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Summary

Adaptations to salinity are reviewed throughout
development in both species of the genddomarus Some
populations of homarid lobsters are known to inhabit
coastal and estuarine areas where salinity fluctuates.
Salinity tolerance varies during development, with 50 %
lethal salinities (LSsg) ranging from approximately
15-17 %o in larvae to approximately 12 %o in postlarvae and
10%o in adults. Larval and adult lobsters can avoid low-
salinity areas using behavioural strategies.

When exposed to low salinity, the capacity to
osmoregulate varies with development. Embryos are
osmoconformers and are osmotically protected by the egg
membranes. Larvae are also osmoconformers, and the
pattern of osmoregulation changes at metamorphosis to
hyper-regulation, which is retained throughout the later
stages up to the adult stage. Exposure to low salinity
increases the activity of N&K*-ATPase in postlarvae and
later stages. The level of osmoregulation evaluated through
the osmoregulatory capacity (the difference between
haemolymph and medium osmolalities) is negatively
affected by low temperature (2°C). The variations in
haemolymph osmolality resulting from osmoconforming or

partial osmoregulation are compensated by intracellular
iso-osmotic regulation. Neuroendocrine control of
osmoregulation appears in postlarvae and seems to involve
the crustacean hyperglycaemic hormone. In adult lobsters,
the gills appear to have a respiratory function only, and
extracellular osmoregulation is effected by the epipodites,
with the addition of the branchiostegites at low salinity.
These organs are present at hatching. Transmission
electron microscopy and immunolocalization of N&K*-
ATPase reveal that the epipodites become functional in
larvae and that the branchiostegites become functional
in postlarvae. An integrated series of events links the
appearance of osmoregulatory tissues, the increase in
Na*/K*-ATPase activity, the occurrence in postlarvae of
hyper-regulation at low salinity and the increase in salinity
tolerance. Further ecological and physiological studies are
proposed for a better understanding of the adaptive
significance of the ontogeny of osmoregulation in lobsters.

Key words: salinity, adaptation, ontogeny, tolerance,
osmoregulation, crustacean, lobstdnmarus gammarysHomarus
americanus

Introduction
Homarid lobsters, like other aquatic organisms,

are Because of the commercial importance of the lobsters

influenced during their entire life cycle by the composition ofHomarus americanuandH. gammarusthe literature related

the water in which they live. Among numerous adaptations, th® their ecology and physiology is abundant. The objectives of
survival of individuals and the success of their populations arthis review will be to demonstrate (i) the adaptive significance
based on their ability to cope with the ambient salinity and itef osmoregulation throughout the life of homarid lobsters and
variations. In adult crustaceans, this is generally, but ndii) the physiological basis of osmoregulation during their
exclusively, achieved through osmoregulation (for reviews, sedevelopment. The terminology used in this article will be based
Mantel and Farmer, 1983; Péqueux, 1995). Several studies previous reviews of the embryonic (Helluy and Beltz, 1991)
conducted in diverse species have also demonstrated thed post-embryonic (Charmantier et al., 1991) development of
adaptive importance of osmoregulation throughoutomarids. The embryonic phase consists of a nauplius stage
development, since the adaptability of each developmentaihd a metanauplius stage, ending as a prelarva that emerges at
stage to salinity is one of the conditions for the successfilatch and moults into the first larval stage. Stage | is followed
establishment and/or maintenance of a species in a habitat (foy two additional planktonic larval stages, Il and Ill. The

