before sunriseaM, n = 4) and in the for triglyceride analysis. The remainder of the MGG was
afternoon at about 1630y, n = 4). To minimize the weighed and dried in an oven at 60 °C; the dry weight was
number of sacrificed animals, samples of the MGG wereecorded and the percentage of tissue water calculated. All
taken only from theem group. samples to be analyzed for metabolites, lipids, and ions

During the 1995 season, no samples could be taken fromwere kept frozen and transported on dry ice.
crabs prior to the start of the migration; however, to provide In the laboratory, muscle and MGG samples previously
a comparison, samples were taken from non-migratingleproteinized with HCIQ were homogenized with a glass
crabs on the 10th day of the downward migration (color-homogenizer (Wheaton type) to obtain a finer homogenate.
coded crabs that did not leave their home ranges; AdamFhe homogenates were centrifuged in a refrigerated centri-
czewska and Morris, 2001). fuge for 15 min at 5300 g, the supernatant was removed,

Muscle, MGG, and hemolymph samples were also takemnd the pellet was resuspended in 0.7 ml of 0.4 niof*
from crabs that had arrived at the lowest shore terraces btHCIO, and centrifuged again. The second supernatant was
had not yet begun breeding activities (terrate: 8). Male  removed and pooled with the first; the combined superna-
(n = 8) and femaler{ = 8) red crabs were sampled during tant was neutralized with 0.8 ml of O, (3.75 mol- | ™%
their respective return migrations from the shore terraces tand kept in an ice bath for 1 h. After another centrifugation,
the plateau, during both migration seasons. The site othe final supernatant was removed and used for analysis.
sampling for the crabs returning from the terraces was th&he concentrations of metabolites in the muscle tissue were
same as for the downward migration (Fig. 1). expressed as millimoles per kilogram of wet tissue mass.

Samples of the MGG and leg muscle were also taken The deproteinized and neutralized leg muscle samples
from crabs during the times of the year when the crabs wergvere analyzed for-lactate (Boehringer Mannheim test kit
not involved in breeding activities: in June 1994 (the middle#138 084). Additionally, the samples from both leg muscle
of the dry season) and in February 1995 (the wet season—&nd MGG samples were analyzed for glucose and glycogen
months after breeding activities ended). These samples wet® using a modified method described in Bergmeyer (1985).
analyzed for energy stores in the form of glycogen andBriefly, amyloglucosidase (Boehringer Mannheim Cat.
triglycerides (see below). #208 469) made up t& 10 kU- 1~ *in an acetic acid buffer

Hemolymph analysisn the laboratory, hemolymph sam- at pH 4.8 was used to hydrolyze glycogen into glucose
ples were analyzed farlactate (Boehringer Mannheim test during a 2-h incubation, with shaking, at 40 °C. At the end
kit #138 084), glucose (Sigma Diagnostics test-kit #510),0f the incubation the enzyme was denatured by addition of
and urate (Sigma Diagnostics test kit #685). Osmotic presd.6 mol - 1~* HCIO,. The solution was centrifuged at

Metabolites, metabolic fuels, and hydration state of the
hemolymph and tissues
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10,000X% gfor 10 min and the supernatant used for glucoseeach day for further analysis by ANOVA. Analyses between

analysis. For each sample, free glucose was also measuréigsue types and between the two sampling seasons were

and subtracted from the glucose content obtained from thalso carried out where appropriateost hoctesting was

glycogen digestion. done using the Tukey HSD multiple comparison test. All
Frozen MGG samples were analyzed for triglycerides byanalyses were performed using the Systat for Windows 5.0

first homogenizing a sample with an equal mass of gunstatistical package. The samples from fighting males were

arabic (Sigma Catalog #G-9752) and 15 parts of bovinenalyzed by analysis of co-variance (ANCOVA). Signifi-

serum albumin (6% w/v Boehringer Mannheim Catalogcance level was taken &= 0.05 in all cases. All data are

#100-030) in a fine glass homogenizer (Wheaton type) apresented as meah SEM.

55 °C. This homogenate was then diluted 1:10 with 6% w/v

bovine serum albumin and used for triglyceride analysis Results

(Sigma test kit #334-A). Triglyceride levels in the muscle

° h There were no differences in hemolymph respiratory
tissue of red crabs were not detectable by this method.

gases, acid-base balance, metabolite concentrations, or en-

ergy stores of male compared with female crabs at the end

of the dry season in 1993. Therefore, these data were pooled
During the 1995 migration, concentrations of lactate,@and from here on are referred to as the “resident pre-mig”

glucose, and urate were measured in the hemolymph &0up.

indicators of anaerobiosis and the intensity of male combat. )

Only male-male interactions involving physical contact ©Xygen in the hemolymph

were considered. Male crabs on the shore terraces were The P,0, [efferent pulmonary oxygen partial pressure

observed and if a flght was noticed, its duration was re-(poz)] was Consistenﬂy h|gher than t|ﬁg02 (arteria”:)oz) in

corded. Fights lasting less than 10 s were not considereghoth 1993 and 1995 (Fig. 2). THe,0, (venousPo,) was

