The Journal of Experimental Biology 201, 2515-2528 (1998) 2515
Printed in Great Britain © The Company of Biologists Limited 1998
JEB1489

NITROGEN METABOLISM OF TWO PORTUNID CRABS, CARCINUS MAENASAND
NECORA PUBER DURING PROLONGED AIR EXPOSURE AND SUBSEQUENT
RECOVERY: A COMPARATIVE STUDY

FABRICE DURAND* aND MICHELE REGNAULT

Equipe Ecophysiologie, Observatoire Océanologique de Roscoff (UPMC, CNRS, INSU), Station Biologique, BP 74
F-29682 Roscoff Cedex, France

*e-mail: durand@sb-roscoff.fr

Accepted 8 June; published on WWW 11 August 1998

Summary

Carcinus maenasind Necora pubemwere exposed to air Upon reimmersion, both species released large amounts
for 72h and 18 h, respectively, at 18 °C. Nitrogen excretion, of ammonia within a few minutes. Two different patterns
blood and muscle ammonia content and blood urate and of ammonia release then were observed: ammonia
lactate content were recorded throughout the experimental excretion was enhanced for a further 3h inN. puber,
emersion and following reimmersion (recovery period). whereas raised ammonia excretion rates were observed for

During emersion, the rate of ammonia excretion was a further 24 h in C. maenas These patterns, the recovery
strongly reduced in both species, while urea and amine of blood and muscle ammonia levels and the calculated
excretion were not enhanced. Blood and muscle ammonia nitrogen balance between emersed and control crabs
content increased steadily, reaching 1.3 and 10.4mmo}]  indicated that specific processes were used to manage the
respectively, after an 18 h emersion iiN. puber. In contrast, nitrogen overload induced by air exposure.
in C. maenas blood ammonia levels increased slightly Whereas N. puber shows little or no ability to limit
during the first 12h and then remained at this level ammonia accumulation in its body, C. maenasexhibits
(approximately 0.12mmol 1) until the end of emersion. strong regulation of its nitrogen metabolism. The
Muscle ammonia content showed a non-significant increase probability that amino acid synthesis is involved in this
at 12h, after which values returned to control values regulation and whether these species use metabolic
(3.3mmol 1) for the next 60h. depression as a survival strategy are discussed.

Blood urate and lactate content increased in emersed.
puber, indicating strong internal hypoxia, but urate content  Key words: air exposure, nitrogen metabolism, nitrogen excretion,
did not increase in C. maenasuntil the third day of ammonia, amine, urea, urate, lactate, haemolymph, muscle, crab,
emersion. Carcinus maenad\ecora puber

Introduction

The effects of air exposure on aquatic crustaceans haue sea water (Regnault, 1987). Because branchial gaseous and
received a great deal of attention regarding respiratory functidonic exchanges are disrupted in the absence of environmental
and acid-base regulation (Truchot, 1975, 1979; deFur, 1988ea water, ammonia excretion, which is the main route for the
reviewed by Burnett, 1988). Studies have also focused on thmelease of the end-products of nitrogen metabolism, is also
adaptative processes involved in respiration by crustaceans tleadpected to be impaired during air exposure.
have successfully made the transition to terrestrial life; a large The nitrogen metabolism of air-exposed decapods has been
range of respiratory patterns from facultative to obligate airstudied mainly in semiterrestrial and terrestrial crustaceans that
breathing are reviewed by Henry (1994). In marine decapodeave become adapted to these conditions through evolution.
air exposure induces hypoventilation, promoting arExcept for the robber craBirgus latrg which relies on
accumulation of C@in the blood and a resulting respiratory purinotelism (Greenaway and Morris, 1989), terrestrial species
acidosis. A decrease in the rate of oxygen uptake, despite thee generally ammoniotelic (for a review, see Greenaway,
generally reduced metabolic rate in air-exposed decapods, lea#91). However, terrestrial species differ with regard to the
to internal hypoxia and anaerobic metabolism, inducing a bloopredominant form of excreted ammonia (gaseouss NH
metabolic acidosis. NH4*) and the route and mechanisms involved in this

In marine decapods, ammonia excretion occurs mainly at thexcretion. For example, discontinuous excretion of gaseous
gills and, like respiratory gas exchange, is a continuous proceammonia is found in some terrestrial isopods (Wieser and
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Schweizer, 1970; Kirby and Harbaugh, 1974; Wright and Materials and methods
O’Donnell, 1993) and highly terrestrial crabs (Greenaway and Crabs
Nakamura, 1991; Varley and Greenaway, 1994), unusual Carcinus maenagl.) (70-110g wet mass) anecora

ammonia releasevia the urine and reprocessing of this , e ) (50-100g) were collected in summer using baited
ammonia-enriched urine in the branchial chambers has be?)lats in the low intertidal area and the sublittoral zone

reported in the ghost crabcypode quadratgDe Vries and respectively, at Roscoff (N. Brittany, France). Animals were

VXOICO;E’ &9931)' ar!dh (elphanbcementlpf actived&l:&xcretic}:n J(<eptin running sea water (open system) at ambient temperature
through the gill epithelium by recycling urine salts was founqg_1g°c) and salinity 33-34 %, for 1 week before use; they

in terrestrial crabs (Wolcott, 1991). Under prolonged dryWere fed every 2 days with pieces of thawed fita¢hurus
conditions, ammonia production may be switched off, a

Yrachurug. Only male crabs in intermoult stage were used for
observed by Woodt al.(1986) inCardisoma carnifexin land experimznts y g
crabs, urate is of minor importance in total excreted nitrogen. '
However, it represents a common nitrogenous metabolite, as General experimental design
shown by large urate deposits in the haemocoel (Gifford. .