a review, see Charmantier, 1998). fourth postembryonic moult, or metamorphosis moult, results
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in stage 1V, which is the first postlarval stage and which tendiemales, have not been reported tdomarus gammarus
to become benthic, as are the later stages. A series of juvenf&mith et al., 1998a,b).
stages then begins, corresponding to the different life history The settlement of postlarvae, of which little is known in the
phases leading to adults (Lawton and Lavalli, 1995). field (Lawton and Lavalli, 1995), seems to be based on
The term salinity will be used in its generally accepted fornenvironmental cues, including the presence or absence of a
to mean salt concentration in grams per litre of water, denotelermal gradient, which ‘could lead the postlarvae to warmer,
as %.. When necessary, osmoconcentration (osmolality; ishallower, inshore areas’ (Wahle and Steneck, 1991; Lawton
mosmol kg?) will also be used. A value of 3.4%. is equivalentand Lavalli, 1995). Field research is now concentrating on the
to 100mosmolkg (29.41mosmolkgt per 1%.). Seawater identification of nursery areas where the settling postlarvae
salinity is approximately 34 %o (osmolality: 1000 mosmoiBg  grow into juveniles before their dispersal. Of particular interest
in recent years has been the finding of juvemil@marus
americanug(ranging from 3 to 42mm cephalothorax length)
Ecological considerations in intertidal New England, from Maine to Connecticut (Krouse
Before going further into physiological considerations,and Nutting, 1990a,b; Cowan, 1999), sometimes exposed to
it is necessary to address the question of whetherery low salinities down to 0%. during the winter snow run-
osmoregulation is relevant in homarid lobsters. A traditionabff (D. F. Cowan, cited in Lawton and Lavalli, 1995). Juvenile
approach is to consider them as stenohaline marine organisiasd adult lobsters have also been reported in intertidal zones
limited to coastal and offshore habitats where salinities arim Maine, USA (J. S. Krouse, cited in Lawton and Lavalli,
typically over 25%. (Dall, 1970). ‘Both homarid and 1995) and in Prince Edward Island, Canada (Mackay, 1920).
palinurid lobsters occupy stable, fully marine habitats, are Estuaries, at least the lower part of them, might also be
stenohaline, do not normally enter low salinity estuarinespossible sites for settlement of postlarvae, as demonstrated by
and consequently hold little interest for the student othe studies conducted in Narragansett Bay, Rhode Island, USA
osmoregulation’ (Dall, 1980). (Wahle, 1993), and in Great Bay, New Hampshire, USA
However, lobster populations can be found from depths ofwatson et al., 1999). Recently, the occurrence of a few
approximately 700m to intertidal and are subdivided intguveniles of Homarus gammarus(early benthic phase,
offshore and inshore populations (respectively offshore andephalothorax length range 28—-45mm) has been reported in an
inshore from the 50km band of coastal waters) (Cooper andtertidal habitat at Johnshaven, south of Aberdeen, Scotland,
Uzmann, 1980). It has been known for some time that some wfhich receives ‘a substantial volume of freshwater inflow’
the latter, mainlyHomarus americanyscan be found in (Linnane et al., 2000).
estuarine and subtidal areas where they may be subjected tdBesides the benefits of higher water temperatures mentioned
short-term exposure to varying salinities (Thomas, 1968above, one hypothetical advantage of the estuarine and/or
Thomas and White, 1969; Reynolds and Casterlin, 1985ntertidal habitat for lobsters, especially for the young stages,
Howell and Watson, 1991; Maynard, 1991; Jury et al.might be the reduction in predation and competition in these
1994a,b; Smith et al., 1998a,b; Watson et al., 1999; Moriyasenvironments, which might result both from the ready
et al., 1999) that can occasionally lead to mortality after thavailability of hiding crevices (Wahle and Steneck, 1992;
spring run-off (Thomas and White, 1969). The estuarindinnane et al., 2000) and from varying salinity excluding
populations have a high proportion of males (Munro andtrictly marine pelagic and demersal fish, which are among the
Therriault, 1983; Robichaud and Campbell, 1991, for reviewsnost significant of their predators (for a review, see Ennis,
see Jury et al., 1994b; Watson et al., 1999), which might resull®95). In situ verification of these hypotheses would be of
from differential movements of males and females in respondaterest.
to salinity and/or temperature gradients (Howell and Watson, There is, therefore, mounting evidence that, in some of their
1991; Watson and Howell, 1991). Berrietlomarus inshore populations, homarid lobsters at all developmental
americanudemales are known to migrate from deeper waterstages, from embryos to adults, may be exposed to varying
to shallow waters in spring (Morrissey, 1971; Munro andsalinities. Additional data on this subject will certainly
Therriault, 1983; Campbell, 1986, 1990). While theseoriginate from further studies aimed at identifying settlement
movements are probably linked to the search for the high watand nursery areas. Some of these studies should be conducted
temperatures favourable for moulting, growth, mating, egdor Homarus gammarysfor which information is scarce
extrusion (Cooper and Uzmann, 1971, 1980; Aiken andompared with that available for the American species. It
Waddy, 1986) and rapid embryonic development (Campbellyould also be profitable for ecologists and physiologists for
1986; Lawton and Lavalli, 1995; Talbot and Helluy, 1995),salinities to be carefully and systematically monitored and
they result in the exposure of the females, late embryos amdcorded during these field observations.
early larvae to potential variations in salinity. A recent detailed
study conducted in Great Bay estuary, New Hampshire, USA,
has shown that most movements of lobsters into the estuary Salinity tolerance
occurred in spring, when salinities were over 15 %0 (Watson et Even before comprehensive ecological studies had shown
al., 1999). Comparable migrations of lobsters, particularly othe potential exposure of lobsters to low salinity under natural
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conditions, several authors had made similar observations. &l., 1994a). In 1-year-old juveniles éfomarus gammarys
addition, and from an economical point of view, which hagreliminary experiments showed survival with little or no
frequently been important in lobster studies, ‘heavymortality between 13.6 and 47.6 %o salinity (Charmantier et al.,
mortalities occur at times among lobsters that are held ih984c).
large numbers by the industry... In general, adverse Salinity tolerance varies with the developmental stage.
environmental conditions have been suspected’ (McLeesg&mbryos in eggs carried by fema#e@marus americanugied
1956). These observations led to different evaluations of theithin 2 h of exposure to 17 %0 but tolerated 24 %o for at least
salinity tolerance of lobsters. Given that, in the latitudesl2 h (Charmantier and Aiken, 1987). Larvae appear to be less
where lobster populations are found, freshwater run-offs armlerant than adults to low salinity. Homarus gammaruand
a much more common occurrence in estuarine and subtiddiomarus americanysrespectively, Gompel and Legendre
conditions than seawater evaporation, these studies wef927) and Templeman (1936) found that the larval period
aimed at investigating their tolerance to low salinities.could progress to metamorphosis and stage IV at 15-17.5°C
Following preliminary investigations by Chaisson (1932), aonly at salinities above 17%.. Sastry and Vargo (1977)
comprehensive study was conducted by McLeese (1956) observed that larvae dlomarus americanusleveloped to
the combined effects of temperature, salinity and oxygestage V in salinities above 20%. at 15°C and 15%. at 20°C
levels on the survival of aduHomarus americanud_ethal  (Table 1). In the same species, at 20 °C, 484p t&hged from
salinities for 50 % of the animals exposed for 48 h (484p.S 14 to 18 %o in larvae, was maximal at metamorphosis and
varied according to the level of these variables duringlecreased to approximately 12 %o in postlarvae; 484p W&s
acclimation. For a combination of 5°C, 30% andapproximately 10%. in 1-year-old juveniles (Charmantier
6.4mg QI71, a lethal salinity as low as 6 %o was reported (se@t al., 1988; Table 1). Moulting increased shSat all
Table VI in MclLeese, 1956). For combinations moreexperimented stages, in general by approximately 1 %o.
representative of field conditions, $Svaried from 8.0 to An overview of these results, which is possiblélomarus
11.7 %o (Table 1; see also Table XI in McLeese, 1956). americanusshows that the tolerance to low salinity, evaluated
The tolerance to low salinity was lower in soft-shelledthrough reverse variations in 48 hdg&t 20 °C, is moderate
lobsters, i.e. shortly after moulting (see Table V in McLeeseand tends to decrease during the larval phase (stages I-lII:
1956). Adults of the same species maintained at 15°C wesgpproximately 14-17 %o), is minimal at metamorphosis
reported to survive for at least 3 days at 10 %o salinity (Jury gapproximately 18 %0) and increases sharply in the immediate

Table 1.Values of lethal salinity for different developmental stages of homarid lobsters following or at different conditions of

acclimation
Species Stage Conditions Lethal salinity Reference
Homarus americanus Adult T:5, 15, 20, 25, 30°C 48h 158 8.0-11.7 %o 1
S: 20, 25, 30 %o (increase at moult)
[02]: 2.9, 4.3, 6.4mgt
Homarus americanus -1V T:15-17.5°C Development possible at S>17 %o 2
Time to stage IV unaffected at 21-32 %o
Survival: 83 % at 31-32 %o
63 % at 21-22 %o
<10% at 17<S<20 %o
Homarus americanus -V Development to stage V possible at: 3
T:15°C S>20 %o
T:20°C S>15 %o
Homarus americanus I T:20°C 48h LS0: 14.2 %o 4
Il 14.9 %o
I} 16.6 %o
Metamorphosis
(late IlI, early IV) 17.5-18.0 %o
\Y 12.9 %o
\% 11.6 %o
1-year-old juveniles 10.0 %o
(increase at moult)
Homarus gammarus -1V T: 15-17.5°C Development possible at S>17 %o 5

IMcLeese, 1956fTempleman, 1936 Sastry and Vargo, 1977Charmantier et al., 1988Gompel and Legendre, 1927.
S, salinity; T, temperature; 48 h §§lethal salinity for 50 % of the animals exposed for 48 h.
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postlarval stages (stages IV, V: approximately 12 %) and moresmolalities and therefore prevents massive movements of

slowly thereafter (juveniles, adults: approximately 10 %o). Thewvater across the cell membranes and maintains an almost

tolerance to low salinity is negatively affected by moultingconstant cell volume. Both mechanisms have now been

throughout the life cycle of lobsters. demonstrated to exist in homarid lobsters, and the available
information is reviewed below.

