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OSMOTIC AND IONIC REGULATION IN CRUSTACEA

Preface

This paper is an introduction to the processes of
camorerulation and ionie regulation in Crustacea, and
a sclected review of the literature pertinent to a study
of those processes, The problems of adaptation to the
environment and flexibility in the faece of changing en-
vironmental influences are basic to an understanding of
the evolution of morpheological and physiological charae-
teristics, Thia paper will attempt to elucidate the role
of reculation of ions and water in facilitating ecological
flexibility, and the limits imposed on ereatures that

lack this ability, 4

Bvery animal is inescapsbly in some lorm of contact
with his environment, and the interaction between that
environment and the animal's body fluids is a matter of
erncial importance. Life began in water, and as living
creatures are composed, on the average, of 70-85% water
(Nicol, 1960), direct exposure to air calls for relatively
sophisticated mechanisms to avoid partial dessication,
Terrestrial animals must therefore be equipped with a

means to conserve water, and even marine forms often must




work to retain water although they actually live irmersed
in it. If the concentration of ions in the body fluida
of a marine animal is less than the concentration of ions
in sea water, water may move out of the animal by osmosis.
‘‘he result may be that the animal is in need of water to
dilute its body fluids to a conecentration which will allew
normal physiological processes to continue., Conversely,
I'regsh-water animals have the problem of maintaining a fin-
ite amount of water in their bodies. Since the medium is
less concentrated than their body fluids, ions may diffuse
out into the medium, and water may enter such animals by
oamosis., They then have the problem of preventing too
great a dilution of their internal ionie concentration.
Thus every animal, no matter where it lives, must cope
with the stresses of a basically hostile world.

It is not enough to conaide; the problem solved if
an animal does maintain an optimum amount of water in its
body; that is, the entire problem is not to achleve a seb
concentration, OCertain ions are required, and the body
must have them in definite proportions., If the externsl
medium does not offer such lons in the concentrations nec-
essary, an animal must find some means to selectively with-
draw them from the medium; without such mechanisma the
animal must asaume the concentration for each ion as it
is represented in the mediwm, and often this wvalue is not

within the limits set for an optimum balance of chemicals.




Some Useful Terms

“very water medium has a certain salinity, or con-
contration of salt, which may be expressed in parts per
thousand (%o). Thus sea water has a salinity of approx-
imately 3.5 7o, while fresh water has a salinity of less
than .5% (Prosser and Brown, 1950), Physiologists label
animals which are able to cope with a wide range of envi-
ronmental salinities as euryhaline, and those which can
exist succesafully in only a narrow range as stenohaline,
liany animals passively adopt the osmotie concentration of
the medium, BSuch animals are termed osmoconformers, or
poilkkiloamotiec; if, inatead, an animal maintains a falrly
constant internsl concentration, despite the concentration
of the medium, it is termed an osmoregulator, or homoios-
motic.

Osmoresulation refers to repulation of the total par-
tiele concentration of the body f%uids at levels which may
differ from the concentration of the medium. A sclution
which is more dilute than another is hyposmotic relative
to that seclution; if it 1a more concentrated, it is hyper-
osmotie, When, instead, water 1s balanced between two
syatems, they are isosmotle.

Tonic regulation is "the maintenance in a body fluid
of' concentrations of ions differing from those in passive
equilibrium with the external medium," (Robertson, 1953).

It is useful to define repgulation, either osmotic or ionie,




as an active, energy-requiring process. At the exponse of

such enerpy a succesaful osmotic and ionie regulator is
expected to be eble to survive in salinities far different
from its internal milieun, while osmoconformers and ion
conformers can never leave the medium which approaches their

own optimum concentration of lons.

feneral Principles
A membrane which is permeable to water molecules but
not to solute particles is termed a semipermeable membrane,
If such a membrane seperates two solutions of different
concentrations, water will move into the more concentrated
solution wntil the two solutions have the same molal con-
eentraticn, (Molal = moles of solute/kg water,) This move=
ment of water is osmosis (Potts and Parry, 195&). An equa-
tion for osmosis of water into a body of concentration (2
from & medium of lower concentration C1 is given by
v, = k, (C2-C1), vhere v, is the rate of water movement
and k  is a rate constant (the permeability coefficient
of the external body surface to the water) (Croghan, 1961).
Diffusion is the process of random mixing of solute
particles in a solution of unequal particle distribution
until an even distribution is reached. There is a net
movement of particles from a place of pgreater concentration
to 8 nlace of lesser concentration (Potts and Parry, 196l4).

Two solutions, of concentrations CG1 and €2, separated by




a semipermeable membrane of thielmess T, conatitﬁte a
concentration gradient of G2-C1/T. The rate of diffusion
across the membrane in an ares A is DA C2-C1/T, where D
is a diffusion constant (Potts and Parry, 196/ ). For a
body in a medium less concentrated than itselfl, the equa-
tien for solute lost from the body by diffusion is

o (c2-c1), where Ty is the rate of solute diffusion,
kB is & rate constant (the permeability coefficient of

the external surface to the solute), C2 is the body fluid
concentration, and €1 is the medium concentration (Croghan,
1961).

If there is a potential difference between two solu-
tions due to the net charge of their respective solute
particles, then there is a potential gradian£ between the
solutions, and charged particles will tend to move down
the gradient and thereby decreaae‘the potential dilfference.
A potential gradient may either reinforce or inhibit diffu-
sion dus to a concentration gradiant! depending upon the

direection of the gradients.