. i . mersion
1968). InGecarcoidea natalighese urate salts are intracellular i i i
Crabs were emersed in a series of five 601 tanks each

and originate fromde novo biosynthesis (Linton and " . . :
Greenaway, 199%h). containing a rack of eight polyvinylchloride (PVC) boxes

In contrast, the nitrogen metabolism of aquatic crustaceart¥/idth 13cm; height 18cm). The tanks were filled with sea

under aerial conditions has received little attention. In respondé@ter and fed continuously with running sea water from an
to either short-term emersion (deFur and McMahon, 1984°P€n system. Sea water was allowed to circulate through the

Vermeer, 1987) or long-term air exposure (Regnault 1994otally immersed boxes, the bottoms of which were perforated
Schmitt and Uglow, 1997), an increase in blood ammonidvith small holes and the tops of which were covered with a

levels is generally observed in marine decapods. This blodadVC 9rid- After they had been fed, crabs were settled
ammonia overload is assumed to be the result of afpdividually into the boxes and covered with a 2.cm thick layer

impediment to ammonia excretion during emersion, even if th@f Polystyrene chips previously soaked in sea water. They were
rate of ammonia production is lowered as a result of a generlé‘?pt in these conditions for 24 h. Forty crabs were used for each

metabolic depression (Regnault, 1994). An increase in bloogXPerment. . _
urate content was also observed in air-expoSzhcer Experiments were started by draining four of the five tanks;
pagurus but this was considered to be the result of internaih€ fifth contained control crabs, which remained immersed.
hypoxia rather than uricogenesis enhancement (Regnauftnimals were exposed progressively to air without handling
1992). stress. The layer of polystyrene chips which initially floated at
While most of these studies concerned sublittoral and fulljhe top of boxes followed the seawater level as the tanks were
aquatic decapods, it is of interest to investigate the effects fained, finally covering the emersed crabs. These moistened
air exposure on nitrogen metabolism in marine intertidafhips offered crabs protection against dehydration and direct
species, since they inhabit the transition area between aqualight, as does seaweed in their natural habitat. They also
and aerial domains. The intertidal crélarcinus maengs reduced visual disturbance caused by the movements of
which can survive prolonged air exposure (Truchot, 1975), wa@bservers. Emersions were performed at room temperature
used as a model for this study. For comparison, the sublittor§8+1 °C) under natural photoperiod and lasted for 4-72h for
portunid crabNecora puber which is rarely found in the C.maenasnd for 4-18h foN. puber The blood and muscle
intertidal zone and is not able to tolerate long-term emersio@f emersed crabs was sampled only once to avoid secondary
(Johnson and Uglow, 1985), was also studied. effects such as haemolymph loss and subsequent
To examine changes in nitrogen metabolisn€ofmaenas haemoconcentration and any effects of stress due to cheliped
and N. puberunder aerial conditions, these species wergemoval. In consequence, between three and five air-exposure
submitted to experimental emersions of 72h and 18gxperiments were carried out to record temporal changes in the
respectively. Nitrogen excretion rates (ammonia, aminegjariables studied throughout the whole emersion period.
urea) during prolonged emersion and a subsequent Control crabs were kept immersed in running sea water
reimmersion were measured. Changes in blood ammontroughout the air-exposure experiment. Their blood was
content (extracellular compartment) and muscle ammonisampled at the time that the experimental crabs were deprived
content (intracellular compartment) were recordeddf environmental water. This control value (C) is the pre-
throughout the air exposure and the recovery periode€mersion value. In contrast to emersed crabs, blood could be
Changes in blood urate content were also followed, since thigken from control crabs up to three times during a 24 h period
nitrogenous metabolite is usually present in terrestrial ansgince crabs quickly compensated for the reduced blood volume
semiterrestrial crabs. Blood lactate levels were alsdy drinking, provided that the blood withdrawn represented
investigated to determine the emersion period@ahaenas less than 2.6 % of body mass (Grextal. 1986).
and N. pubercould tolerate before resorting to anaerobic Preliminary experiments indicated thdt pubersurvive a
metabolism. prolonged emersion at 18 °C better during the night than during
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the day. Therefore, emersion experiments were performeddlume (30 ml) of filtered (0.4m) sea water was added to
between 16:00h and 10:00h, for this species. In theshe bottom of each box (the water layer was less than 3mm
conditions, 90 % of the crabs survived and recovered fully frondeep). This sea water was sampled (1 ml) for determination of

emersion. its ammonia content every 4 h during the first 12 h of emersion,
) _ then every 24 h fo€. maenasFor N. puber it was sampled
Reimmersion after 18h of emersion only. The amine and urea contents of

Duplicate groups (two groups of eight crabs eachCof this sea water were determined after 18 h and 24 h of emersion
maenasand N. puber were emersed for 72h and 18h, for N. puberandC. maenasrespectively.
respectively, as described above but without any sampling
disturbance. At the end of these air-exposure periods, the blo&skcretion during reimmersion
of all the crabs was sampled. The crabs were then reimmersedAfter the maximum emersion period (either 18h or 72h),
by refilling the tanks with running sea water, and kept in thesguring which crabs were not disturbed by any sampling, crabs
conditions during the period required for complete recoveryvere transferred into 101 PVC containers filled with 7.51 of
(<24h). Blood from crabs of one of the two groups wasfresh and continuously aerated sea water. Sea water from each
sampled after 1 h of reimmersion, then after 6h, 12h and 24 bontainer was sampled (20 ml) for its ammonia content before
Blood from crabs of the other group was sampled followingntroducing the crabs and exactly 5min after reimmersion. The
3h, 9h and 24 h of reimmersion. Successive blood samplirgea water was then sampled following 1h, 3h and 6h of
of reimmersed crabs was assumed to be no more harmful thesimmersion. After this period, the sea water was totally
for control crabs. renewed in order to avoid the effects of high environmental
Four other groups of crabs were similarly emersed andmmonia levels on ammonia excretion. The amounts of
reimmersed and used to provide muscle samples. One grogmmonia excreted by crabs between 6h and 12h of
was sampled at the end of the air-exposure period, the othgegmmersion were measured. The sea water was again

were sampled after 6h, 12h or 24 h of reimmersion. renewed, and ammonia excretion was measured over the next
_ ) 12h. Following every renewal of sea water, a rewwalue
Nitrogen excretion was recorded after 1 h.
Excretion in normoxic water Amine excretion during reimmersion was determined