Behavioural response to variations in salinity Osmoregulation
When lobsters are confronted with salinity variations in their The osmolality and ionic composition of the haemolymph
environment, and if they are to survive them, they carmf lobsters in sea water have been investigated previously (for
theoretically react in two ways, either behaviourally by tryingreviews, see Charmantier et al., 1984a,c). Preliminary data on
to avoid them or physiologically through processes of osmotithe osmoregulation dlomarus americanugere reported by
regulation (see below). IHomarus americanysScarratt and Cole (1940, 1941), McLeese (1956) and Burger (1957). A
Raine (1967) demonstrated experimentally that, given ththorough study showed that adults of this species were almost
choice between sea water (31.7%.) and a dilute mediumso-osmotic (hyper-osmoconformers) in sea water and were
(21.4 %0), newly hatched stage | larvae were able to detect, astight hyper-regulators in dilute media (Dall, 1970). Similar
then to avoid, the lower salinity. If, as is probable, this reactionesults have been reported in juveniles of the same species
extends throughout the larval period, larvae could avoid lowCharmantier et al., 1984a) and éfomarus gammarus
surface salinities resulting, for instance, from rainfall.(Charmantier et al., 1984c). In both species, and for media
However, the poor swimming ability of larvae probably doesosmolalities ranging from 400 to 600 mosmotkg
not permit them to avoid large areas of reduced salinity. (13.5-20.5%0), juvenile and adult lobsters maintain an
In adults of the same species, behavioural data relatetsmoregulatory capacity (the difference between the
to the avoidance of low salinity have been gatheredsmolalities of the haemolymph and the medium) of
experimentally (Jury et al., 1994b). They indicate that adulapproximately 100—125 mosmolkg Comparable values were
lobsters are capable of detecting changes in salinityecorded in a more recent study of osmoregulation in adult
comparable with those found during natural fluctuations irHomarus americanuglury et al., 1994a). No difference was
coastal bays and estuaries (between 20-25 %o, and 10-15%9und between the haemolymph osmolalities of males and
When exposed to sufficiently low salinity, they attempt tofemales at low salinity. In both sexes, exposure to low salinity
avoid it. Jury et al. (1994b) reported that adult Americarcaused an increase in the rate of oxygen consumption, heart
lobsters moved out of their shelters when salinity in theate and scaphognathite beating rate. However, at 10 %o
shelter was below 12 %.. This value is only marginally highesalinity, females appeared to use more energy (evaluated
than the L$o for this species (McLeese, 1956). Femalesthrough oxygen consumption) than males to maintain the same
appear to be more sensitive to reductions in salinity, a factsmotic balance. The authors conclude that the energetic
that the authors relate to the higher proportion of malelemands of osmoregulation may determine, in part, the
lobsters in estuaries (for a review, see Jury et al., 1994kjistribution and/or movements of lobsters in estuarine habitats
According to these authors, the avoidance of low salinityand the domination of male lobsters among the populations of
exhibited by lobsters may influence their seasonal movemenseme estuaries.
in estuaries, particularly the avoidance of the upper estuary The ability of lobsters to osmoregulate is affected by
in spring, followed by a migration into the estuary duringtemperature (G. Charmantier, M. Charmantier-Daures and D.
spring or early summer (Munro and Therriault, 1983; HowelE. Aiken, unpublished data). Following 10-15 days of culture
and Watson, 1991; Watson and Howell, 1991; Maynardat temperatures of 2, 11, 20 and 25°C, late juveniles
1991; Robichaud and Campbell, 1991; Watson et al., 1999)25-30 mm cephalothorax length) idbmarus americanui
In addition, Jury et al. (1994a) have reported high rates dhtermoult stage C exhibited large differences in their ability
energy consumption linked to osmoregulation in adulto hyper-regulate at low salinities. At temperatures of 20°C
lobsters, and they suggest that behavioural strategies to av@idd 25°C, the osmoregulatory capacity was maximal
low salinity would be more adaptive than extended period§93+13 mosmol kgt at 20 °C and 89+14 mosmolKgat 25 °C
of ion pumping. in  500mosmolkgl, 17%. salinity). In contrast, lower
temperatures of 11°C and especially 2°C resulted in
significantly lower osmoregulatory capacities of, respectively,
Osmotic regulation 54+8 and 16+3mosmolKkg (Fig. 1). There is therefore no
When environmental salinity decreases and behaviouralear relationship between low salinity tolerance (McLeese,
avoidance of low salinity is impossible, the survival of lobstersl956) and high osmoregulatory capacity at 25°C. The main
within the tolerance limits of each of their stages indicategenzymes of metabolism generally have a thermal optimum
that physiological mechanisms are involved. They can uselose to the mean temperature of the habitat (Schoffeniels and
extracellular osmoregulation, which minimizes osmolalityDandrifosse, 1994), e.g. 12°C for lactate dehydrogenase in
variations in the haemolymph, and/or intracellular iso-osmotitHomarus gammaruélrausch, 1976). However, the optimum
regulation, which equilibrates the intra- and extracellulatemperature for the activity of the key osmoregulatory enzyme
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Fig. 2. Variations in the haemolymph osmolality of larval (stages I,
Il 'and Il1), postlarval (stage 1V) and adiiomarus americanuas a
function of that of the medium at 20°C. Values are measd+
from 5-20 individuals. In larvae, data are shown from stage Il only.
At each salinity, data from stages I, 1l and Ill are not significantly
different (after Dall, 1970; Charmantier et al., 1988; G. Charmantier,
M. Charmantier-Daures and D. E. Aiken, unpublished data). The iso-
osmotic line is drawn.

Fig. 1. Variations in the haemolymph osmolality of late juvenile
Homarus americanuas a function of that of the medium following
10-15 days of exposure to different temperatures. Values are mee
+ s.b. from measurements on 7-10 animals (from G. Charmantie
M. Charmantier-Daures and D. E. Aiken, unpublished data). The isc
osmotic line is drawn.

Na"/K*-ATPase (see below) is close to 37°C (Thuet et al.
1988; Lucu and Devescovi, 1999), a fact that may help tbecause the egg volume does not increase greatly (G.
explain the increase in osmoregulatory capacity withCharmantier, unpublished data), and the diffusional loss of ions
temperature up to 20-25°C. is reduced. Both these properties might originate from the

Osmoregulation in lobsters is apparently achieved througimpermeability of the egg membranes or, for the former, from
the hyper-regulation of Naand, to a lesser extent, CK*is  the limit to egg volume increase provided by the membranes.
hyporegulated at high salinities, and #gis strongly The structure of the lobster egg membranes has been described
hyporegulated at all salinities (Charmantier et al., 1984c). (for reviews, see Aiken and Waddy, 1980; Talbot and Helluy,

Experimental eyestalk ablation and reimplantation havd995), but their permeability has yet to be studied in detail. It
shown that the former operation removes the ability to hypelhas been suggetsed that the permeability increases in lobster
regulate at low salinity. Ndevels and osmotic regulation are eggs before hatching which, given their high internal
neuroendocrinologically controlled in juvenile and adultosmolality, would result in osmotic intake of water and
Homarus americanu&harmantier et al., 1984a; Charmantier- subsequent rupture of the membranes (Pandian, 1970a,b). In
Daures et al., 1994). This control is probably mediated througummary, the egg membranes protect lobster embryos
an isoform of the neuropeptide crustacean hyperglycaemizsmotically against variations in the external salinity. This can
hormone (CHH) synthesized in the eyestalk neuroendocrinee considered as an adaptation to fluctuating salinities in
centres and released through the sinus glands (Charmantieoastal and estuarine areas (Charmantier and Aiken, 1987).
Daures et al., 1994). Immediately after hatching, prelarvae oflomarus