The fight was considered to have ended when the ViCtOé_|Ways lower than th@,0, and thePpoz_ During the 1995

remained in possession of the burrow and the loser retreategligration, the hemolympRo, of the pv group was statis

or was chased away by the other opponent. At this pointically lower than in thew group (Fig. 2). In 1993, although

both crabs were promptly captured (within 5 s) and hemothe Po, in the pulmonary hemolymph (8.26 2.20 kPa) of

lymph was withdrawn from the venous sinus by puncturingthe am group was 3.5 kPa higher than in the group (Fig.

the arthrodial membrane. The design of the experimenp) there was no overall statistical difference between the

dictated that fights could be used only if they occurred neagrabs in these two groups.

the observer and only if they were observed from start to  The O, content ([Q]) of the hemolymph was similar in

finish. A total of 14 fighting pairs were sampled over 4 dayshoth migration seasons (Fig. 3). The Ebntent of pulme

of breeding activities on the terraces. Hemolymph samplefary hemolymph (9, = 1.13and 0.96 mmoll~tin 1993

were also taken from six male crabs resting at the entrancgnd 1995 respectively) was very similar to the arterial

of their burrows; these were used to determine the basalalues, but [@] in venous hemolymph decreased signifi

metabolite status of male crabs on the terraces during theantly, to about 0.50 mmoll 2, in both seasons. Theu

breeding activities. The hemolymph samples were treategroup sampled during the 1993 migration season was an

and stored as described above and analyzed in Sydney fekception because the arterial,JGvas significantly lower

Terrace activities

glucose L -lactate, and urate. than the pulmonary hemolymph concentration. Addition-
o _ ally, in 1993, the [Q], in the am group was significantly
Statistical analysis greater than in the pre-mig group (Fig. 3).

The data were tested for homogeneity of variances using 11€ saturation of hemocyanin (Hc) with,Qaried be

Bartlett's x2 test, and any heterogenous data were log- ofV€€N samples in a manner similar to that of thg[{@he
square-root transformed. Respiratory gas data were ang Saturation of the pulmonary hemolymph was high
lyzed using two-factor ANOVA for the three hemolymph (meqn: 102 = 6%) and sm_mlar to the He saturatlor! of
types (pulmonary, arterial, and venous) and the differengft€fial hemolymph except in thew group of 1993, in

sampling groups in each season. Seasonal differences b&hich the arterial hemolymph was only 74% saturated. In
tween theaw and P groups were also examined by comparison, the mean Hc,Gaturation of venous hemo
ANOVA. lymph decreased significantly in both seasons, to 43% in

Statistical analyses on tissue and hemolymph metabolites?93 and 63% in 1995 < 0.001).

and on water and ion measurements betweenthandprm

samples for the days of downward migration were carrie
out by two-factor ANOVA. If no difference between the The pH of pulmonary, arterial, and venous hemolymph
andpm groups was detected, then the data were pooled fowas similar within each group of red crabs sampled (Fig. 4);

dCarbon dioxide content and pH of the hemolymph
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- 1993 (mean [CQ]= 9.8+ 0.8 mmol- 1 %). In addition, the [CQ)
10 4 in the hemolymph of them group was significantly greater
4 O - Pre-mig than that of thew group; the concentration was 3.3 mmol
8 -am I~ higher in 1993 and 1.7 mmol I~* higher in 1995
B -pm .
- - (Fig. 5).
A
& 67
Q?N T Hydration state of red crabs during migratory activities
4 -
i Pa _pap, There were no differences in the hydration state of crabs
2 a at the start and the end of a day walking; the and pPm
4 samples were thus pooled for each day. In the 1993 season
0 ? f f the percentage of water in crab leg muscle was very stable
during the entire downward migration (range 77.2%—
78.3%) and, importantly, did not differ from that of the
- 1995 pre-migratory crabs (76.1% 0.4%). However, the male
10 crabs returning from the shore terraces were dehydrated: the
. am percentage of water in their muscle tissue was 11% lower
8 W -pmi
§ 6 o 1993
s P 1.2
A p -
% .

[0,] (mmol.L™)
oo ©
A O

o
[\
1

4 O - Pre-mig
. -am
4 P B -pm
i n ) A
2 Pa  ba ] pa
0 6 A
. J pa
Pulmonary Arterial Venous
Hemolymph o
Figure 2. Oxygen partial pressurd@,, kPa) in the pulmonary, arte -
rial, and venous hemolymph @ecarcoidea natalisluring two migration 0 ¢

seasons, 1993 (top panel) and 1995 (bottom panel). Morning and afternoon
groups were sampled during both migration seasans 6 in 1993;n =