Both species were treated similarly. Crabs that had not bedgllowing the first 5min of reimmersion and during the next
fed for 24 h were settled into 101 PVC containers filled withhour only.
7.51 of fresh sea water; this was aerated continuously, and
water temperature was 18+1 °C. At this temperature and in sea
water (33-34%o, pH8), NIt accounts for 97.4% of total Seawater analysis
ammonia (Bower and Bidwell, 1978); therefore, loss of Duplicate seawater samples (5ml) were analysed
gaseous ammonia (NHwas considered to be negligible. immediately for their ammonia content using the hypochlorite
In a preliminary study, no changes in ammonia content aihethod (Solorzano, 1969) adapted to small seawater volumes.
sea water as the result of bacterial activity or algae weréor ammonia excreted during emersion, duplicate J500
observed in control tanks (without any crabs) over the usualamples of sea water were diluted 10-fold and treated in a
experimental period (<12 h). similar manner. Samples were diluted when necessary with the
Because nitrogen excretion by crabs is affected by handlingea water used for filling the experimental containers. This
stress (Hunter and Uglow, 1993), excretory products releasedference sea water was used as a blank and for making
during the first 2 h were not taken into account. The ammoniatandard (NH)2SQy solutions (2.5-2Emol I1).
amine and urea content of the sea water at the end of this 2hAmine content was determined using the method of North
period was taken as the value at time z&w) for each of the (1975). According to North (1975), compounds that give a
three nitrogenous compounds. Affer sea water was sampled maximum fluorescence when the reaction is performed at
for its ammonia content every 2h over an 8h period. At theH>9 represent amino acids and amides. Standard glycine
end of this period, sea water was also sampled fogolutions (1-1Qumoll~1) were used for calibration.
determination of amine and urea content. The mean ammoniaUrea content was measured using the method of Neivell
excretion rate recorded in these conditions represented the pe¢-(1967) as modified by Davenport and Sayer (1986) for small
emersion rate. As emersed crabs were not fed during @amples. Standard urea solutions (1040 urea-N) were
experiment, the ammonia excretion rate of control crabs kepised for calibration.
unfed for up to 24hN. pubej or 72h C. maenap was

Measurements

determined in a similar manner. Blood and muscle analysis
_ _ _ Prebranchial haemolymph (approximately H00 was
Excretion during emersion collected through the arthropodial membrane at the base of the

For estimation of nitrogen excretion rate during emersionfourth pereiopod using a 1 ml sterilized syringe and a 21 gauge
crabs of each species were emersed in boxes of the same sieedle. Blood samples were transferred into refrigerated
as described above but with unperforated bottoms. A smalippendorf tubes, immediately shaken and kept on ice. Two
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100ul subsamples of clear haemolymph were diluted (5—-20whole air-exposure period (72h). Amine-N and urea-N
fold) with double-distilled water for measurement of ammoniaconstituted 1.55% and 0.95% of total excreted nitrogen,
content using the microdiffusion method of Clineh al.  respectively. Thus, 1.0 mg of nitrogen was excreted by a 100 g
(1988), as previously (Regnault, 1992). Standard4p#0s  crab during a 72 h air exposure, whereas 16.84 mg of nitrogen
solutions (10-6@mol 1) in double-distilled water were used would be excreted by this crab kept immersed for the same
for calibration. Two 5@l subsamples of haemolymph were period.
analysed for urate content using a Sigma kit (685). Finally, Following reimmersion o€. maenasa very large ammonia
duplicate haemolymph subsamples were deproteinized on icelease (approximately dnol for a 100 g crab) was observed
with 10 % trichloroacetic acid, centrifuged (10@pat 4°C  during the first 5min (Fig. 1A). This sudden large ammonia
for 15min), and the supernatant was analysed.flactate  output corresponded to an ammonia excretion rate of
content using a Sigma kit (826-UV) in which the 11.5+1.7umolglwetmassht (N=10) or almost 60 times the
glycine—hydrazine buffer was modified as recommended bgre-emersion rate. During the next hour, the mean ammonia
Grahamet al. (1983). excretion rate returned to slightly above the pre-emersion
One cheliped was removed by forced autotomy, and thealue, but was significantlyr&0.05) higher than the ammonia
propodus muscle was dissected out rapidly on ice. Musclexcretion rate of immersed crabs unfed for 72h. Ammonia
tissue (100mg) was weighed quickly in a refrigeratedexcretion rate then increased significantly<@.05) and
Eppendorf tube and homogenizea32s) in 9 vols of ice-cold remained high over an 11h period, peaking at
double-distilled water using a micro-crusher. Following0.586+0.0521molglwetmassht (N=10) by 6h of
centrifugation (10000 at 4 °C for 15min), supernatants were reimmersion. At this time, ammonia excretion rate was
diluted (10- to 50-fold) using double-distilled water andapproximately 3.5 times the pre-emersion rate. A mean
analysed immediately by microdiffusion for ammonia contentammonia excretion rate (0.237+0.Q&hol g-lwetmass ht,
N=10) significantly higher than the value of immersed and
Expression of results and statistics unfed crab P<0.05) was observed over the last 12h of
Ammonia and urea excretion rates were expressed asimmersion. No significant amine release was observed within
umol g-lwetmassht. Ammonia and urate contents of blood either the first 5min of reimmersion or the next hour.
are expressed asnol I"1. Muscle ammonia content and blood
lactate content are expressed as mmoMalues are expressed Blood ammonia levels
as means is.e.M. The significance of differences between In control crabs, the mean ammonia concentration of
means was assessedP<(Q.05) using the Wilcoxon prebranchial haemolymph was 81.2+@Boll™1 (N=37). It
Mann—-WhitneyU-test. When possible, these statistical resultsemained at this level during the whole experimental period,
were confirmed using Studentfgests, either paired (intra- as shown by immersed crabs bled again 48 h later (Fig. 2A).
group comparisons) or unpaired (inter-group comparisons) as During the first 12h of air exposure, blood ammonia
appropriate. concentration increased significantli?<Q.05) at a rate of
4.47umolI1h1, reaching 134.8+102mol I~ (N=32). Blood
ammonia content then remained stable (approximately