The pattern of osmoregulation changes during the earlgmericanusare also osmoconformers (Charmantier and Aiken,
development of lobsters. Embryos are unable to osmoregulai®87), as are the three successive larval stages, I, Il and Il
(Charmantier and Aiken, 1987). When experimentally directlfCharmantier et al., 1988). Their time of osmotic adaptation to
exposed to the external medium after removal of the embryong lower salinity is short, close to 1 h. These planktonic stages
egg membranes, they react as osmoconformers. If exposedth@refore osmotically closely follow the changes in the medium
a dilute medium, 24 %o for instance, their internal osmolalitysalinity, after rainfall for instance. This has led to the
drops within 1 h, and they do not survive for more than 3 h. Imypothesis, as will be seen below, of intracellular iso-osmotic
contrast, embryos maintained in intact eggs retain a higheegulation in the larval stages. Following metamorphosis, the
osmolality (by approximately 100 mosmorRgat 24%.) and adult pattern of osmoregulation is acquired in stage IV
survive longer exposures to low salinity, e.g. 12 h at the sammostlarvae, which are iso-osmotic in sea water and are slight
salinity. At low salinity, the osmotic water intake is limited, hyper-regulators at low salinity. At 17 %o (500 mosmoiRg
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for instance, their osmoregulatory capacity is approximately Enzymes such as carbonic anhydrase antlkKNaATPase
80 mosmol kg! (Charmantier at al., 1988) (Fig. 2). It increasesare known to be implicated in ion transport. A study conducted
in the following stages to the juvenile and adult values ofn Homarus gammarugevealed that carbonic anhydrase
100-125 mosmol kg. The same pattern of changes in osmoticactivity was higher in the gills and epipodites in stage IV than
regulation throughout post-embryonic development, and verin stage Ill. In addition, in all organs tested (gills, epipodites,
similar values of osmolality, have been foundHomarus cephalothorax, abdomen and pleopods) and compared with sea
gammarugThuet et al., 1988). water, a 5h exposure of individuals to 17 %0 salinity induced
The ontogeny of osmoregulation found in bétomarus no change in NgdK*-ATPase activity in stage Ill, but this
species relates them to the third pattern recognized iexposure was followed by a highly significant increase in stage
crustaceans (Charmantier, 1998) in which metamorphosi¥/, probably as a result of an activation process (Thuet et al.,
marks the appearance of the adult type of osmoregulation. TH®88). These increases in enzymatic activity are probably one
change in the osmoregulatory ability of postlarvae providesf the physiological bases of the changes in patterns of ionic
them with an increased density at low salinity since theiand osmotic regulation at metamorphosis.
extracellular medium is more concentrated than the external lonic and water exchanges, and ionic transport, occur at the
medium. As noted by Foskett (1977), this consequence dével of structures separating the body of the animal from the
hyperosmotic regulation is a positive adaptation for theexternal medium. Several specialized structures have been
planktonic-to-benthic transitional stages IV and V since theithought and/or shown to participate in osmoregulation in
increased density helps them to seek and stay on the bottoonustaceans, particularly the gut, the excretory organs and the
The changes in osmoregulation at metamorphosis appear ddls (for reviews, see Mantel and Farmer, 1983; Taylor and
originate from changes in Naegulation, Nalevels being iso- Taylor, 1992; Péqueux, 1995; Ahearn et al.,, 1999). The

ionic in stage Il and slightly hyperionic in stage IV. digestive system of lobsters has been described in great detalil
Concomitantly, water content drops from 82 % in stage Ill tqfor a review, see Factor, 1995) as has its ontogeny (Factor,
71.5% in stage IV (Charmantier et al., 1984b). 1981). lon and water uptake have been demonstrated in the

Experimental eyestalk ablation/reimplantation  hasintestine, the posterior midgut caecum and the hindgut
demonstrated that Niaoncentration is regulated from stage (Mykles, 1980; Conklin, 1995). While the role of the two
IV, as in adults, by eyestalk neuroendocrine factors. Sucformer organs in water uptake at moult in adults has been
factors are not present or efficient in stage Ill, andclearly demonstrated (Mykles, 1980, 1981), their function in
osmoregulation in stage Ill is not affected by implantation obsmoregulation is unproved, and no functional data are
stage IV eyestalks (Charmantier et al., 1984b). Histologicakvailable during the early developmental phase.
ultrastructural and immunocytochemical studies conducted The excretory organs of lobsters, the two antennal glands,
in Homarus gammarushave revealed that the eyestalk have been the subject of few studies, and it must be emphasized
neuroendocrine system is present, and that CHH is localizeébat no detailed information on their ontogeny is available.
in some of its neuroendocrine cells, during the embryonitirine is essentially iso-osmotic to the haemolymph in
metanauplius stage (Rotllant et al., 1995) and in the larval arldomarus americanysespecially at low salinity (Dall, 1970),
postlarval stages (Rotllant et al., 1993). But the sinus gland,wahich excludes any significant role of the excretory organs in
neurohaemal site, is functional only from larval stage losmoregulation. They may be involved in the regulation of
(Rotllant et al., 1994, 1995). Taken together, these resultdg?* levels (Robertson, 1949) which, as already noted, are
suggest that the neuroendocrine system appears to beongly hypo-regulated iRlomarus gammaru@Charmantier
functional before the appearance at metamorphosis of thed al., 1984c). In larvae dflomarus americanysMg?* was
ability to hyper-regulate. It is therefore probable thatfound to be excreted at a lower rate than in adults (Newton and
metamorphosis marks the appearance of functiondPotts, 1993), suggesting that the excretory organs are not fully
osmoregulatory effector organs. This issue will be addressddnctional since their development may still be incomplete
below. (Waite, 1899).

The moult cycle has been shown to affect osmotic regulation The gills are the site of several functions in lobsters, e.g. gas
in young postembryonic stages ¢fomarus americanus exchange, acid-base regulation and nitrogen excretion
(Charmantier et al., 1988). In premoult larval stages I-ll, théMcMahon, 1995), and, since there is ample evidence that they
haemolymph osmolality increases in all media, which mighare an important site for ion exchange in many crustaceans (for
favour the uptake of water at ecdysis. Postmoult postlarvaieviews, see Taylor and Taylor, 1992; Péqueux, 1995), it has
stages IV and V demonstrate a reduced ability to hypeibeen suggested that the gills are the site of osmoregulation in
regulate compared with intermoult stage C animals, perhagomarid lobsters (McMahon, 1995). For these reasons, their
following the water intake at moult. Correlations can beperfusion by haemolymph (for a review, see Martin and Hose,
established in early larval and postlarval stages betweel®95) and their ventilation (for a review, see McMahon, 1995)
osmoregulation and salinity tolerance (Charmantier et alhave been studied in detail in lobsters.