The Enercetics of Osmotie and Tonie Regulation

When molecules move down a concentration gradient,
energy ia liberated. To move a solute against a gradient
requires energy. The work, W, required to move 1 mole of
solute from a solution of molal concentration C1 to a

solution of higher concentration G2 is W= R T 1n (62/C1)
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{Potts and Parry, 196!l ). If there is also a potential
difference of © volts between the solutions, there is
an energy requirement of zEF to move 1 mole of ion
arainst the electrochemical gradient, where z is the
valency of the ion and F the Faraday. Then the equa-
tion for work ia W= R T 1n (C1/C2) + zEF (Potts and
Parry, 195).

If uptake proceeds from a concentration €1 to a
concentration C2 by carrier sites with a high affinity
for solute particles in C1, the rate of transport from
G1 to C2 is determined by the number of sites and is
indenendent of the concentration of solute in C1. (The
carrier site is saturated at very low concentrations of
solute in €1.) Croghan (1961) says that if one ‘sastumes
that the activatlon energy of transport is high, then
the system must operate well away Erom the equilibrium
position to maintain an appreciable rate. Therefore, he
states, the transport system is probably unidirectional
and the rate of transport by a given number of sites is,
for tha moat part, Iindependent of the body fluld concen-
tration, Then r s the rate of active uptake from the
medium, = iy and ry, the rate of active uptake from the
exeretory tubule, = ktnt' where km and kt are the rate
constants of the carrier mechanisms and nrn and n_ are the

t
numbers of active carrier sitea (Croghan, 1961). Shaw




(1952), in a study of Na absorption in the erayrfish
Agtacus pallipes, verified that in a medium of low con=-
centration the rate of active uptake is proportional to
the conesntration of the medium, The concentration de-
tormines the number of ions comingz into contact with
transport sites, At high concentrations of the medium
all transport sites are saturated, and absorption of ions
is independent of the concentration. Given the same per=:.
meability and blood conecentration, the energy cost of
osmorszulation is then denendent on the surface to volume
ratios of the animal. A small animal will recuire more
worle per unit mass of body tissue than a large animal to
maintain a certain blood concentration. A decreased
blood/medium concentration gradient will lessen the worlk,
and a smaller animal usually maintains for this reason a
lower blood concentration than doés a larger animal living
in the same medium (Lockwood, 1962).

Yhen water is balanced, g S where T is the rate
of urine production. Solute will then enter the excretory
organ at a rate, Ves = Kw c2 (02-01) and solute will be
lost from the animal via the urine at a rate v, = kw Cu (c2-01)
where Cu is the concentration of the urine excreted (Croghan,
1961). The rate of active uptake from the excretory tubule
is T, = kw (02-0u1{02-01}. The rate of active uptake from

the medium is o {c2-c1) + k Gu {C2-01). When C1 is




small compared to G2, (2 = f;m+rt/kw {(Croghan, 1951),

Therelore the concentration of body fluid in a given med-

ium concentration is determined by the permeability co-

efficients =nd the rates of the uptake mechanisma.

Fresh-water Crustacea

Crustaceans in fresh water must keep their body
flutds hyper-osmotic to the medium because they would
have body fluids too dilute for cellular functions if
they were isosmotic to the fresh water, Water is con-
tinually entering osmotically, and ions leaving their
bodies through exeretion and diffusion. Because it re-
quires energy to maintain an internal concentration against
such a gradient, fresh-water animals have found it useful
to acquire a toleration to a less concentrated internal
milieu than many marine organiama.'The latter are often is-
osmotic to sea water and'do not have as strong a.gradient
(Robertson, 1960). Since fresh-water does not have the same
proportion of iona as required in body fluids, Iresh-water f
forms must resulate ionically as well .as osmotically.

To maintain themselves in fresh water, crustaceans
may use essentially three mechanisms: 1) a low permeabil-
ity to water and salts, 2) a selective uptake of ions from
the medium at the body surface or from the gut, and reab-

sorption from the urine, and 3) elimination of water by

production of a dilute urins,




The amphipod genus Gammarus has representatives
living in a wide range of environmental conditions.
Gammarus pulex is a fresh-water form (Shaw, 1961c). It
has been suggeated that its mechanisms for regulation
may in fact be characteristie of fresh-water Crustacea
in gmeneral, The mechaniam it uses for ionic uptake has
a high affinity for Na ions, and maximum transport is
reached at external concentrations of near 1mi/l., Purther-
more, the rate of uptake is increased by only a small drop
in the internal Na concentration. The adaptive signif-
icance of these facts 1s better anpreciated by comparing
this organism with its brackish-water relative, Gammarus

duebeni. G. duebeni presents a low affinity for Na ions,

and its mechanism does not reach maximum transport of ions
until the external concentration {s about 10 mi/1l. At a
medium coneentration of .1mM/1l, for instance, G, pulex
would be capable of transporting about three times as
many ions as transported by G. duebeni ﬁt the same exter=-
nal coneentration. It is clearly a better regulator than
G. duebeni in mediums of very low concentrations.

Werntz (1963) showed that activation of the regula-
tory mechanism in gammarids is gradual, with the critical
concentration (the concentration below which maximum reg-

ulation rate is employed) being higher in marine species

than in fresh-water species. There has been some disapgree-
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ment as to whether the degree of activation actually
depends on the concentration of the external medium or
of the blood, but Shaw (1959) favors the former.