91in 1995). Top panel (1993 season) includes measuremeRts of crabs 1995
sampled 1 week prior to the start of the migration (pre-mig 12). The b
letters “p” and “a” indicate that the mean is significantly different from that 1.2 - am
of pulmonary or arterial hemolymph respectively, within a sample group. ) -pm
The [ symbol next to the legend indicates a significant difference betweens™ 1.0 __
the am and thepm groups. i 0.8
s 0.
£ 06 pa P2
thus, for further analysis between groups, the pH for the —, T
three hemolymph types was pooled for each sample groupQ 04 )
The resident pre-mig red crabs in 1993 had a mean hemo- 2 -
lymph pH of 7.61+ 0.03, which decreased significantly T
after the onset of the migration to near 7.4 (Fig. 4). Most 0
interestingly, the hemolymph was more acidic in crabs Pulmonary Arterial Venous
sampled in the morningag pH = 7.35 + 0.07) than in Hemolymph
crabs sampled in the afternoam(pH = 7.46 = 0.06,P < Figure 3. Oxygen content ([g), mmol - 1% in the pulmonary, arte

0.001). A similar alkalosis at the end of the day of migrationrial, and venous hemolymph @ecarcoidea natalisluring two migration
was seen in 199%1-pm difference of 0.042 pH units) but seasons, 1993 (top panel) and 1995 (bottom panel). Morning and afternoon
was less significant than during 1993 (: 0.068: Fig. 4)_ groups were sampled during both migration seasans 6 in 1993;n =

. . 9in 1995). Top panel (1993 season) also includes measurementg af [O
There was no difference in hemOIymph ¢ontent crabs sampled 1 week prior to the start of the migration (presmig12).

([Coz]) between pulmonary, arterial, and venous Samplea'he letters “p” and “a” indicate that the mean is significantly different from
within any one group of red crabs sampled (Fig. 5). Duringthat of pulmonary or arterial hemolymph within a sample group. The pair
1993, the [CQ] in the hemolymph of migrating crabs was of A symbols denote a significant difference in venousb®tween the

significantly greater than in the resident pre-mig crabg©sident pre-mig andu crabs.
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78 - 1993 [T - Pre-mig tion of both the 1993 (771 3 mOsm) and 1995 (803 4)
:;g‘j* seasons; but in 1993 the osmotic pressure of crabs during
. the downward migration was significantly lower than that of
. T the pre-mig crabs (8157 mOsm) and the returning fe-
7.6 7 R R L males (869+ 14 mOsm). Additionally, in both 1993 and
T . R R R 1995 the returning males had lower osmotic pressure (mean
R 699 = 16 mOsm) than did the crabs sampled during their
7.4 7 downward migration.
i Calcium and urate concentration in the hemolymph
7.2 f f f The calcium concentration in hemolymph of resident
pre-mig crabs (13.74 0.42 mmol- |~ %) was significantly
higher than in all the other groups sampled in 1993 (mean
7.8 7 1995 [Ca] = 9.29+ 0.87 mmol | Y). During the 1995 migration
B -am
i H -pm
7.6 - _‘;;:;mg
-pm
] | : 1993 R . p R
i R
7.4 154 R R
_.j ]
g ]
7.2 g ]
Pulmonary Arterial Venous g“ .
Hemolymph © 5 ]
Figure 4. The hemolymph pH of pulmonary, arterial, and venous ]
samples taken fronGecarcoidea nataligluring two migration seasons, -
1993 (top panel) and 1995 (bottom panel). Morning and afternoon groups 0 f T f
were sampled during both migration seasoms=(5 in 1993;n = 9 in
1995). Top panel (1993 season) also includes measurements of hemolymph
pH in crabs sampled 1 week prior to the §ta_rt of the mi_grqt?on (pre_mﬁn'g _ 1995 A - am
12). The symbol next to the legend indicates a significant difference i W -pm
between them and theem groups. The “R” denotes a significant difference b
from the crabs at rest—that is, from the resident pre-mig crabs. - 15 ]
'T'_]. 1
than in all the other groups sampled in that season. Ing 10
contrast, during the 1995 migration season, both the return- g i
ing male and female crabs had a significantly higher amount— 1
of water in muscle tissue (79.1%) than the crabs sampled8 5
during the downward migration (days 5-7; range 75.2%— - ]
76.9%). ]
The percentage of water in the MGG was more variable 0
and significantly lower than in the muscle tissues, with a Pulmonary Arterial Venous
mean of 57.0%=* 1.5% during the 1993 migration and Hemolymph

61.7%= 2.4% in 1995. Crabs that did not participate in the o s
. . . . Figure 5. Carbon dioxide content ([C® mmol - |~ %) in the pulme
1995 migration were _unu_sual in that water constituted Onlynary, arterial, and venous haemolymphGxcarcoidea natalisluring two
45.4% = 1.8% of their midgut gland. migration seasons, 1993 (top panel) and 1995 (bottom panel). Morning and
The osmotic pressure of the hemolymph was more variafternoon groups were sampled during both migration seasorsg in
able than the percentage of water in the muscle tissue. TH&93;n = 9in 1995). Top panel (1993 season) also includes measurements
osmotic pressure in the hemolymph of theandem groups of [CO,] in crabs 1 week prior to the start of the migration (pre-mig-

d th d thus the data f h d12 . The Ol symbol next to the legend indicates a significant difference
on any one day was the same, an us the data tor eac een thewm and therm groups. The “R” denotes a significant difference

were pooled for further analysis. The hemolymph 0smoticyt 4 sample group from the crabs at rest—that is, from the resident pre-mig
pressure was largely constant during the downward migraerabs.
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Table 1