1988). Osmoconforming larvae have a comparatively low However, although the organization of the gills is known in
salinity tolerance, which improves in hyper-regulatinglobsters (McLaughlin, 1983), their histology and ultrastructure
postlarvae (Table 1). have been described only recently. A study combining
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confocal laser scanning microscopy with a fluorescent vitadtage I-Ill larvae, although osmoconformers, are able to
stain for mitochondria (DASPMI) and electron microscopytolerate salinities down to 15-17 %.. In addition, postlarval,
has been performed to locate ion-transporting tissues in thevenile and adult lobsters possess only a limited ability to
branchial chamber of aditomarus gammaru@iaond et al., hyper-regulate. Thus, when salinity decreases, the change is
1998). Such tissues, composed of ionocytes (including typicaither totally (in larvae) or partially (in postlarvae and later
features such as apical microvilli, basolateral infoldings andtages) reflected in the haemolymph osmolality. Cells are
numerous mitochondria), have been found on the inner sid®mnsequently submitted to changes in the osmolality of their
of the branchiostegites and over the entire surface of thextracellular medium, and the regulation of their volume
epipodites, but no evidence of osmoregulatory structures hasquires iso-osmotic intracellular regulation, as in adult
been observed in the gills. crustaceans (for reviews, see Gilles and Péqueux, 1983;
In homarid lobsters, osmoregulation is probably achieve&irschner, 1979). A recent study has confirmed this hypothesis
mostly by the branchiostegites and the epipodites, with thiarough the titration of intracellular free amino acids in
gills devoted to gas exchange (Haond et al., 1998). Thes#fferent developmental stagestddmarus gammarugiaond
results have been confirmed in the same species &t al., 1999). Compared with their level in animals held in sea
immunocytochemistry and immunogold electron microscopywater, exposure to low salinity (22 %.) induced a decrease in
using an antibody raised against'Ma’-ATPase (Lignot et al., intracellular free amino acid concentration of 46 % in stages
1999). In large juveniles held in sea water, the enzyme wadslll, of only 29% in stage IV postlarvae and of 20% in
present only in the epipodite epithelium. Exposure to lowuveniles. The main amino acids involved were glycine, proline
salinity (22 %o) was followed by increased immunostaining inand alanine. Thus, a decrease in salinity is compensated either
the epipodites and additional staining along the inner-sidéhrough iso-osmotic intracellular regulation alone in larvae
epithelium of the branchiostegites. or, starting in postlarvae, through the combined effects of
Measurement of N&K*-ATPase activity, and of short- iso-osmotic intracellular regulation and extracellular
circuit current and conductance in a micro-Ussing chambensmoregulation.
have also recently confirmed the involvement of the epipodites
in active ion transport in adutomarus gammaru@_ucu and
Devescovi, 1999). A high N&*-ATPase activity was found Conclusions and directions for future work
in the epipodites and branchiostegites of the same species (FlikDuring embryonic development, homarid lobster embryos
and Haond, 2000). We propose, therefore, that, in sea watare osmoconformers. They are osmoatically protected by the
the limited amount of ions lost by the osmoconforming lobsteregg membranes, which limit water influx and ion loss at low
through diffusion is compensated through ion pumping by thealinity. Following hatching, the larvae (stages I-lll) are
epipodites. At low salinity, resulting in a higher ion loss, activeosmoconformers, and their comparatively limited salinity
uptake of ions, at least of Nawould be effected by the tolerance appears to be based only on iso-osmotic intracellular
branchiostegites in addition to the epipodites, resulting in gegulation. An integrated series of events then occurs that
slight hyper-ionic and hyperosmotic regulation. marks the transition from the larval to the postlarval phase (Fig.
In addition, the ontogeny of the osmoregulatory structure8). Anatomical changes (increased differentiation of the
of the branchial chamber has been examinedHamarus osmoregulatory epithelia on the epipodites, and particularly
gammarus At no stage have osmoregulatory structures beean the branchiostegites, possible changes in the eyestalk
found in the gills. The epipodites and branchiostegites displayeuroendocrine system) lead to physiological modifications
a few poorly differentiated (few microvilli and mitochondria, (increased N&8K*-ATPase concentration and activity,
few and short infoldings) ionocytes in stage |. Theappearance of the neuroendocrine control of osmoregulation,
differentiation of these cells increases during the larvaboth linked to the occurrence of the ability to hyper-regulate
phase, particularly after metamorphosis (C. Haond andt low salinity) that increase salinity tolerance. These
G. Charmantier, unpublished data). *M&-ATPase anatomical and ecophysiological events are coordinated, and
immunostaining reveals that the enzyme is also present onllgey occur and/or are completed at the metamorphic transition
on the epipodites in stage |, even after exposure to low salinitfrom stage Il to stage IV. Metamorphosis is, therefore, a major
Its additional location on the inner side of the branchiostegitesvent during the postembryonic development of homarid
occurs after metamorphosis in stage IV (J. H. Lignot and Qobsters, with anatomical, physiological and behavioural
Charmantier, unpublished data). We propose, therefore, thaichanges contributing to the adaptation to the ecological shift
clear correlation exists between (i) the differentiation offrom a planktonic to a benthic habitat (Charmantier et al.,
ionocytes and the location of NK*-ATPase along first the 1991).
epipodites and then the branchiostegites, and (ii) the The pattern of hyper-regulation acquired at metamorphosis
appearance of the ability to hyperosmoregulate in stage IV. remains unchanged in juveniles and adults. The
osmoregulatory capacity of approximately 80 mosmotkg
Intracellular iso-osmotic regulation stage IV increases to 100-125mosmofkin 1-year-old
Even if the increase in salinity tolerance can be related tveniles and is stable during the later phases, except at the
the ability to hyper-regulate in stage IV, it must be noted thaime of moults and following changes in temperature. During



974 G. CHARMANTIER AND OTHERS

Osmotic protection by
egg membranes

? I\ Intracellular

iso-osmoatic regulation

Epipodites only

Epipodites + lonocytes,

Na*/K*-ATPase
activity at low salinity

Neuroendocrine control

Hyper-regulate at low salinity
Osmoregulation

Osmoconform

Fig. 3. Summary of the
changes in and relationships

) 2
among the anatomical and ............0......... ﬂ/

physiological events and

Salinity tolerance

salinity tolerance throughout : » Time
the development of homarid Embryos ? Larvae [-11 f Postlarvae IV,... Juveniles ~ Adults