Osmotie resulation in four species of gammarids
was compared by Werntz (1963). He found that the fresh-
water species G. fasciatus was able to regulate its bloocd
concentration at a very low level of external salinities,
while the brackish and marine forms were able to regulate
only at intermediate and high salinities, respactivaly.
leasured by freezing point depression, G. fasciatus main-
tained a blood concentration of 0.35-7.50 molal% in equi-
vilants of' ideal solute, the brackish-water G. tigrinus
kept its blood at 0,55-0.65 molal%, and the marine forms

G. pceanicus and Marinogammarus finmarchicus maintained

concentrations of 0,65-0.85 molal?., This data indicates

the toleration by fresh-water for;s of more dilute body
fluids than maintained by animals living in waters of higher
salinity. .

There 1s also evidence in the gammarids for a decreased
permeability in the lfresh-water animals relative to animals
living in more saline waters, Werntz (1963) found that the
rate of urine flow in these animals 1s directly proportion-
al to the osmotie gradient between the blood snd the medium,
and it is therefore evident that osmotically absorbsd water

s eliminated as urine, The rate of flow of urine in the
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merine G, ocesnicus is 10,57 (% of body weight per hour
per molal gradient), but in G. fasciatus it is only 5.9%.
It is elear that G. fasciatus is less permeable to water
than is G, oceanieus. Magnin (196l) has verified that
decreased permeability is correlated with adaptation to
fresh water,

3. fasciatus reduces salt loss, not only by having
a reduced permeability, but also by producing a urine
that is hypotonic* to its blood. G. oceanicus produces
urine that is isotonie to its blood, and has a higher
rate of loss of urinary salt (Werntz, 1963). Lockwood |
(1961) has shown that when G, duebeni is transferred
from 100-175% sea water to fresh water, its urine changes
from isotoniec to hypotonie, This ability to ;apidly
change the concentration of the urine and thereby regulate
salt loss is an important adaptation to an environment
subject to changing salinity, such as pools which may be
suddenly inundated with salt or fresh water,

W.T.W. Potts (195l.) has done experiments concerning
the energy requirements of esmoregulation in fresh water.
He lists the factors which affect this requirement as
1) the animal's permeability, 2) the surface area, 1) the
concentration of the medium, snd l}) the urine and blood
concentrations,

Considering the lest factor, one {inds that most
i"nlthough many authors use the terms isotonic as synonymous with
isosmot.e (and similarly, hypertonie and hypotonic), the terms are
not identical. Tonicity is defined in terms of the response of
cells immersed in a solution. A solution is said to berisotonie

with a cell (or tissue) if the cell neither swells nor shrinks
when immersed in it." (Potts and Parry, 1964).
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fresh-woter Crustacea, like G. fasciatus, produce a urine

hypotonic to their blood. ZFriocheir sinensis, a fresh-

water grapsoid crab which returns to the sea to breed, is
one of the exceptions aince it prodﬁces a urine iscamotie
to its blood at all external dilutions (Robertson, 1957).
Potts uses this crab as an example in support of the
thermodynamic advantages to be derived from producing
blood=~hypotonic urine.

His reasoning proceeds like this: If an animal pro-
duces V 1. of urine/hr. of a concentration U moles/l., it
iz losing VU moles of solute/hr. To balance this loss the
animal mast sbsorb solute from the medium, The work, W,
reguired to transfer 1 mole of solute from copcentration M
to conecentration B = H T 1n B/M eal. Then the minimum
worlk to balance solute loss = R T,V U 1n B/M cal/hr. Potts
assumed the following values for a 60 gm. crab: M = 0.006
mole/l., B = 0.320 mole/l., U = 0.320 mole/l., V = 1.0 X
107 1. /nr., metabolic energy = 1l cal./hr. He caleculated
that ¥ = P A (B-M) where P is the permeability and A is
the area. By this equation, P A = 3,312 1074 1. /no. By
RTUY1n B/M =W, W= 0,0757 cal./hr. This value is

approximately 0.5% of the total metabolic energy avallable.

But, if B= U = 1,2 moles/ 1.(a 1.2 mole solution is iso-

tonic with 100% sea water), W = 1.69 cal./hr., and if B =

0.320 mole/l. with U = M = 0.006 mole/l., W = 0.0187 cal./hr.
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#hus, as Sriccheir goes from sea water to freah water, B
Falls from 1.2 to ™, 32 moles/l., and this reduced internal
concentration lowers the osmotic work from 1.69 to 0.0757
eal./hr, If this crab were able to produce a urine of
©ntirum concentration, (isotonic to the medium, U = M)

‘the oamotic work could be further lowered to 0.0187 cal./hr.
Potts, 195M4).

Potts mekes the point that in fresh water, an animal
Ban reduce its ocsmotic work by as much as -Te4 by making its
irine isotonie with the medium, but even making it hypoton-
.fc to the blood (while still several times more concentrated
than the medium) is extremely efficisnt, This is, in fact,,
Wwhat most fresh-water animals do; none can produce a urine |
gsotonie with the medium. The reduction of tﬁe concentra-
%ion of the urine is of maximum efficlency energy-wise in
the early phases of dilution. By iowering the urine eon-
gentration to 1/10 the concentration of the blood (is. 5%
8ca water), Potts calculates that 939 of the possible saving
n energy has been achieved, and the urine is still 100 times
?ore concentrated than the medium (.05% sea water).