L-lactate and glucose in the hemolymph and leg muscle tiss@ecércoidea nataliduring two migratory seasons, 1993 and 1995 (values given as me8EM;

sample size provided in parenthesis)

Glucose

L-lactate

1995

1993

1995

1993

Leg muscle

Hemolymph Leg muscle Hemolymph

Leg muscle Hemolymph Leg muscle

Hemolymph

0.83+ 0.09 (12)
0.26+ 0.06 (15)
0.28+ 0.07 (25)

0.42+ 0.06 (8% &

0.44+ 0.03 (12)
0.48+ 0.04 (15)
0.53+ 0.07 (25)

6.35+ 1.22 (12
1.00=+ 0.14 (15)
3.26+ 0.80 (25)

3.86+ 0.55 (8)

1.8 +0.31(12)
0.97+ 0.34 (15)
1.10+ 0.31 (25)

pre-mig

AM
PM

0.24* 0.02 (20)
0.35+ 0.06 (25)

0.55+ 0.20 (8)
0.22+ 0.04 (8)
0.20+ 0.04 (8)

0.47+ 0.08 (40)
0.60+ 0.11 (45)

0.42+ 0.05 (8)
0.35+ 0.04 (8)
0.32+ 0.02 (8)

2.83+ 0.60 (20)
3.11+ 1.16 (25)
2.86+ 0.45 (8)
2.43+ 0.88 (8)
3.26+ 0.88 (8)

0.34= 0.17 (40)
0.64= 0.18 (45)
0.14+ 0.06 (8)
0.35+ 0.09 (8)
0.30+ 0.05 (8)

0.85+ 0.12 (82 &

0.38+ 0.02 (8)
0.48+ 0.04 (8)

0.91+ 0.08 (8)

Terrace

0.14+ 0.03 (8P 2
0.52+ 0.12 (83

1.34 + 0.56 (82
6.34 + 1.30 (8P3

1.26- 0.34 (8

1.69 0.33 (8%

Return male

Return female

A. M. ADAMCZEWSKA AND S. MORRIS

R Different from the crabs at resti-e, the resident pre-mig crabs.
D Different from crabs engaged in the downward migration.

YIncrease irrm compared toaMm.

? Different from the returning females.
& Different from the returning males.

season, the mean hemolymph [Ca] varied by up to 4.5
mmol - |~* between the sample groups—that is, Alveand
PM groups, males engaged in combat and breeding, and male
crabs returning from the terraces—but these differences
were not statistically significant.

Hemolymph urate was similar in both seasons, with an
average concentration of 0.0370.005 mmot |~ *in 1993
and 0.041+ 0.006 mmol- |~* in 1995. There were no
statistical differences between any of the groups of red crabs
sampled.

L-lactate and glucose in the hemolymph and muscle tissue

The concentration of-lactate in the hemolymph gener-
ally remained low, less than 2 mmol ™ * in 1993 and less
than 1 mmol- 1% in the 1995 season (Table Bxcept in
fighting males (see below).

The L-lactate concentration in the muscle tissue of mi-
grating red crabs in 1993 was significantly lower than the
6.3 + 1.2 mmol- kg~ * in the muscle of the pre-mig crabs
(Table 1). Furthermore, in that year migrating crabs had a
mean muscle-lactate concentration that was low (10
0.1 mmol- kg~ %) in the morning but increased slightly (to
3.3+ 0.8 mmol- kg™ %) in the afternoon® < 0.001). No
such diel differences occurred in the 1995 migration season:
the am and pm crabs both contained lactate at close to 3
mmol - kg~* (Table 1).

The glucose concentration in the hemolymph was below
1 mmol- 1% in both seasons (Table 1). Red crabs descend
ing to the terraces in 1993 had higher hemolymph glucose
levels (0.85+ 0.12 mmol 1Y) than both the pre-migratory
crabs (0.44+ 0.04 mmol- "% and the crabs sampled
during their return migration (0.5% 0.06 mmol- | ™%, P <
0.001; Table 1). During the 1995 migration (mean [glucose]
= 0.80 + 0.09 mmol- I~ %) the variances of the data were
severely heterogenous, and no significant differences could
be detected between any of the sample groups (Table 1).

In the muscle tissue, the concentration of glucose was
also less than 1 mmekg ™ * during both seasons (Table 1).
However, during 1993, the concentration in the leg muscle
of the crabs engaged in the downward migration (0:29
0.06 mmol- kg~ ') was lower P < 0.001) than that in the
resident pre-mig crabs (0.83 0.09 mmol- kg~ %). The
variances of the data collected during the 1995 migration
were heterogenous, and it was not possible to detect any
differences in glucose levels (Table 1).