lobsters. The diagram should

be read from top to bottom. Hatching Metamorphosis

their entire postembryonic development, homarid lobsters amgorth investigating. The excretory organs, besides their main
able to tolerate salinities down to 15-17 %o (in larvae) and texcretory function, seem to be only partially involved in the
approximately 10-12 %o (in postlarvae, juveniles and adultsosmoregulation of lobsters. However, further work on their
This ability represents one of the adaptations that permits sors&ructure and functions is needed in adults, and their ontogeny
populations of lobsters to spend their entire life cycle imremains to be described. Since the epipodites are one of the
habitats in which salinity varies, such as in coastal anchajor osmoregulatory sites, their physiological functions
estuarine waters. should be investigated, possibly after isolation and perfusion.
Future research should be aimed at ecological an8iimilar experiments on the branchiostegites should also be
physiological studies. Studies initiated in the 1990s concerningonducted, perhaps taking advantage of their extended and
the location and migration of the estuarine and coastaklatively large surface area to use Ussing chambers, as already
populations should be continued. Other areas of varyingeen achieved for the epipodites (Lucu and Devescovi, 1999).
salinities, such as coastal marshes and lagoons, should bdsolated epipodites and/or branchiostegites could be used to
investigated as possible nursery areas. Such studies shouldsbedy the effects of pollutants on water and ion exchanges.
extended to both sides of the Atlantic Ocean, in NorthThey should also permit further investigations of the
America, where they are well under way, and also alongeuroendocrine control of osmoregulation. Determining and
European coasts for which scant data are available. Duririgolating the implicated neurohormone(s) should permit the
these investigations, as much attention should be paid topic of the onset of neuroendocrine control to be examined
salinity as is usually the case for temperature and oxygemsing techniques such as immunocytochemistry iansitu
concentration. Measurements, and if possible monitoring anaybridization. Whether CHH is also involved in the control of
recording, of salinity will reveal the lower levels of salinity osmoregulation starting in postlarvae should be investigated.
actually tolerated in the field by the different developmentaSince the organs of the branchial chambers are already present
stages of lobsters. Since the transition from stage lll to stage stage | larvae, their ontogeny in embryos should be
IV corresponds to the phase of minimum salinity toleranceinvestigated. Another important area for future research
investigations should also be aimed at determining the areasncerns the enzymes involved in osmoregulation, mainly
where metamorphosis occurs and the local physico-chemichlat/K*-ATPase, but also other enzymes such as carbonic
conditions. anhydrase and other ATPases. The application of molecular
Several aspects of the anatomy of the effector organs arechniques should lead to the determination of the sequence of
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these enzymes and of their coding genes, at eachAmerican lobsteHomarus americanusl. Milne Edwards, 1837
developmental stage. These results would be relevant to(Crustacea, Decapoda). I. Juvenileégn. Comp. Endock4, 8-19.
systematic studies. Is the Ni*-ATPase sequence as Charmantier, G., Charmantier-Daures, M. and Aiken, D. E.
conserved in lobsters as it generally is in other animals? Does it(1984b). Neuroendocrine control of hydromineral regulation in the
vary betweerHomarus americanuandHomarus gammar®s American lobsteHomarus americanusl. Milne Edwards, 1837
Another goal of this study would be to detect the possible g;sgaéizoggzaggdgi Il. Larval and postlarval stages.
occurrence of molecular shifts durlng develqp.ment, similar R harmantier, G.. éharmantier-Daures, M. and Aiken D. E.
those demonstrated for. haemocyamn (Te.rvlwlhger and Brown, (1991). Metamorphosis in the lobstdfomarus (Crustacea,
1993; Brown and Terwilliger, 1998; Terwilliger, 1998). AlsO  pecapoda): a review. Crust. Biol.11, 481-495.

worth studying would be the regulation of gene expressio@harmantier, G., Charmantier-Daures, M., Bouaricha, N., Thuet,

at different phases of development and under different p., Aiken, D. E. and Trilles, J.-P. (1988). Ontogeny of
environmental conditions, and its onset during embryonic or osmoregulation and salinity tolerance in two decapod crustaceans:
postembryonic development. In conclusion, the integrated setHomarus americanusand Penaeus japonicusBiol. Bull. 175

of events mentioned above should be investigated further at all102-110.

possible, ecological, anatomical, physiological and moleculag¢harmantier, G., Thuet, P. and Charmantier-Daures, M.(1984c).
levels. La régulation osmotique et ionique chHéamarus gammarué..)

(Crustacea: Decapoda). Exp. Mar. Biol. Ecol76, 191-199.

Part of this review was presented at the ‘Phvsiolo 0Fharma\ntier-Daures, M., Charmantier, G., Janssen, K. P. C.,
P y 9y Aiken, D. E. and Van Herp, F.(1994). Involvement of eyestalk

Decapod Crustacea: A Trlbute to J_ean—Pau| Truchot’.sesslonfactors in the neuroendocrine control of hydromineral metabolism
of the Society of Experimental Biology 2000 Meeting in in aqult American lobsteHomarus americanusGen. Comp.
Exeter. G.C. thanks the organizers for their invitation and the gndocr.94, 281-293.
Company of Biologists for funding. The authors also thank DCole, W. H. (1940). The composition of fluids and sera of some
Klaus Anger for useful exchanges. marine animals and of the sea-water in which they lveGen.
Physiol.23, 575-584.
Cole, W. H.(1941). The calcium and chloride content of lobster as

References affected by dilution of the environmental sea waeidl. Mt Desert

Ahearn, G. A., Duerr, J. M., Zhuang, Z., Brown, R. J., Island Biol. Lab 43, 22—-24.

Aslamkhan, A. and Killebrew, D. A. (1999). lon transport Conklin, D. E. (1995). Digestive physiology and nutrition.Biology
processes of crustacean epithelial céllg/siol. Biochem. Zoor2, of the LobsteHomarus americanus (ed. J. R. Factor), pp. 441-463.
1-18. San Diego: Academic Press.

Aiken, D. E. and Waddy, S. L(1980). Reproductive biology. fhe  Cooper, R. A. and Uzmann, J. R(1971). Migrations and growth of
Biology and Management of Lobstensol. 1, Physiology and deep-sea lobsterslomarus americanus. Scient&l, 288-290.
Behavior(ed. J. S. Cobb and B. F. Phillips), pp. 215-276. NewCooper, R. A. and Uzmann, J. R(1980). Ecology of juvenile and
York: Academic Press. adultHomarus In The Biology and Management of Lobstersl.

Aiken, D. E. and Waddy, S. L.(1986). Environmental influence on 2, Ecology and Manageme(ed. J. S. Cobb and B. F. Phillips), pp.
recruitment of the American lobstddiomarus americanusa 97-142. New York: Academic Press.
perspectiveCan. J. Fish. Aquat. Sci3, 2258-2270. Cowan, D. F.(1999). Method for assessing relative abundance, size

Brown, A. C. and Terwilliger, N. B. (1998). Ontogeny of distribution and growth of recently settled and early juvenile
hemocyanin function in the Dungeness ci@hncer magister lobsters Homarus americanysin the lower intertidal zonel.
hemolymph modulation of hemocyanin oxygen-bindidg.Exp. Crust. Biol.19, 738-751.

Biol. 201, 819-826. Dall, W. (1970). Osmoregulation in the lobstéomarus americanus

Burger, J. W. (1957). The general form of excretion in the lobster, J. Fish. Res. Bd CaR7, 1123-1130.

Homarus Biol. Bull. 113 207-223. Dall, W. (1980). Introduction to physiology. Iffthe Biology and

Campbell, A.(1986). Growth of tagged American lobstetsmarus Management of Lobstersgol. 1, Physiology and Behavided. J.
americanusin the Bay of FundyCan. J. Fish. Aquat. Sc#0, S. Cobb and B. F. Phillips), pp. 85-89. New York: Academic Press.
1667-1675. Ennis, G. P.(1995). Larval and postlarval ecology.Bimlogy of the

Campbell, A. (1990). Aggregations of berried lobstetdomarus Lobster Homarus americanus (ed. J. R. Factor), pp. 23-46. San
americanuy in shallow waters off Grand Manan, Eastern Canada. Diego: Academic Press.