Results 120umol 1Y) until the end of the 72h air-exposure period. At
Carcinus maenas this time, haemolymph ammonia content was 117.841mMd
Nitrogen excretion I71 (N=26).

The mean ammonia excretion rate of control crabs (mean Following reimmersion, blood ammonia content decreased
mass 80.3+3.1g) in normoxic sea water wassignificantly @<0.05) from 118.4+26.@moll™1 (N=16) to
0.20+0.05umol g lwetmassht (N=10). Urea excretion rate 74.5+13.4umol I~ (N=8) within the first hour (Fig. 2A). This
was 0.014+0.00gmolglwetmassht (N=10). Nitrogen value was similar to that observed in control crabs. Blood
excreted as amines (fluorescamine-positive compounds ammonia content then increased steadity0(05) at a rate of
pH 9.2; see Materials and methods) was detected at trace levdB 7umol I=1h~1, reaching 317.9+374mol I=1 (N=8) after 6 h
only. Thus, NH*-N accounted for 88.4% of total excreted of reimmersion. Blood ammonia content remained at this level
nitrogen and urea-N accounted for 11.6%. In control crabduring the next 6 h, then decreased. After 24 h of reimmersion,
kept unfed for 72h, ammonia excretion rate wasblood ammonia content (150.7+1Tudoll~1, N=16) was still
0.088+0.01%umol g~ wet mass ht (N=10). higher P<0.05) than the pre-emersion value.

When C. maenasvas exposed to air, its rate of nitrogen
excretion was reduced markedly. During the first 12h of aiMuscle ammonia levels
exposure, the mean ammonia excretion rate decreasedThe mean muscle ammonia content was 2.99+0.27 mitnol |
significantly ~ <0.05), reaching 0.024+0.0Qmolg™?  (N=14)in control crabs. In air-exposed crabs, muscle ammonia
wetmassht (N=10). It decreased significantly again in thecontent showed a tendency to increase during the first 12h
following hours, representing 3% of the pre-emersion rat€Fig. 3A). At this time, muscle ammonia concentration was
after 48 h of emersion. NfN remained the main nitrogenous 4.49+0.82 mmoli! (N=12); although this value was higher
excretory product (97.5 % of total excreted nitrogen) during théhan the pre-emersion value, the difference was not significant
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Fig. 1. Ammonia excretion ratgufiol gl wet mass ) of Carcinus maenagA) andNecora pubefB) during an experimental emersion (E) of

72h (A) and 18 h (B) and following reimmersion (RI). The experiment was carried out at 18 °C. Control immersed crabs (Q)theppesen
emersion value. Dashed lines indicate the ammonia excretion rate of control crabs unfed for either 72h (A) or 24 h (B).dicadsvs in
renewal of sea water during the post-reimmersion period. Values are m&an fN=10). The mean wet mass of the crabs was 80.3+%1g (
maenay and 77.8+5.3gN. pube). Significant change$€0.05) between unfed controls (dashed line) and experimental crabs are indicated by
an asterisk.

(0.05<P<0.1). However, this increase appeared to be transie®lood urate levels

since muscle ammonia content returned to the pre-emersionBlood urate content of control crabs was 78.9480®! 171

level within the next 12 h of air exposure. Muscle ammonigN=15) (Fig. 4A). In air-exposed crabs, blood urate level was

content was 3.29+0.35 mmot (N=19) after 72h of imposed maintained during the first 4 h of emersion. A slightly lower

emersion. urate content (67.4x3i9moll1, N=14) was observed after
Reimmersion of crabs induced a significant increasd2h of emersion. Blood urate level then increased at a rate of

(P<0.05) in muscle ammonia content from 3.18+0.43mmoll 0.72umolI=2h~1 until the end of the air-exposure period.

(N=8) to 5.15+0.68 mmott (N=8) within the first 6 h. Muscle However, blood urate concentration was significantly higher

ammonia content then returned to control levels. The valu@P<0.05) than the pre-emersion value after 72 h of air exposure

observed after 24 h of reimmersion (3.44+0.59 mmgN=8)  only; at this time, blood urate content was 109.64%0l -1

was not significantly®>0.05) different from the pre-emersion (N=20).

value. In C. maenagxposed to air for 72 h without any sampling
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disturbance, blood urate content was 115.9@#mall~>  exposure, whereas 12.31 mg of nitrogen would be excreted by
(N=16). Following reimmersion, blood urate content did notthis crab kept immersed for the same period.

change during the first hour (122.5+10rBoll1, N=8), but At reimmersion, N. puber released a large amount of
had returned to the pre-emersion level after 3 h of reimmersiceaimmonia (approximately 1ldnol for a 100g crab) within
(85.9+5.6umol I71, N=8) (Fig. 4A). the first 5min of reimmersion (Fig. 1B). This ammonia
release corresponds to an ammonia excretion rate of
Necora puber 13.7+1.3umolglwetmassht (N=8) or 25 times the pre-
Nitrogen excretion emersion rate. Following this initial output, high ammonia