Potts' hypothesis has been criticized becauss it ia
Based on the assumption of ideal semipermeability and
otal solute loss via the urine. Shaw (1959) pointed out
Fhat for many fresh-water Crustaces, most of the solute

doss occurs through simple diffusion across the body sur-
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face. TAriocheir loses only about 109 of its salt loss
fharoush the urine (Erogh, 1939). PFurthermore, Shaw
(1961b) atates that most Presh=water Crustacea are not
really semipermeable, and the saving in energy by the
srodustion of hypoamotie urine is not as great as Potts
caleulated. Lockwood (1©61) noted that, althoush Potta!
theory attributed little energy-saving advantage to
hyposmotic urine in a brackish medium, @. duebeni uses
it in 507 or less sea wator,

The comments above represent part of the disagree-
ment econcerning the order in which animals assumed the
;Tesh~water adaptive mechanisms, and even concerning
Which mechaniams are basic and which are rufi?ements.
Yecording to Beadle and Cragz (1940), the ability to pro-

fuce a hypotonie urine was not the first step taken by

imals in adapting to a Iresh-water environment. Instead,
hey hypothesize, the power to actively'transport salts
rom the medium into the blood came first, while the ex-
retory organ still produced isotonic urine., Carcinus
an regulate in dilute sea water, but not in fresh water,
nd may be thought of as exemplifying this stage. Erlocheir
s quite similar but is found more often in fresh water
ecsuse it has a somewhat better salt transport syatem,

erry (125)) noted that this two-stage hypothesis is

ceceptable only for animals with & very low permeability.




inimals without this would need a tremendous power of

ion absorption to offset solute losa., Ton exchange may
talke place at the hody surface, the gut, or the excretory
orzan (Ramsay, 16%4). Active transport of ions by surface
nembrones is definitely a mechanism of hyper-csmotie reg-
ulation used by fresh-water animals, yet it probably sx-
isted in marine anecestors, Cancer, for example, keeps a
higher concentration of K than found in the normal medium,
yet possesses no osmoregulatory mechanisms,

Following the ability to actl vely bransport salts
into the blood, according to the Beadle and Cragg hypothe=-
slis, came the sescond stage in the transition to fresh water:
the ability to conserve salt by producing a hypotonic urine,
ond the ability to reduce the strain of reguiation by tol-
erating a lowering of the osmotic pressure of the blood to
sbout one-half the value [found in‘marine snimals. Since
the worlt of active transport depends upon the concentretion
gradient to be overcome, the latter ability reduces reg-
ulatory work.

Shaw(1961a) disagrees with Potts about what iz most
basic to fresh water adaptation. As mentioned above, Potts
(195l1) considers lowered blood concentration and the pro-
duction of a dilute urine of greatest imrortance, Shaw
feels that thesze attributes are merely refinements, and
instead lists as most basic: 1) & lowered permeability and

2) a reduced external concentration at which saturation of
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t‘ﬂc high-alffinity uptake mechanism is reached.
Aetive tronsport of salts was studied by Koch (1954)

in isolated mills of Eriocheir. He found that they wers

papable of absorbing NaCl from a solution of only 1/30-

/L0 the concentration of the blood. Absorption stops,

sowever, in the absence of oxygen. Koeh also showed that
oy basie dyes are reveraible inhibitors of salt absorp-
tion, possibly because of anticholinesterase activity.
Bhaw (196%a) studied Na balance in Ericcheir and found that
%he mechanism for active uptake is saturated (working at
top rate) at external concentrations as dilute as & mM/1.;
this mechanism is adequate to balance the Na loast through
he body surface. The oxidative activity of crab gill
gnitochondria has been studied as a function of the osmofic
leoncentration of the medium by King (1966). She found that
58 the osmolarity of the medium d;creased, the oxygen con-

‘sumntion of Callinctes sepidus gill mitochondria increased

by 75% (for brackish-acelimated animala) and 359 (marine

rabs), When the medium was diluted from 1.6 to 0.16 Osm.,

he apecifiec ametivity of the gill mitochondria inereased by

10-300%.
Bislawslki (196l) did experiments with isolated podo-

“ranch wills of the erayfish Astacus leptodatylus Esch.

d A, astacus L. The gills are permeable to water and

sually allow a passive water intake, but Bielawski found
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Bhat -11]1 permeability fell when the concentration of the
pdium was lowered, so that regulation was facilitated.
Bermeability rose as the concentration of the medium was
saised. Chloride and other ions are transported across
the 7ill membrane against a gradient. The carrier [or Cl
saburated at a medium concentration of 0,2%, and at
reater than 0.9% sea water the carrier is inhibited.
shaw (1960) showed that in the crayfish Astacus pallipes
Ereboullet, Gl and Na transport is by two different
lechanisms whieh may act independently of each other.
influx takes place in the presence of an electrochem-
tpal gradient, and can oceur at a hich rate at lower
@edium concentrations than does Na, A Cl deficiency rel-
abive to the Na concentration causes a changelfrom C1-Cl
chenge to an exchange of Cl for a useful anion, prob-
ably bicarbonate. Salt-depletion Lauses Na influx by
activating the Wa uransport system. Shaw's experiment
shigzesta that the Na system is the more basic to the main-
Benance of blood concentrations. After the Na level in
% e blood is set, the relative concentration ef Cl may then
gtivate the C1 system to bring the ¢l level up to that of
The site of osmoregulation, if the area of transport
the gills is in fact discrete, may have been detected

Copeland (1963). The crab Callinectes ia able to adept




to fresh water from sesa water. Copeland found near the
afferent blood supply a patch of cells which he did not
find in obligatory sea water Torms, and believes that

these may be the cells capable of hynosmotle rezulation.