Energy stores in the midgut gland and muscle tissues

Glycogen stores were measured as glucose units and
expressed as concentration per wet weight of tissue. During
the downward migration of 1995, leg muscle glycogen
concentrations (69 mmol glucos&g %) were about twice
those of the crabs in 1993. The concentration of glycogen in
the muscle of pre-migratory crabs in 1993 (3%62.4
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Table 2

Glucose and glycogen in the midgut gland@écarcoidea natali@alues given as mean SEM; sample size provided in parenthesis)

1993 migrationt 1995 migration Non-migrating
Day in relation to
migration Glucoset* Glycogent Glucose* Glycogen Glucose Glycogen

(mmol - kg™ (mmol - kg™ (mmol - kg™ %) (mmol - kg 3) (mmol - kg™ (mmol - kg™ %)
Non-mig Jun. 1994 — — — — 9.6% 1.48 (8)# 0.95+ 0.21 (8)F
Non-mig Feb. 1995 — — — — 3.83 1.01(8)# 12.14- 3.4 (8)*
Pre-mig 17.81+ 2.18 (12) 1.58+ 0.35 (12) — — — —
5th day of mig — — 32.13 7.11 (4) 18.36+ 3.51 (4) — —
Non-mig (10th) — — 19.03+ 1.82 (8 431+ 0.34 (8) — —
11th day of mig — — 29.18- 7.95 (4) 19.02+ 5.78 (4) — —
12th day of mig — — 25.68- 1.64 (4) 14.81*+ 2.55 (4) — —
Return male 8.92 1.14 (8) 3.55+ 0.99 (8) 13.44+ 2.53 (8) 5.49+ 0.96 (8 — —
Return female 5.74 0.88 (8) 0.55+ 0.21 (8) 6.14+ 0.84 (8) 8.22+ 1.50 (8f — —

P Different from crabs engaged in the downward migration.

T Difference between the two migration seasons.

* Difference between glucose and glycogen within a season.

# Two like symbols indicate a difference between the two groups.
F Two like symbols indicate a difference between the two groups.

mmol glucose kg™ *) was significantly lower than that of n = 52; 1995 mean- 234.8+ 36.7 mmol glycerot kg™ *,
red crabs during the downward migration (416&.7 mmol  n = 44). There were seasonal differences in the triglyceride
glucose kg™ %). In both years, glycogen concentration in the concentration of the MGG. The lowest levels were in sam-
muscle of both males and females had decreased signifples collected in February 1995 (mean71.4 £ 6.6 mmol
cantly (to 14.2+ 2.5 mmol glucose kg ! in 1993 and glycerol- kg~*, n = 8), but triglycerides were considerably
24.9 += 5.5 mmol glucose kg~ * in 1995) by the time the higher during the dry season in June 1994 (mean
crabs were sampled during their return migration. 162.09+ 22.6 mmol glycerot kg~ 1, n = 8). Nonetheless,
The mean muscle glycogen concentration in crabs santhe MGG triglycerides were lower during both of these
pled during the dry season of June 1994 (1Z6mmol  seasons than during the actual migration.
glucose kg™ 1) was just one-third of that measured in crabs
during the wet season of February 1995. Metabolite status in the hemolymph of male crabs after
The concentration of glycogen in the MGG was much 4 hat
lower than in the leg muscle, whereas the concentration of
free glucose in the MGG was greater at all times (Table 2). Fights on the terraces occurred only between male crabs
The “total glucose” stores ([glucose] [glycogen]) in the  and were always for the possession of a burrow. Most of the
MGG during the 1995 migration season were consistentlhfights on the terraces were very brief, less than 10 s, and
greater than in 1993 (Table 2). thus were not used in this study. The duration of recorded
The concentration of total glucose in the MGG of return-fights varied between 18 and 135 s, with the majority lasting
ing males (12.5 mmolkg™ ") and returning females (5% between 40 and 60 s.
0.9 mmol- kg™ ") in 1993 was lower than that of crabs  The mean concentration of urate in the hemolymph was
before the migration (19.4 mmekg™*; Table 2). Similarly, ~ 0.043 mmol- |~ * and it did not increase in fighting crabs
in 1995 the returning males (12 3 mmol - kg™ ") and  (Fig. 6A). Similarly, there was no difference in the hemo-
females (14 2 mmol- kg™ ) also had greatly reduced total lymph glucose concentration in crabs sampled at burrow
glucose stores in the MGG compared with the crabs samentrances and immediately after a fight (Fig. 6B).
pled during the downward migration (Table 2). There were The mean concentration oflactate in the hemolymph of
otherwise no obvious seasonal trends in the total glucosmale crabs sampled at burrow entrances was high{734€
stores in the MGG (Table 2). mmol - 1%, Fig. 6C). Importantly, there was a significant
The triglyceride content in the MGG of red crabs, mea-increase inL-lactate in the hemolymphP(< 0.01) with
sured as glycerol, did not change during the course of thencrease in fight time, but only for the victorious crabs (Fig.
migratory activities, and the mean concentration of triglyc-6C; ANCOVA and regression analysis). This increase can
erides in the MGG was similar in both of the migration be described by the following equation [Lae]time (S) X
seasons (1993 mean 247.3+ 38.7 mmol glycerotkg™*,  0.25— 3.20 ¢* = 0.71). The maximumLiFlactate] in the
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A tivity above ground, and provides a cue for the start of the
0.10 7 ° ® - victor annual breeding migration ddecarcoidea nataligHicks,