The mean ammonia excretion rateNofpuber(mean mass excretion rates were recorded for the next 3h:
77.8#5.3g, N=10) in normoxic sea water was 2.35+0.18imolglwetmassh! (N=8) during the first hour of
0.552+0.041umolglwetmassht (N=10). Urea excretion reimmersion and 1.07+0.@fnol g lwet massht (N=8) over
rate was 0.014+0.0Qimolglwetmassht (N=10), and the next 2h. These excretion rates were respectively four and
nitrogen excreted as amines was detected at trace levels ortlyo times higher than the control value. The mean ammonia
Thus, NH*-N accounted for 94.9 % of total excreted nitrogenexcretion rate recorded between 3 and 12h of approximately
and urea-N accounted for 5.1%. In control crabs kept unfed.30umol g~lwet mass ht was not significantly different from
for 24 h, the ammonia excretion rate was 0.316+0.028 g1 the rate of ammonia excretion of unfed controls. During the
wetmass ht (N=10). last 12h of reimmersion, ammonia excretion rate was

In air-exposed crabs, the mean ammonia excretion rate was596+0.02umolglwetmassit (N=8) and was not
0.017+0.00umolglwetmassht during the whole air- significantly different from the pre-emersion level but was
exposure period, representing 3.2% of the pre-emersion ratg@gnificantly higher than the value for unfed controls.

NH4*-N remained the main nitrogenous excretory product During the first 5min following reimmersion, a release of
(97.2% of total excreted nitrogen), urea-N and amine-Ni2.6umol of amine-N for a 100g crab was observed. Amine
representing 2.55% and 0.25 %, respectively. Thus, 0.46 mg oflease proceeded, although at a lower level {irh@ of
nitrogen was excreted by a 100g crab during an 18h aamine-N for a 100g crab), during the next hour.
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Blood ammonia levels Muscle ammonia levels

The ammonia concentration of prebranchial haemolymph Control crabs had a muscle ammonia content of
of control crabs was 118.3+9unol 1 (N=16) and did not 7.24+1.02mmolil (N=8). During air exposure, muscle
change significantly during the experimental periodammonia content increased, although it was significantly
(Fig. 2B). higher P<0.05) than the pre-emersion value only at the end of

In air-exposed crabs, blood ammonia content increasdtie air-exposure period (Fig. 3B). At this time, mean ammonia
markedly. A significant®<0.05) increase was observed afterconcentration in muscle was 10.42+0.99 mmbl{N=10).

4 h of emersion (288.6x321imol 171, N=10), indicating that Individual values as high as 17.4 mm3livere recorded.
ammonia levels had increased at a rate of 4dél -1 h1, Following reimmersion, muscle ammonia content was
This rate of increase was maintained during the wholéetermined in three crabs after 6h. At this time, muscle
experimental period, except between 4 and 8h of aiammonia content was not significantly different from control
exposure, when a higher rate (3860l 11 h™1) was observed. values (5.49+0.33mmot}). This suggests that recovery of
At the end of the 18h air exposure, the mean ammonimuscle ammonia content was achieved within a few hours.
content of the blood was 1276.6+10frfoll"1 (N=35).

Even  higher  blood ammonia  concentrationsBlood urate levels

(2500-300Qumol 1) were observed in som#l. puber The mean blood urate content of control crabs was
emersed for 18h; these individuals recovered fully whe®8.4+6.8umoll~1 (N=16). In response to air exposure, blood
reimmersed. urate content increased steadil’<(Q.05) at a rate of

Following reimmersion, removal of the blood ammonia load46.5umol I=1h~1 for the first 8 h of emersion (Fig. 4B), after
was extremely rapid. A blood ammonia content notwhich the rate of increase was lower. Blood urate
significantly different from the pre-emersion level wasconcentration reached a value of 659.3+1@npl =1 (N=36)
observed after 1 h of reimmersion. Recovery of blood ammoniat the end of the air-exposure period.
concentration was completed within 3h, since ammonia Following reimmersion, the blood urate contenNofouber
content was 105.9+1318nol =1 (N=8) at this time. decreased steadily during the first 6 h of reimmersion. The rate
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of decrease was higher than the rate of increase observér subsequent recovery period. This latter nitrogen excess was
during emersion. Blood urate content was not significantlgalculated by subtracting the amount of nitrogen excreted by a
different from control values at 122.3+18uholl™1 (N=8)  control crab unfed for either 24h or 72h, according to the
after 6 h of reimmersion and 83.3+15u@ol "1 (N=8) after 9h  species (see Fig. 1), from the amount of nitrogen excreted by
of reimmersion. In this species, recovery of blood urate leved reimmersed crab. Total nitrogen release was 12.7 m@.for

was completed within 6 h. maenasand 6.6 mg folN. puber
. The calculated nitrogen balance indicated that the total
Nitrogen balance nitrogen released during the recovery period represented 80 %