It is possible for animals to take in ions not only

by transport mechaniams, but alaso throush the food they
sat. Parry (1961) studied €l reagulation in the Branchipod
Triops caneriformis Bose and found that it could maintain
a blood concentiration well above the concentration of the
edium, In its normal fresh water environment it is able
to esxelude the ocamotie inflow of water while meeting salt
requirementa by food. In the laboratory it was able to
live for six days in distilled water without food., The

intomostracans Sranchipus and Chirocephalus nlso depend

pon salt uptalke Irom food. While T, cancriformis main-
tains a blood conecentration of SETm.eq./l. in fresh water,
7 comparison, Branchipus has a blood concentration of
30 m.eq./1, (Krogh, 1939), and Chirocephalus (Panikkar, 1941)
aintains 77 m.eq./l, .

Triops longicaudatus, also a hyper-ocsmotie regulator,

nas been shown by Horne (1966) to depend more on an active
uptake mechaniam to maintain its necessary internal concen-
tration of ions., BStudied in pond water, T. longicaudatus

meintained a water to hemolymph ratio of 1:435 for Wa, and

1:187 for Cl. This indicates a good regulatory mechanism,
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n deionized water and with a food source, this animal
ost both a end €l from the hemolymph, yet Ca and Mg
oncentrations were not significently altered, and the:
oncentretion of K rose. T. lonpgiceudatus, depending
ore on active upteke, is more permeable to ions than is

. cancriformis.

rackish-water Crustacea

Braockish water is usually considered as being between
l.5% and 30% saline (Potts and Parry, 196l). It may be
ound in such places as estuaries, salt marshes, and inland
eas. It is commonly believed that as érustaceana moved
rom the zea to fresh water, they often did so by first
dapting to the transitional environment, brackish water.

ere is abundant evidence to support this theory. Some=-
imez apecies of the same genus a;e found which represent
spectrum of regulatory abilities, Théy may occupy niches
hich represent a spectrum of salinities, such as the de-
reasing salinity one may observe in going from the sea up
river.

The distribution of intertidal crabs in the Brisbane
iver was studied by Snelling (1959). The results of this
tudy suggest that salinity is the most important factor
ontrolling and limiting the range of estuarine crabs.

uch erabs cannot extend into a given salinity unless they




possess the regulatory abilities necessary to meintain

their internal coneentrations there.
Two populations of an estuarine isopod, Cysthura
IEolitn Stimpson, were studied by Ssgal and Burbank (1963)

because of the salinity differences of their natural en-

vironments. One population was found in an estuary in
Massachusetts, with a tidal salinity variation of from
0.5%0 to‘l?@o, and an anrmial temperature fluectuation of
from sbout 2°C to 23°C, The other population was found
in a spring in Florida, and lived in water of salinity
1%0, with probably less than 3°C fluctuation in tempera-
ture annually. Both populations were able to hyper-osmo-
reziulate in 504 to 3.5% sea water. When the medium con-
contration was inereased experimentally to 7?3-150% sea
water, the blood concentration was approximately isosmotic
with the medium. In water Panginé from distilled to 3%
sea water, the eatuary population was able to maintain

for a minimum of L8 hours the blood concentration it had
maintained at higher solution concentrationa. The pop-
ulation from the spring, however, was unable to osmoreg-
ulate at salinities less than 3% sea water, At 329C the
estuary animals maintained about the same blood concen-
tration at wvarying salinities as they had at 22°¢. The
osmoresulatory ability of the spring animals broke down in

either high or low concentrations at 32°C, Thus even
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rembers ol the same species may differ in their regulatory
nd adaptive powers., It is not difficult to believe that
losely related animals may come to occupy separate niches
ue bo different degrees of physiclogical adaptation to
alinity differencas,

Many estuarine animals can exist in water approaching
he salinity of fresh water, indicating the ease with which
transition to a fresh-water environment might be made by
ome braclish-water forms. The Black Sea barnacle Balanus
morovisus occurs naturally in waters of salinity of 18%e.
wrnaeve end Simkina (1961) found that it is able to with-
tand extreme dilutions: no harmful effects were observed
t 5% but at 3% growth was slowed, and most died within

month in fresh water., The amphipod Ampelisca spinipes

oeck was found in an estuarine environment (Wagabhushanam,
945) and in experiments could tolerate salinities down to
stween 3% and L%,

It is necessary that animals maintain the osmotic
ressure of their cells, whatever the salinity of the med-
um. Both marine and brackish animals use organic substances
o maintain osmoti¢ pressure, In fact, Lockwood (1962)
tates that inorganic ions contribute only about 1/3 to 1/2
T the osmotic activity in the marine Crustacea which have
een studied. Les and Mc Farland (1962) found that serum

ations and 0l accounted for 95% of the osmotic pressure. -




n the mentis shrimp Squilla smpusa Ssy when the animal
t7a8 in normal ses water., As the madium became quite di-
Juted, these ions contributed only 67% of the osmotie
sressure; the remainder was accounted for by an lncrease
n non-protein nitrogenous compounds. When the brackish-
vater Carcinus maenus was transferred from 100 to hﬂﬁ sea
ater, Shaw (1958) found that organic substances were
ontributing to the cellular osmotic pressure, alnce water
wwteke end salt loss did not account for the isctoniecity
of the blood and muscle fibers.