Can. J. Fish. Aquat. Scl7, 520-523. Factor, J. R. (1981). Development and metamorphosis of the
Chaisson, A. F.(1932). The effect of low salinities on the lobster. digestive system of larval lobsterddomarus americanus
Annu. Rep. Biol. Bd Cai931 21. (Decapoda: Nephropida€g). Morph.169, 225-242.
Charmantier, G. (1998). Ontogeny of osmoregulation in Factor, J. R.(1995). The digestive system.Biology of the Lobster
crustaceans: a reviewvert. Reprod. Devi33, 177-190. Homarus americanus (ed. J. R. Factor), pp. 395-440. San Diego:

Charmantier, G. and Aiken, D. E. (1987). Osmotic regulation in Academic Press.
late embryos and prelarvae of the American lobstemarus  Flik, G. and Haond, H. (2000). N& and C&*" pumps in the

americanusH. Milne Edwards, 1837 (Crustacea, Decapoda). gills, epipodites and branchiostegites of the European lobster
Exp. Mar. Biol. Ecol109 101-108. Homarus gammaru<ffects of dilute sea watel. Exp. Biol.203
Charmantier, G., Charmantier-Daures, M. and Aiken, D. E. 213-220.

(1984a). Neuroendocrine control of hydromineral regulation in thd=oskett, J. K. (1977). Osmoregulation in the larvae and adults of



976 G. CHARMANTIER AND OTHERS

the grapsid crabSesarma reticulatunSay. Biol. Bull. 153 regulation. InThe Biology of Crustaceaol. 5, Internal Anatomy

505-526. and Physiological Regulatiofed. D. E. Bliss), pp. 53—-161. New
Gilles, R. and Péqueux, A(1983). Interactions of chemicals and York: Academic Press.

osmotic regulation with the environment. [Fhe Biology of Martin, G. G. and Hose, J. H.(1995). Circulation, the blood and

Crustaceavol. 8,Environmental Adaptation@d. D. E. Bliss), pp. disease. IrBiology of the LobsteHomarus americanus (ed. J. R.
109-177. New York: Academic Press. Factor), pp. 435-495. San Diego: Academic Press.
Gompel, M. and Legendre, R(1927). Effets de la température, de Maynard, D. R. (1991). Molting and movement of lobstétqmarus
la salure et du pH sur les larves de homaEd&. Séanc. Soc. Biol. americanuy in and adjacent to Malpeque Bay, Prince Edward
97, 1058—-1060. Island, CanadaNat. Shellfish Ass. Prog. Abstracts, 83rd Annual
Haond, C., Bonnal, L., Sandeaux, R., Charmantier, G. and Trilles, Meeting.
J.-P. (1999). Ontogeny of intracellular isosmotic regulation in theMcLaughlin, P. A. (1983). Internal anatomy. IThe Biology of
European lobstdlomarus gammarud..). Physiol. Biochem. Zool. Crustaceavol. 5, Internal Anatomy and Physiological Regulation
72, 534-544. (ed. D. E. Bliss), pp. 1-52. New York: Academic Press.

Haond, C., Flik, G. and Charmantier, G.(1998). Confocal laser McLeese, D. W.(1956). Effects of temperature, salinity and oxygen
scanning and electron microscopical studies on osmoregulatory on the survival of the American lobstér.Fish. Res. Bd Carl3,
epithelia in the branchial cavity of the lobst®smarus gammarus 247-272.

J. Exp. Biol.201, 1817-1833. McMahon, B. R. (1995). The physiology of gas exchange,

Helluy, S. and Beltz, B. S(1991). Embryonic development of the  circulation, ion regulation and nitrogenous excretion: and
American lobsteHomarus americanusquantitative staging and integrative approach. InBiology of the LobsterHomarus
characterization of an embryonic molt cycBiol. Bull. 180, americanus (ed. J. R. Factor), pp. 497-517. San Diego: Academic
355-371. Press.

Howell, W. H. and Watson Ill, W. H. (1991). Sex ratio differences Moriyasu, M., Landsburg, W., Wade, E. and Maynard, D. R.
between male and female lobsters: a possible explanation for (1999). The role of an estuary environment for regeneration of
skewed sex ratios in estuarine populatidies. Shellfish Ass. Prog. claws in the american lobstétomarus americanudd. Milne

Abstracts, 83rd Annual Meeting. 285. Edwards, 1837 (Decapod&rustaceana’2, 415-433.

Jury, S. H., Kinnison, M. T., Howell, W. H. and Watson Ill, W. Morrissey, T. D. (1971). Movements of tagged American lobsters
H. (1994a). The effects of reduced salinity on lobskéwnjarus Homarus americanysliberated off Cape Cod, Massachusetts.
americanus Milne-Edwards) metabolism: implications for  Trans. Am. Fish. Sod, 117-120.
estuarine populations. Exp. Mar. Biol. Ecol176, 167-185. Munro, J. and Therriault, J. C. (1983). Migrations saisonniéres du

Jury, S. H., Kinnison, M. T., Howell, W. H. and Watson Ill, W. homard Homarus americanysntre la céte et les lagunes des lles
H. (1994b). The behavior of lobsters in response to reduced de la MadeleineCan. J. Fish. Aquat. Scl0, 905-918.
salinity. J. Exp. Mar. Biol. Ecol180, 23-37. Mykles, D. L. (1980). The mechanism of fluid absorbtion at ecdysis

Kirschner, L. B. (1979). Control of the extracellular fluid osmolarity; in the American lobstetHomarus americanus]. Exp. Biol.84,
control mechanisms in crustaceans and fishedMdohanisms of 89-101.

Osmoregulation in Animalg¢ed. R. Gilles), pp. 157-222. New Mykles, D. L. (1981). lonic requirements of transepithelial potential
York: John Wiley. difference and net water flux in the perfused midgut of the