In both species, nitrogen balance was calculated for a 100af the presumed nitrogen overload@n maenasand 57 % in
crab. This was aimed at comparing the presumed nitrogeM. puber
overload resulting from emersion with the total nitrogen
released during the recovery period. Using the time required Blood lactate levels i€. maenasndN. puber
for complete recovery of all variables studied, a recovery In C. maenas blood lactate content was
period of 12h foN. puberand 24 h forC. maenasvas used 0.344+0.031 mmolt (N=10) in control crabs. Compared with
for this calculation. this pre-emersion value, blood lactate content decreased within
The presumed nitrogen overload was estimated as thke first 12 h of emersion (Fig. 5). At 12 h, blood lactate content
difference between the amount of nitrogen excreted by af®.143+0.013mmoff!, N=10) was significantly lower
emersed crab during the whole air-exposure period and tl{f<0.05) than the pre-emersion value. It remained stable
amount excreted by an immersed control during an equivaleduring the following 24h. At the end of the imposed air
period. The presumed nitrogen overloads were 15.8 arekposure (72h), haemolymph lactate content was
11.8 mg of nitrogen fo€. maenasndN. puber respectively. 0.327+0.015mmolt (N=10), a value not significantly
The total nitrogen released during the recovery period wadifferent from the pre-emersion value.
the sum of the amount of nitrogen released within the first In N. puber blood lactate content of control crabs was
5min of reimmersion and the amount excreted in excess duririy194+0.017 mmoff (N=8). A marked increase?€0.05) in
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blood lactate levels was observed within the first 4h ostill present at this time (Depledge, 1984; Henry, 1994;
emersion. The high rate of increase was maintained over tiiegnault, 1994). Furthermore, some exchanges between
whole emersion period, and blood lactate level finally reacheldranchial water and the sea water covering the bottom of the
63.1+3.9mmoltl (N=10) in crabs exposed to air for 18h.  box could occur by capillary transfeia the surface of the
pericardial sac (Drach, 1939; Mason, 1970).0n maenas
exposed to air for a much longer period thidnpuber the
ammonia excretion rate decreased further when air exposure
Nitrogen excretion was prolonged. A decrease in ammonia excretion when crabs
Both C. maenasand N. pubershowed a high degree of are deprived of environmental water could be the result of
ammoniotelism, since approximately 88% and 95%gseveral processes. (i) A reduction in the exchange area between
respectively, of nitrogen was excreted as ammonia, whethe haemolymph and branchial water caused by the collapse of
immersed. Little nitrogen was excreted as urea and amines. gill lamellae under these conditions. This will be prevented in
both species, ammonia excretion was rapidly and stronglg. maenashoth by expansion of the marginal canal of the
reduced by air exposure, but the excretion of amines and urkanellae (Drach, 1930) and by the presence of inter-lamellar
did not increase significantly. This indicated that no major shifbridges (Johnson and Uglow, 1985). Since ammonia excretion
in pathways of nitrogen catabolism occurs in response tmtes of both species were reduced to a similar low value during
prolonged emersion. This is corroborated by studies on thée first 12 h of air exposure, a reduction of the exchange area
nitrogen excretion ofCancer pagurusemersed for 18h alone could not be responsible for the low rates of ammonia
(Regnault, 1994) and of semiterrestrial crabs, which remaiaxcretion recorded. (ii) Ammonia accumulation in branchial
ammoniotelic, although exceptions do exist (for a review, sewater (up to 1.9 mmottin Cancer pagurugxposed to air for
Greenaway, 1991Birgus latrois known to excrete urate in 18h; Regnault, 1994) will oppose the diffusion and/or
the faeces (Greenaway and Morris, 1989), although most lardectrochemical gradients required for passive ammonia
crabs do not excrete urate but store it in detectable amountsriglease (Kormanik and Cameron, 1981; Kormanik and Evans,
intracellular compartments (Linton and Greenaway, 4397 1984; Greenaway, 1991), thus impairing this mode of
According to these authors, urate synthesis and its storagenmonia excretion. (iii) An increase in the ammonia content
represent a nitrogen reserve rather than a storage form off the seawater layer on the bottom of the box could inhibit
nitrogen in response to an impediment to ammonia excretiogxcretion. The ammonia content of this water was 1.1 nrhol |
Preliminary measurements of urate levels in the whole body of
C. maena#ndicated that total urate levels did not increase afte

Discussion

a 72h exposure to air (F. Durand, unpublished data). This 900 — A Carcinus maenas ~ 100
not surprising given the high activity of uricase in this specie .
(Dykens, 1991). 800 - (I MUSC|eNHf -90
During the first 12 h of emersion, the ammonia excretion rat 1 Blood NH,™ |
was reduced to 12% and 3% of pre-emersion value. in 3 10+ Blood urate -2
maenasand N. puber respectively. This cannot be attributed g 5L = 11
to a total loss of branchial water since some branchial water 2 ” .
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CO0 4 812 18 24 48 2 Fig. 6. Comparison between the nitrogen excess (N&ol), the
Air-exposure (h) body nitrogen overload (BNQumol) and the BNO/NE ratio (%) in

Carcinus maenagA) and Necora puber(B). NE, nitrogen excreted
Fig. 5. Changes in haemolymph lactate content (mrHolbf by a reimmersed crab (excluding the initial nitrogen burst) above
Carcinus maenagsquares) exposed to air for 72h andN&fcora  control levels; BNO, nitrogen accumulated as ammonia and urate
puber (circles) exposed to air for 18h; values are mearss=#., (1 urate is equivalent to 4NH) in the blood and muscle of an
N=10 for C. maenasand N=8-10 for N. puber C, pre-emersion emersed crab. Haemolymph and muscle were assumed to represent
value. Significant changesP<0.05) between control (C) and 30% and 25% of body mass, respectively. For both species, values
experimental crabs are indicated by an asterisk. were calculated for a 100g crab.
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(N. pubej and 2.3mmoH! (C. maenap at the end of Nitrogen balance
emersion. Crabs were not surrounded by this water but, From the calculations of nitrogen balance, 57 % and 80 % of
because exchanges between it and the branchial water #@ine presumed nitrogen overload was releaseN.ljguberand
possible, its high ammonia level might contribute to theC. maenas respectively, during the recovery period. This
reduction in the rate of ammonia excretion. discrepancy may be due to a possible underestimation of
In semi-terrestrial crabs, urine recycling in the branchiahitrogen excretion during emersion as a result of gaseogs NH
chamber favours ammonia excretion by the maintenance ekcretion. Release of gaseous Nkbm pleon fluid is known
active Nd/NH4* exchanges (Wolcott, 1991¢. maenashas in terrestrial isopods (Wright and O’Donnell, 1993). In two
been observed to reprocess its urine in the branchial chambidghly terrestrial crabs,Geograpsus grayiand Ocypode
(Harris and Santos, 1993), although the effects of this procegsiadratg NHz volatilization occurs in the branchial chambers
on ammonia excretion have not been investigated. This proce@Sreenaway and Nakamura, 1991; De Vries and Wolcott,
nevertheless might be responsible for the low ammoni&993), but in most amphibious crabs, little or no ammonia is
excretion rate o€. maenasfter 48 h of air exposure. excreted in gaseous form (Wood and Boutilier, 1985; Linton
In crabs, the main function of the antennal gland is irand Greenaway, 1995; Dela-Cruz and Morris, 1997). Thus,
hydromineral regulation. The bladder is a small compartmergven if gaseous ammonia excretion cannot be discounted for
(no more than 2% of body mass@ maenasRiegelet al.  C. maenasthis possibility is extremely unlikely in the marine
1974) and little ammonia is excreted in the urine (Regnaulspecies N. puber which does not naturally experience
1987). This is also true for terrestrial and semi-terrestrial crajgolonged air exposure. Consequently, the above discrepancy
(Gifford, 1968; Wolcott and Wolcott, 1987; Greenaway ands unlikely to be due to the production of gaseous Ntiting
Nakamura, 1991; Dela-Cruz and Morris, 1997). Urineemersion.
secretion continues during emersion, although at a lower rateIn Cancer pagurusa reduction in the rate of nitrogen
(Harris and Santos, 1993); however, the ammonia from theaetabolism to approximately 30 % of its pre-emersion level in
urine would have been mixed with the water from the bottonmesponse to air exposure was considered to be the result of
of the box and was taken into account during the estimation afietabolic depression (Regnault, 1992). This was also