The basic mechanisms of ionic and osmotic regulation
n brackish-water Crustacea are like the mechanlsms used
y [resh-water Crustacea, and the reader should refer to
he section dealing with fresh-water Cruatacéa for a

scussion and comparison. The mechanism of regulation

n the braclkish-water prawn, Metapenaeus monoceros, will

e mentioned here because it is unliks'thé mechanisms
iscussed previously. Gnanamathu (1966) studied this

ravn in a variety of medium concentrations, and found

hat it increased in volume in a concentrated medium and
ecreased in volume in a dilute medium, Fluiad pressure

8 invelved in the mechanism of active regulacion of water
crosas the gut wall., When the medium is hypertonic, water
8 lost and the reduced hemolymph volume produces an in-

cregse in pressure in the distended gut, causing an ultra-
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. 1trate of dilute sea water from the gut into the hemo-
mph., The gut may alter the body volume, hence pressure,
tho influx or efflux of water, In a hypotonie medium,

e entry of water may put pressure on the gut and chock
ther entry of water, besides faeilitating filtration of

rpotonic water from the hemolymph into the pgut.

rine Crustacea
The blood of most marine Crustacea, except prawns,

opods, and grapsoid crabas, is lscsmotic to sea water
ocltwiood, 19462), but almost nothing is known of osmo-
zulation in marine ostracods, copepoda, cirripeds, mysids,
naceans, or euphasiids (Robertson, 1260). Those animals
ich are in osmotic equilibrium still must use ionic
eculation becsuse sea water does not have all lons in ths

a proportions as they are naadoé in the body fluids of
rine animals, This regulation talesa ﬁlace by basically
10 mechanisma: 1) selective excretion of ions by the

nal organs, and 2) controlled uptalke of lors with wiater
om the medium, This uptake may be either by absorption
ainst a gradient, or perhaps by swallowing sea water end
creting the excess salt across the gills, as is done
telsosts., Gross (1955) showed that P. erassipes is

le to avsorb water against a gradient,

In general, marine Crustascea produce a urine nearly




$osmotic with the blood. The enteunal glands, then, are

g0t concerned th ¢osmoregulation but rather with control-
ne the lonic comnozition of the blocd. Regulation usually
volves maintaining the internal concentration ol Na, K,

d Ca above the concentration found in sea water, keeping

1 Mg oand SOH coneentrations lower than in ses water, and

intaining the Cl concentration close to egquilibrium
@ovartson, 1960). When the Mr and .‘501\L concentrations
re lower than found in sea water, the ionic concentration
d cation-anien balance in the body fluids muat bs cor-
scbad. This is usnelly accomplished by raising the Na
goncentraticn and the CL concentration, respectivaly.
A study by Dehnel ond Carsfoot (1965) dealt with
Biood and urine concentrations detormined both in winter

d summer for Henmisrapsus nadus and H. oregonensis, They

fetected no sisnificant differenc; between winter and sum-
ger volues for the blood ion concentration for Na over a
Fenpe of 67 to 175% sea water; no difference for the K con-
@entration over most ranges, except for being higher in
¢ surmer st a medium concentration of 100% to 1509 sea
nser; & higher value for Ca in fhe winter than in the
Stomer; and no significent difference for Mz. The suiner,
ine N¥a concentration was anproximately the suwamer blood
coneentration, indicating that an axtra-£0331 mechani am

reaponsibls for concentratinz Na in the body. Ths
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=uprisr urine K concentration alsoc was about equal to the
llood It concentration, thus the antennary slands are shown
o ha ineffective for the remulation-of ¥. In fact, »ag-

lation of ion eoncentration was-snowm to be extra-renal

or 211 ions but Mg, The antennal.gland is used te main-
ain a hypotonic® Mg concentration. This ability,was im-
aired by increased temperatures. 3

Parry (1553) found that the isopod L

ia oeceanien
ieintalns an efficient ion repulatory system which keeps
a, ¥, Ca, and Cl concentrations in the bloocd hypertonic
‘0 s2a water. The salts are vrobably derived I'rom Tood
r ahsorbed directly from the medium at some hody surlace
uch as the pleopods. The csmotic pressure ol the blood
an be regulated in salinities of from 207 tﬁ 1007 sea
:ater, but the blood concentration conforms to the medium
onesntration at valuss less than‘or greator than this,
ndieating & failure in the regulatory mechanism at these
soncentrations,