T, 0.08 7 . g loser 1985; Green, 1997; Adamczewska and Morris, 2001). Dur-
3 0.06 s . ‘ ing some years, when the monsoonal rains are late and an
é ’ .0 %Cm - isolated shower triggers the migration, hemolymph osmo-
z 0047g ¢ 34 I 3 losers o larity of 1100 mOsm has been recorded and the red crabs
B @ ° o . . .

E 0.02 1 experience high mortality rates (Greenaway, 1994). The

maintenance of hydration may be very important in deter-
mining the ability of the red crabs to undertake the breeding

B migration.

] During the two migrations studied, the red crabs re-
v: 159 o* mained well hydrated. Although hemolymph osmolarity
g’ 1 victors varied by up to 150 mOsm, the hydration state of leg muscle
£ 107 tissue generally varied by only 1%. The only sign of dehy-
e} 1 dration (11% decrease in muscle tissue water) was in the
g 057 males during their return migration of 1993. These crabs
=4 |

had engaged in the strenuous activities of digging and
defending their burrows during a 4-day period with no rain.
The return migration of male crabs coincided with heavy

¢ rainfall, and although the male crabs were clearly drinking
~.: rain water, as seen by the hemaodilution, they did not appear
3 to rehydrate their muscle tissue before leaving the coastal
E terraces. A preferential defense of the extracellular over the
§ intracellular fluid volume, previously reported for two ge-
§ carcinid species (Harris and Kormanik, 1981), may be a
& strategy limited to true land crabs (Taylor and Greenaway,
, 1994). Field studies using markers of extracellular fluid

0 20 40 60 80 10 120 140  volume will be necessary to determine exact changes in
fight duration (s) hemolymph volume in migrating crabs (Harris and An-

_ _ o drews, 1982; Taylor and Greenaway, 1994).
Figure 6. The concentration of (A) uric acid, (B) glucose, and (C)

L-lactate (mmol- 17%) in the hemolymph of maléSecarcoidea natalis

guarding burrows during the breeding seas®i 4nd immediately after ~ Respiratory gas exchange in migrating crabs

combat, for losers@) and victors ®). Samples were taken from crabs

engaged in physical fighting for possession of the burrows, and hemolymph The different durations of the migration in the two study

metabolite concentration was plotted against the duration of the fight. Thg,ears (5 days in 1998s. 21 days in 1995; Adamczewska
[L-lactate] was statistically dependent on fight duration in the victors butand Morris, 2001) imposed very different physiological
not the losers. .
demands on the red crabs, but the respiratory changes the

crabs experienced were remarkably similar. Previous infer-
ences of the relative contribution of the gills and lungs in O
uptake byG. natalishave suggested both that the lungs are
more important (Adamczewska and Morris, 1994a) and
conversely that the gills and lungs play a comparable role
(Adamczewska and Morris, 1998a; Farrelly and Green-

Christmas Island is composed largely of highly porousaway, 1994). In both years studied here, #®, of red
coral limestone with very little surface water outside of thecrabs was consistently higher than #@, but the pulme
wet season. Like other terrestrial crustaceans, the Christmasry-arterialPo, difference decreased at the end of each day
Island red crabs are prone to dessication and retreat intof walking. This decrease was brought about by the lower
their burrows when humidity falls below 85% (Bligs$ al, Pr0, (by 1- 2.5 kPa) after each day walking and indicates
1978; Wolcott, 1992; Green, 1993, 1997). Dehydration hasome diffusion limitation across the lungs. Crabs forced to
been shown to decrease locomotor capacity of some crugxercise in the field outside of the migration season showed
taceans (Weinsteiat al, 1994) and to interfere with respi- no such loss of pulmonary oxygenation (Adamczewska and
ratory gas transport in the hemolymph (Burggren and Mc-Morris, 2000). Thus, although the lungs routinely play an
Mahon, 1981). The arrival of the monsoonal rains increasesnportant role in Q uptake, the gills are nonetheless re
humidity, thereby creating more suitable conditions for ac-cruited to a greater extent during the migration. It is clear

hemolymph of 35 mmol |~ was recorded after 135 s of
combat for the crab that won.