ammonia excretion during emersion. observed, to a larger extent, @ardisoma carnifexwhich
_ _ _ appeared to cease its ammonia production rather than turn to
The nitrogen burst at reimmersion excretion of gaseous ammonia (Waoetdal. 1986). Assuming

In  both species, a very large ammonia releas¢hat this adaptive process operate€irmaenagndN. puber
(approximately 10@mol for a 100g crab) was observed the rate of ammonia production would be reduced to 80 % and
during the first 5min of reimmersion. Such a large ammoni&5-60 % of the pre-emersion level, respectively, according to
output at reimmersion has been observed previoushanter  our calculated balance. The 80 % decrease in the rate of oxygen
pagurus (Regnault, 1994). This ammonia burst, whichconsumption of emersed. puberobserved by Johnson and
corresponded in the present study to an ammonia excretiddglow (1985) suggests a more profound decrease in general
rate 25 times higherN. pube) and 60 times higherC{  metabolism than that implied by the decrease in the rate of
maena} than the pre-emersion rate, could not represent ammonia production (this study). Moreover, the shiftNof
realistic metabolic rate. Handling stress, which was observagouber to anaerobic metabolism, as shown by the increased
to increase the ammonia excretion rate by 1.5- to twofold (Fblood lactate content, indicates that the depression of metabolic
Durand, unpublished data), together with an increase in thate was not fully effective. In contrast tb puber the 20%
metabolic rate (a maximal fivefold increase), could not explaimeduction in the rate of nitrogen production observedin
such a large enhancement of ammonia excretiormaenawas in agreement with the 20—30% decrease in the rate
Consequently, this ammonia output must represent thef oxygen consumption observed in this species during air
draining of an extracellular compartment, as discussedxposure (Newelkt al. 1972; Wallace, 1972). In spite of this
previously by Regnault (1994). InC. maenas the moderate decrease in metabolic r&temaenaslid not employ
glycosaminoglycan (GAG) content of gills was observed t@mnaerobic metabolism. However, the slight decrease in
increase steadily throughout a 72 h air exposure (Regnault androgen metabolism observed @ maenasiuring prolonged
Durand, 1998). Enrichment of gill tissue with these anioniair exposure could be the result of a reduction in general
polymers, which are major components of the extracellulaactivity (quiescence of emersed crabs) as well as a depression
matrix, suggests that GAG synthesis in response to aof metabolic rateper se Thus, resorting to a strategy of
exposure might preserve this tissue from dehydration anchetabolic depression seems unnecessary for this species,
favour NHs* storage in the extracellular matrix. Since GAGswhich is known for its ability to survive in both sea water and
behave like any cation exchanger, the sNHvould be air (Taylor and Butler, 1978).
liberated at reimmersion when the electrolyte concentration
and pH of the branchial water changed. Thus, the gill Blood and muscle ammonia content
extracellular matrix rather than branchial water stores would In both species, blood ammonia content increased during the
be implicated in the sudden release of ammonia observed fast 12h of air exposure, although the amplitudes of these
this time. increases were not equivalent: the rate of increase was 10-30
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times higher inN. puberthan in C. maenas This general 12h of air exposure (Regnault, 1992). In contrBstpuber
pattern indicates that ammonia production did not cease durirexhibited little or no ability to regulate the ammonia level,
air exposure, despite the reduction in the rate of ammoniither in blood or in muscle, and ammonia storage as amino
excretion. An increase in blood ammonia levels in response #rids in this species seems to be unlikely during emersion.
air exposure has been observed previously in several species
following 4-18 h of air exposure (deFur and McMahon, 1984; Blood urate and lactate levels
Schmitt and Uglow, 1997; Regnault, 1992). In N. puber blood urate content increased markedly
After the first 12h of air exposure, blood ammonia levethroughout the period of air exposure and, although
increased further itN. puber whereas it remained stable for surprisingly high values, given the solubility of urate, were
the next 60 h of emersion @. maenasThis indicated thaE.  recorded (approximately 66@noll=1), similarly high blood
maenas in contrast toN. puber can regulate its blood urate levels have been observed previously in crustaceans
ammonia level. This is only apparent after a prolonged aifHenry and Cameron, 1981). An increase in blood urate levels
exposure and, consequently, has not been reported for othweas observed, although at a lower rateCiencer pagurus
marine species. It is also of interest to note that somemersed for 18 h (Regnault, 1992). Regnault (1992) suggested
specimens olN. puberhad a very high blood ammonia content that blood urate accumulation was the result of the inhibition
which, nevertheless, was not lethal since these specimeot urate breakdown rather than the enhancement of
recovered totally following reimmersion. uricogenesis. Uricase is known to be inhibited when oxygen
Muscle ammonia content increased in response to aavailability is reduced and, consequently, urate accumulates in
exposure ifN. puber Few studies have investigated the muscleghe blood under hypoxic conditions (Dykens, 1991). Urate
ammonia content of crustaceans (Vincent-Marique and Gillesccumulation in the blood ®f. pubersuggests that this species