Research on ionle regulation in the palaemonid prawm
« Berratus led Parry (195l) to hypothesize a regulatory
schanism involving an ultra-filtrate system, Tﬁis prawn
s normally hypotonic to sea water, with the blood concen-
ration of Wa, I, and Cl approximately 70-80% of the con-
sntrations found in ses water., The lg and‘soh_ concentra=

ions are lowsr in the blood than in sea water, and hizher

Jee note on page 11. This writer used tonicity if it was used by
he author of the work cited,
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tae urine than in ths blood. The urine is isotonic
the blocd, and baceuée the Na, X, Cl, and Ca concentra-
Hong are about equal in the two solutions, Parry sgﬁgasted
st the urine ia en ultrafiltrate of the blood, Because

iz and 3°ﬁ cenesntrations were higher than in the hlocd,

ne suggested that theas ions were perhaps actively exeret-
d after formatlon of the ultrafiltrate., The antennal

and of the palaomonid prawns does not have a site

ach as the tubule ol fresh-water craylishes where salt-
bsorption and osmoresgulation teke place. Parry states the
nes end-sac of the sntennal gzland may bs the site of the

Y L

L}

gze metive excreticn ©

1C perhaps NE, mey-occur arotund the nephridial canal.
seosorntion of lons to balance chafges might take place
ere also.

Risral (1959) measured the changes in the total os-
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ods, Gnorimi sphasroma coremonensis Dana and Sphser. peondoton

ichardson, alter exposure for 3 to L8 hours in varying
alinities. 1In lesa than 50% sea water the animals were
ypertonic; from 75% to 1259 sen'water, they wafa usually
ypotonic. Because weight changes were not cobserved wheq
he internal concentration changed, the change took place
7 salt mowvement. If the temperature was ;ilowed to drop

nom 16%C te £°¢ there wns a marked inerease in weight




raieh supmests that under opniimmm temeratures the totel
;ater content is actively maintained, and that low temp-
ratures nust destroy the sffectiveness of that mechan-
sm, The change in concentration observed at 503 coild
ot be axnlained only by the indrease in water volume,

theralore galt movement was still taking place.

errastrial Crustacea

In a terrestrigl habitat an animal is continually
osing water from its body by evaporetien and in the
arine. Loss of water from body fluids means that the
nternal concentration of lons will tend to rise, and may
n this way exceed in time the optimum concentration re-
uired for prover tissue funetioning. COntiﬁuad losa of

gater may result in death. To ensure that the body Iluids

o not become too concentrated, land forms have adopted

ayas to redice water loss., ' Means by which thia may be
ceomnlighed inelude the following:

1) BSemi-terrestrial and terrestrisl erustocesns have
1 intezument that 1s lesa permsable than ls the integument
T marine forms (Hdney, 1950). This condition prevents
reat losses from the general zody surface.

2} Land forms tend to reduce the surface area of
issues used for gas sxechange, eg. the gillé (Wicol, 1960},

ince so mieh evaporation takea place from the moist,




wased tissues.

3} Terrasgtrizl aninmels in general produee a rather
hill volume of urine.
Becsuse these measures cannot eliminate all water

s, the animal may alsc seek to maintain itz internal

@

prcentration by toking in water to dilute the lons which
bacome concentrated, To take up water, torrestriasl
ustacesns may eat moist food, drinit fron pools, enter

fator, or absorb water from sand. Gegsrcinus lateralis

a brachyuran crab which livea a terrestrial life and
able to live indefinitely simply by exposure to sand
®:pened with fresh water (Gross, 1963). It is able to
jsz the Tresh water absorbad from the sand to dilute its
jody flnids, for it dles if sea water is the.only source

vhieh the sand is dompened, Flemister (1958) found

i)

oma carniflex, another brashyuran, c¢an take up

=7 amainst a gradient from sand dampened with sither
®c: water or fresh water, The advantage %o be gained ia
Klaptation Lo terrestrislness may be questionable in this
se, however, singe the animal produces a urine hyposmotic
the beody fluids after such rehydration, %hareby losing

ater (Gross at. al,, 19646), It is believed that terres-
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pipl Iorms ovwolved from merine forms, and Cardisoma

\nd Geesroinus reprasent different degress of evolutlon
way Irom a marine 1ife, Cerdisoma llves in the inter-
idal and gbowve, snd will enter sea watér and tolerats
izh salinities, Gecarcinus lives away from the water,
d, as mentioned above, is intolerant to sea water.
georcinus may even drown in water, which Cardisoma will
ot do (Gross et, al. 1946).

Behavioral means of conbrolling water losses are

ell-documented. Cardisoma muanhumi Liatreille is wvory
ndspendent of the water, but may enter sea water or
resh wator to take in water (Gifford, 1962). The ano=-

uran land crab Coenchlta cavives was shown by Gross st.

pl, (1965) to be able to control its water balance by

shavioral means. Pschygransus orassipes, which may be

onsidered to be a gemi-terrestrial crab, has been showm

o prefer 1009 sea water (Gross, 1957) to other selinities.
scauge it can detect and avoid sbnormal salinities, it

an sometimes prevent the osmoregulatory problems associated
s1th dilute or concentrated poola. This mechaniam may
estriet its habitat to the intertidal and subti&al Qonaa

ather than allew more freedom in ranse. Cosnobitse perlafus

111 spend 0% of its time out of the water if allowed a

hoice (Gross and Holland, 1950). 1t prefera to visit

ea water Iive times more often than fresh wabtsr, when it



56 t0 anhisr water, nossibvly because its Internel

oncentration is not so hirsh as to necessitate dilution
by fresh water, This gssumstion is supnorted oy the ract
hat, if ite internal concentration is forced away Trom

ne normal value, it seems to be able to select water having

selinity which might best restore its internsl concentra-

.
The role of food in affecting the internal eoncentra-

ion contributing water was mentioned above. Food may

tlso gdd diong, Gross and Hollan 19 gtudied the ter-
Ak Gro d Holland (1960) st d.-the ter

astrial hermit crab Coencbita perlatus under a variety of

xperimental comditlons, Including fresh water; fresh water
ndé food; Tresh water and sea water; sea water and food;
resh water, sea weter, and food; and 150% sea water and
ood, After 12 days in the experimeﬁtal environmenta, the