Discussion
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< Pco, even after the migration is completed and appears to be a
Pa)” |, simple consequence of the higher activity levels made pos-
133 gible by high relative humidity. (Adamczewska and Morris,
2000). Active red crabs must increasg @ptake, and con
sequently CQ excretion is facilitated by an internal hyper
capnic acidosis that improves the outwdpPdo, gradient
(e.g, O'Mahoney and Full, 1984). Thus, the daily alkalosis
observed in migrating red crabs in both 1993 and 1995 was
superimposed on a seasonal acidosis brought about by in-
pre-mig creased basal activity. Importantly, there was no evidence of
any additional respiratory acidosis as a result of walking
~ each day during the migration (Fig. 7).
8 I ' T " T ' T T T The obvious metabolic alkalosis experienced by the red
crabs at the end of each day of migration contradicts all
previous studies of acid-base perturbations during locomo-
Figure 7. The pH/Bicarbonate relationship faBecarcoidea natalis ~ tion in crustaceanse(g, McMahonet al., 1979; Smatreskt
during two migration seasond# | 1993 and ©) 1995. The pre-migratory ~ al., 1979; Wood and Randall, 1981b; review: McMahon,
e e v vy e osaeacy 0L Bootet ol 1084; Greenawagt o, 1988). ncluding
tion Esingacoz = 0.03962 and pk= 6.19.]The non-bica?;oneizssuﬁzfIiniqu%xemsmg red cra_bs (A.damczeWSk.a. and Moms’ 1998a,
was adopted from Adamczewska and Morris (1994a). 2000). The alkalosis, which must originate either from the
removal of H* from the hemolymph or the addition of
metabolic base, was removed overnight, only to reappear at

that hemolymph shunting occurs between the gills and lung1® €nd of the next day of migration. A diel de-calcification
during locomotion in red crabs. Investigation of hemolymph©f the exoskeleton to supply metabolic base in the form of
flow is now essential to determine the role of these two ga$!CCOs ~ seems unlikely because since there was no evidence
exchange structures in,Qiptake. of any change in hemolymph [Ca] between an_dPM crabs;
During the migration, th&o, of hemolymph leaving the ~Such @ change would normally accompany this process (
gas exchange surfaces varied between the groups of crap€nry et al, 1981). A small increase in lactate concentra-
sampled (mean 3-7.7 kPa) but was within the range ofion in the muscle obwm crabs in 195_33 was not reflected in
values recorded previously for this species (3.7-10.7 kpg2nY increase the hemolymph. Similarly, a Iar91e Increase in
Farrelly and Greenaway, 1994: Adamczewska and Morrisuscle lactate (values routinely near 6 mmkgy ) seen in
1994a). Despite the differences fu,, the high affinity of relatively inactive free-rangm_g crabs in the dry season of
the Hc for O, in red crabs Ry, = 1.77 kPa: Adamczewska June 1994 V\ieals not reflected in the hemolymph (values only
and Morris, 1998b) ensured Hc saturation withadthe gas  0-72 mmot | ). Furthermore, the muscielactate concen
exchange surfaces. trations of the relat?/ely inactive dry-season crabs were
Excretion of CQ was also maintained by walking crabs N€arly 4 mmol- kg = greater than those of more active
during the migration, but without any internal hypercapnia. Vel-séason crabs (Adamczewska and Morris, 2000). Clearly
Red crabs exercised in the field either before or after th&€re aré some aspects of the dynamics of lactate and
migration season exhibited significantly decreased hemd20ssibly H' distribution that are different i. natalisand
lymph CO, content due to a metabolic acidosis imposed orfequire further mvestlgatlon. _The daily alkglos§ experi-
a respiratory acidosis (Adamczewska and Morris, 2000)€nced by red crabs during their downward migration would
Conversely, each day of migration resulted in an increase iRa"tially offset the wet-season acidosis and assjsoaxing
hemolymph CQ of 2-3 mmol 1%, which was of metabolic by increasing the oxygen affinity of the hemocyanin (Ad-
rather than respiratory origin. Since ttieo, remained —amczewska and Morris, 1998b).
constant and the diffusion gradient across the respiratory
surfaces was unchanged, the increase in, @@ not indk Metabolism during breeding activities
cate impairment of CQexcretion.

—_ — —
S B 5N

[HCO,] +[CO, ] (mmol.L™)

<

Crabs generally do not possess high aerobic capacity and
tend to become anaerobic during enforced exercise
(Smatresk and Cameron, 1981; Boethal, 1982; Herreid

More detailed analysis using the Henderson-Hasselbalcand Full, 1988; Forsteet al, 1989; Henryet al, 1994).
plot showed that them crabs experienced a relative respi- Hemolymph and tissue-lactate levels may increase in
ratory acidosis compared with the pre-mig crabs (Fig. 7)excess of 30 mmol |~ * in exercising crabse(g, Green
This acidosis {0.2 pH units) persists during the wet seasonawayet al, 1988; Milliganet al,, 1989; Adamczewska and