1970; Henry and Cameron, 1981; Shinagatval. 1995), and rapidly developed internal hypoxia. This is corroborated by the
changes in response to air exposure have not been reportedapid increase in its blood lactate content which, after 4 h of air
our knowledge. In the amphibious fisReriophthalmus exposure, was 9 mmofy, a value similar to that observed after
cantonensisammonia accumulated in muscle when the fishhe same period i€ancer productugdeFur and McMahon,
were emersed or exposed to high environmental ammonik984). The very high rate of increase in blood lactate levels
levels (lwata, 1988). Such an increase presumably indicatebserved inN. pubershows that this species switches very
that muscle tissue can store ammonia during air exposure asapidly to anaerobic metabolism to meet its energetic needs
does during muscular work. In the present study, muscl@hen emersed.
ammonia content increased continuouslyNinpuberduring In contrast, the blood urate content@f maena did not
the emersion period, and muscle tissue appeared to be a sitérmfrease significantly until 72 h of air exposure, at which point
ammonia storage. In contrast, the slight transient increase itnwas lower than that recorded in this species after an imposed
muscle ammonia level observed @ maenasndicates that environmental hypoxia (Lalliegt al. 1987). Moreover, lactate
muscle tissue may be a site of temporary ammonia storage kit not accumulate in the blood of air-exposed crabs. Although
also a site of ammonia detoxification, for example by theC. maenasdeveloped some internal hypoxia late in the
synthesis of nitrogenous compounds. @ maenas this  emersion period, it did not resort to anaerobic metabolism and
suggestion is corroborated by the pattern during reimmersioprobably adjusted its metabolic rate to the oxygen availability.
(i) an increase in muscle ammonia content early in recoveryletabolic rate depression, which is observed in several
(Fig. 3A), (ii) an increase in blood ammonia content (Fig. 2A)intertidal species in order to avoid anoxia (Storey and Storey,
and (iii) simultaneously elevated ammonia excretion rates (Fid.990), would be a possible respons€ofmaenasvhen facing
1A). These patterns suggest that nitrogenous compounds anprolonged air exposure.
muscle were used as metabolic substrates in the first 12 h of
reimmersion. Neither emersed nor immerséd maenas Recovery of the body nitrogen overload
exhibited the high levels of blood ammonia observed during Two different patterns of recovery were observed in the two
the first 12 h of recovery. While muscle ammonia content hadpecies studied. INecora puberammonia excretion rate was
returned to the pre-emersion level after 12h of reimmersiorenhanced during the first 3h of reimmersion, but during the
blood ammonia content remained higher than its pre-emersiorext 9h of reimmersion the rate was similar to that of
level even after 24 h, suggesting that nitrogen catabolism wasmersedN. puberunfed for 24h. Both blood and muscle
still elevated. Non-essential amino acids could be goodmmonia contents decreased within a few hours of
candidates for the products of this process. An increase in thheimmersion, indicating that total ammonia clearance from
muscle amino acid pool in response to either emersion dhese two body compartments was achieved rapidly. The
environmental ammonia overload has been observed in afower decrease in blood urate level indicates that urate
amphibious fish (Iwata, 1988) and in the isodédrcellio  breakdown occurred gradually and that uricase activity was not
scaber(Wright et al. 1996). In addition, the activity of the impeded, suggesting that the oxygen debt resulting from air
NADH-dependent glutamate dehydrogenase (the main routxposure was rapidly repaid (deFur and Mc Mahon, 1984;
for ammonia incorporation in non-essential amino acids) wagarley and Greenaway, 1992).
observed to increase in muscle@dncer pagurugollowing Carcinus maena®xhibited a totally different pattern of
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response during the recovery period. In the first hour followingither the generally reduced activity exhibited by quiescent
the initial burst release of ammonia, its ammonia excretion ratemersed. maenasr a metabolic rate depressijoer se which
was similar to the pre-emersion rate. However, this rate wagmains questionable in view of the known abilityCoimaenas
significantly higher than that of controls kept immersed ando breath in both sea water and air. Moreo@emaenasould
unfed for 72h. In comparison with these controls, the rate akgulate its nitrogen metabolism under these conditions. The
ammonia excretion of reimmersed crabs during the first hounechanisms and metabolic pathways involved in this
of reimmersion would lead to a total clearance of ammoniaegulation, in which amino acid synthesis appears to have a key
from the haemolymph. The enhancement of the rate able, as suggested by the BNO/NE ratio and the recovery events,
ammonia excretion in the subsequent hours suggests thamain to be investigated. Besides the obvious and previously
unexcreted ammonia was stored as nitrogenous compoundemonstrated adaptations of its respiratory and osmoregulatory
rather than as free N processes, the ability d€. maenasto regulate its nitrogen
Since ammonia excreted after the initial nitrogen bursietabolism during emersion confirms that such adaptations are
originated from internal body compartments, it is of interest t@lso necessary for crustaceans to evolve a terrestrial existence.
compare the excreted nitrogen excess excluding the initial
burst (NE) with the body nitrogen overload (BNO, see Results
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