Krouse, J. S. and Nutting, G. E.(1990a). Effectiveness of the = American lobsteHomarus americanusComp. Biochem. Physiol.
Australian western rock lobster tag for marking juvenile 69A, 317-320.
American lobsters along the coast of MaiAm. Fish. Soc. Symp. Newton, C. and Potts, W. T. W.(1993). lonic regulation and
7, 94-100. buoyancy in some planktonic organismds.Mar. Biol. Ass. U.K.
Krouse, J. S. and Nutting, G. E.(1990b). Evaluation of coded 73, 15-23.
micro-wire tags inserted in legs of small juvenile AmericanPandian, T. J.(1970a). Ecophysiological studies on the developing
lobsters Am. Fish. Soc. Symp, 304-310. eggs and embryos of the European lobktemarus americanus.
Lawton, P. and Lavalli, K. L. (1995). Postlarval, juvenile, Mar. Biol. 5, 154-167.
adolescent and adult ecology. Binlogy of the LobsteHomarus  Pandian, T. J.(1970b). Yolk utilization and hatching in the Canadian
americanus (ed. J. R. Factor), pp. 47-88. San Diego: AcademiclobsterHomarus americanus. Mar. Biol, 249-254.
Press. Péqueux, A.(1995). Osmotic regulation in crustaceah<Crust. Biol.
Lignot, J. H., Charmantier-Daures, M. and Charmantier, G. 15, 1-60.
(1999). Immunolocalization of NgK*-ATPase in the organs of the Reynolds, W. W. and Casterlin, M. E.(1985). Vagile macrofauna
branchial cavity of the European lobstelomarus gammarus and the hydrographic environment of the Saco River estuary and
(Crustacea, Decapodd@ell Tissue Re96, 417-426. adjacent waters of the Gulf of Mainélydrobiologia 128
Linnane, A., Ball, B., Munday, B. and Mercer, J. P(2000). On the 207-215.
occurrence of juvenile lobstddomarus gammaru intertidal Robertson, J. D. (1949). lonic regulation in some marine

habitat.J. Mar. Biol. Ass. U.K80, 375—-376. invertebrates). Exp. Biol.26, 182—200.

Lucu, C. and Devescovi, M(1999). Osmoregulation and branchial Robichaud, D. A. and Campbell, A.(1991). Annual and seasonal
Na",K*-ATPase in the lobstadomarus gammaruacclimated to size-frequency changes of trap-caught lobstetsomarus
dilute seawater]. Exp. Mar. Biol. Ecol234, 291-304. americanu¥in the Bay of FundyJ. Northw. Atlantic Fish. Sci1,

Mackay, D. A. (1920). Report upon yearlings and two year old 29-37.
lobsters in Richmond Bay, P.E.l. for 198&iol. Bd Can. Manuscr. Rotllant, G., Charmantier-Daures, M., De Kleijn, D.,
Rep. Biol. Stu49, 1-13. Charmantier, G. and Van Herp, F. (1995). Ontogeny of
Mantel, L. H. and Farmer, L. L. (1983). Osmotic and ionic neuroendocrine centers in the eyestalkHufmarus gammarus



Ecophysiological adaptation to salinity977

embryos: an anatomical and hormonal appro&orert. Reprod. and food conditions on the survival and growth of the larvae of the
Devl. 27, 233-245. lobster Homarus americanysJ. Biol. Bd Can2, 485-497.
Rotllant, G., Charmantier-Daures, M., Trilles, J.-P. and  Terwilliger, N. B. (1998). Functional adaptations of oxygen-transport
Charmantier, G. (1994). Ontogeny of the sinus gland and of the proteins.J. Exp. Biol.201, 1085-1098.
organ of Bellonci in larvae and postlarvae of the European lobstéferwilliger, N. B. and Brown, A. C. (1993). Ontogeny of
Homarus gammarudnvert. Reprod. Devi26, 13—-22. hemocyanin function in the Dungeness c@ancer magisterthe
Rotllant, G., De Kleijn, D., Charmantier-Daures, M., interactive effects of developmental stage and divalent cations on
Charmantier, G. and Van Herp, F. (1993). Localization of the hemocyanin oxygenation propertids.Exp. Biol.183 1-13.
Crustacean Hyperglycemic Hormone (CHH) and Gonad InhibitingThomas, M. L. H. (1968). Overwintering of American lobsters,

Hormone (GIH) in the eyestalk oHomarus gammarusy Homarus americanysn burrows in Bideford River, Prince Edward
immunocytochemistry anth situ hybridization.Cell Tissue Res Island.J. Fish. Res. Bd Ca5, 2725-2727.
271, 507-512. Thomas, M. L. H. and White, G. N.(1969). Mass mortality of

Sastry, A. N. and Vargo, S. L.(1977). Variations in the estuarine fauna at Bideford, P.E.l., associated with abnormally low
physiological responses of crustacean larvae to temperature. Insalinities.J. Fish. Res. Bd Cai26, 701-704.
Physiological Responses of Marine Biota to Pollutgets. F. J.  Thuet, P., Charmantier-Daures, M. and Charmantier, G.(1988).
Vernberg, A. Calabrese, F .P. Thurberg and W. G. Vernberg), pp. Relation entre 'osmorégulation et I'activité d’ATPase"™N&" et

401-422. New York: Academic Press. d’anhydrase carbonique chez les larves et post-larve®erus
Scarratt, D. J. and Raine, G. E(1967). Avoidance of low salinity gammarus(L.) (Crustacea, Decapoda). Exp. Mar. Biol. Ecol.

by newly hatched lobster larvad. Fish. Res. Bd Can24, 115 249-261.

1403-1406. Trausch, G. (1976). Effect of temperature upon catalytic properties
Schoffeniels, E. and Dandrifosse, G(1994). Osmorégulation: of lactate dehydrogenase in the lobsBiochem. System. Ecd,

Aspects morphologiques et biochimiques.Tiraité de Zoologig 65-68.
vol. VII, Crustacés, 1, Morphologie, Physiologie, Reproduction,Wahle, R. A. (1993). Recruitment to American lobster populations

Systématiquéed. J. Forest), pp. 529-594. Paris: Masson. along an estuarine gradiefistuariesl6, 731-738.

Smith, I. P., Collins, K. J. and Jensen, A. C.(1998a). Wahle, R. A. and Steneck, R. §(1991). Recruitment habitats and
Electromagnetic telemetry of lobstaddmarus gammarugL.)) nursery grounds of the American lobskesmarus americanusA
movements and activity: preliminary resultslydrobiologia demographic bottleneck@ar. Ecol. Prog. Ser69, 231-243.
371/372 133-141. Wahle, R. A. and Steneck, R. S(1992). Habitat restrictions in

Smith, I. P., Collins, K. J. and Jensen, A. C(1998b). Movement early benthic life: experiments on habitat selection andgitu
and activity patterns of the European lobstemarus gammarys predation with the American lobstdr.Exp. Mar. Biol. Ecol157,
revealed by electromagnetic telemetdar. Biol. 132 611-623. 91-114.

Talbot, P. and Helluy, S.(1995). Reproduction and embryonic Waite, F. C.(1899). The structure and development of the antennal
development. IrBiology of the LobsteHomarus americanus (ed.  glands inHomarus americanubliine-Edwards Bull. Mus. Comp.
J. R. Factor), pp. 177-216. San Diego: Academic Press. Zool. Harv.35, 151-210.

Taylor, H. H. and Taylor, E. W. (1992). Gills and lungs: the Watson lll, W. H. and Howell, W. H. (1991). Seasonal movements
exchange of gases and ions. Microscopic Anatomy of of lobsters in the Great Bay estuaiyat. Shellfish. Ass. Prog.
Invertebratesvol. 10,Decapod Crustaceged. F. W. Harrison and Abstracts, 83rd Annual Meeting. 301.

A. G. Humes), pp. 203-343. New York: Wiley-Liss. Watson Ill, W. H., Vetrovs, A. and Howell, W. H. (1999). Lobster

Templeman, W.(1936). The influence of temperature, salinity, light movements in an estuarylar. Biol. 134, 65-75.