Acid-base perturbations
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Morris, 1994b). Since anaerobiosis accumulates acid and afecision to give up the fight is apparently determined early
O, debt that must be repaid later (Wood and Randall, 1981&pn, so that the eventual loser minimizes his investment in
Ellington, 1983; Herreid, 1980), prolonged locomotion can-the conflict.
not depend on the anaerobic provision of energy. In migrat- The metabolism of red crabs appears fundamentally al-
ing red crabs the-lactate concentrations in the hemolymph tered during the migration. The crabs exhibit a unique
and muscle tissue were generally low and comparable tenetabolic alkalosis of the hemolymph that occurs only
those measured in free-ranging crabs during the non-migraduring the migration: crabs exercised under field conditions
tory seasons (Adamczewska and Morris, 2000). FurtherfAdamczewska and Morris, 2000) and in the laboratory
more, L-lactate levels were similar during both of the mi- (Adamczewska and Morris, 1994b) show the classical
gratory seasons, despite the fact that red crabs migrating imixed respiratory/metabolic acidosis. The walking speed of
1993 walked twice as far each day as those migrating imed crabs crossing roads and clearings was estimated to be
1995 (Adamczewska and Morris, 2001). If the small diel380% of the speed that can be sustained aerobically (Ad-
change in muscle concentration of lactate during the 199amczewska and Morris, 1994b, 2001), yet no significant
migration represented anaerobiosis, this would be equivaanaerobic metabolism was detected during the downward
lent to only approximately 0.4 mmol ATP, or to 3—4 min of migration. One possible conclusion is that the aerobic scope
resting Q uptake (Adamczewska and Morris, 1994b). of red crabs, which is otherwise unusually low (Adamcze-
Laboratory studies indicated that to cover a set distance iwska and Morris, 1994b), is specifically increased for the
a fixed amount of time, red crabs are better suited tgurpose of the migration. If so, the signals and processes by
continuous travel than to periods of rapid walking inter-which this is achieved are yet to be elucidated.
rupted by periodic rests (Adamczewska and Morris, 1998a).
The mean daily walking speeds of red crabs (1.4mn %,
estimated from radio-tracking during the 1993 migration)
are within the range that this species is capable of support- The midgut gland and muscle tissue compose a large
ing aerobically (Adamczewska and Morris, 1994b; 2001).portion of the body mass in crustaceans and are considered
However, walking speeds measured for red crabs crossing be major organs for the storage of metabolic fuel (Vonk,
roads €.g, 6.2 m- min~* for returning females: Adamcze 1960; Chang and O’Connor, 1983; England and Baldwin,
wska and Morris, 2001) show that sometimes during thel983; Tsakt al, 1984; Schirfet al, 1987). InG. natalis the
migration the crabs walk more than 4 times faster than camuscle tissue stores glycogen, whereas the MGG is a major
be sustained aerobically under laboratory conditions. Thersite of lipid storage (Adamczewska and Morris, 1994b;
was an approximate doubling of muscle lactate in the reMorris, unpub. data). In animals, fatty acids are primarily
turning female crabs in 1993, to 6.34 mmddg ', but this  stored in the form of triglycerides, and i@. natalis tri-
was again confined to the muscle, and lactate concentrationgycerides were estimated to constitute about 70% of total
remained low in the hemolymph (Table 1). This change inlipids in the MGG (380 mg lipid g~ * dry tissue mass: S.
muscle lactate represents only about 5 min of resting oxyMorris, unpub. data). The lipid stores in brachyuran crusta-
gen uptake. ceans vary considerably between species, but total lipid
The possession of a burrow has direct consequences fetores in the MGG can reach 900 mgj * dry mass (Giese,
the breeding success of a male red crab. For male crab%966; Heath and Barnes, 1970; Parvathy, 1971; Kucharski
defending a burrow was more strenuous than prolongednd DaSilva, 1991).
locomotion during the downward migration. The basal he- The glycogen stores in the muscle tissueGf natalis
molymph [-lactate] of crabs guarding their burrows was sampled in the field (11-64 mg glucosg * dry mass) were
elevated by more than 6 mmol~* compared with migrat  only a fraction of what this species is capable of storing
ing crabs. Winning fights is energetically demanding, and250 mg glucoseg* dry mass, Adamczewska and Morris,
the levels ofi.-lactate (up to 35 mmoll~*) measured after 1994b) but were within the range found in other brachyuran
combat were comparable to the concentrations recordespecies (8-71 mgg* dry tissue mass: Giese, 1966; Pillay
after 45 min of intense exercise (Adamczewska and Morrisand Nair, 1973; Hilmyet al,, 1986; Kucharski and Da Silva,
1994b) or after many hours of hypoxia {Bx 1984; Albert  1991). Since the stores of metabolic fuels in red crabs in the
and Ellington, 1985; van Aardt, 1988%. natalisexpends field were not exceptional, red crabs either lack special
much more energy in defending burrows than the aquaticequirements for large energy stores under natural condi-
crab Necora puberexpends in a fight under laboratory tions or have no opportunity to accumulate such stores
conditions (Thorpet al, 1995). The high levels aflactate  (Greenaway and Linton, 1995; Greenaway and Raghaven,
in red crabs either indicate an extreme effort put into win-1998).
ning a fight or represent an accumulated sum of attempting Leaf litter is the major component of the diet of red crabs.
to win many fights. Since the losers of conflicts did notDuring the dry season, when the red crabs are largely
show the same accumulationiefactate as the winners, the confined to burrows, a thick layer of leaf litter accumulates

Storage and usage of metabolic fuels
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