'l

rabs were analyzed for blood and urine concentrations,

Men piven fresh waber and fopd, the bloed Wa, X, and Mg
emained fairly constant, regardless of winether or mot sea
rater was accessible, Glven both sea water and Tresh water,
in animal was able to maintain its internal concentration
rithout the aid of food., Given only fresh water, however,
he blood was less concentrated than when both food and
rash water wers avallable.

Becsuso of the difficulties in pracisciy controlling

he internal concentrations, terrestrial forms may find




+ mavpniageous to be &ble to tolersete wide

n e Dody fluid concentration. Cognobite

glerate a ¥a concsatration rvanze of BIY to 2277 of the
opmal value (Sross and Hollend, 1960),

Terrestrial ernstaceans are usually good hyp-
sriotie regulaters. Gross (196} studied seven spacies
I’ crabs, from & range of hgbitats, to determine thelr

slative abilities to remulates The crabs othat he

tudied were the aguatic H. orefonensis and Cancer snten-

srius; the semi-terrestrial P, crassipes, Grapsus mrapsus,

eca ecranulata, and Ocypode ceratopthalma; and the terres-

rigl Gegsreinus lateralis. He found a definite correlatlon

sbtween the degree of terrestrislness of these erabs and

neir relative sbilities as hyposmotic. regulators.

& role of the antennal gland in lfeonic and osmotic
erulation has been the subjsect of muech ressarch, Althoush

th Cardisoma csrnifex and Sesarmi meinerti were showmn

7 Oross et al, (1966) to bs strong hyper-osmotic and hyp-
motie regulstors, the antennal gland does not seem to be
morezulatory in function, since the urine wes ispsmotic
ith the blood, It can help in lon repulation, however,

concentrating Mg in the urine independent of the ¥

o]

.
lux from the medium, and probebly at the expenzs of Ha,

& ability to regulate Me is not necessarily correlated

)

%0 a low concentration of Mg in the blood, for Uca




Lk
(5]

vemmlota sieg the hest of the saven crebs studied by Sross

B

ot

2.

196)) at concentrating Mz in the urine, yet it has g hlood

pncontration of Mg as hizh as does Cancer, with & poor

bitity. arcinus was found by Sross (193lL) to bte an
weception to the other terrastrial crabs in his study,
secause it has only a poor ability to regulate Hz, He
ynothesized that Bacareinus mey have followed a different

volutionary path of physiocloglcal adaptation to terrestiri-

lness. I so, Coencbita werlatus has probably dona so

so., In expesrimenta with Coencbita perlatus, Gross and

folland (1950) found that when the salinity of the external
redium was inereasad, the concentration of the blood Na
nd Mz incressed, X increased somewhat, and Ca did not
nerease et all. They coneluded THat the antennary glands
¢ poor ion regiulators. Coenchita may depend more on its
igh tolerance for waristien in itB internal concentraticns
han on len regulation te live a terrestrial life. Gross
1259) studied the ion-regulating powers of the aatennal
land of P, crassipes. I was ineffective in the regula-
sion of Na, ¥, and Ca, but much more effective in the reg-
lation of Mg. OGross et al. (1966) presented svidence of
onservation of Oa by the antennal glands of . cmrnifex
nd 8. meinerti by showing that the ratio ol the urine Ca
0 the blood Ca was less than 1. In general, the sntennal

land of terrestrial crustaceans is ineffective for osmo-
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sitation, bub calt function in Iimited ion rezulation,

5% consricionsls for HMa.

-mary end Conclusions

Csmotic and ionie 'ragulation in Crustsces bas enasbled
rious members of the Crustdcea t¢ leave a merine envi-
ignt and to adapt suceessfully to brackish, fresh-water,
d terrestrial habitats. It has been shown that mony
imalas are limited in range basleally due to a linited
il1ity to sdapt to different selinities.

Frash-water Crustaces generslly have a low permesbility
water and salfs. This condition lessena the dilution
their bedy fluids by means of outward diffusion of salts
13 water intake by osmosis. Ton abseorption takes place
imerily asross the gills by eetiwve transport. The snersy
et 'of this transport is proportional to the concentration
andient exisoting between the internsl body fluids and tha
dium,: By ascoulring o toleratlon for less concentrated
ternal fluids than their marine ancestors, fresh-water
Te reduce the energy cost of active transport. It is
the advantaze of I'resh-water snimals to have ion carriers
ich saturate at very low exbternal concenbtrations. Fresh-
ter animals nlao benelit from producing & dilute urine,
Brociish-water crustaceans are mors permesble than their

ash-water relatives. The concentration of their body
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Tuida is In zeneral greatser than the coneantration of

tatance in a brackish medium may be pos-

bhe nedinm, §
“ble elther because tha animel iz able to vegulate ita
iteraal concentration of dions or because 1t can toler-
ta larze chaonmes in the concontratilon of its body fluids,
HMarine animals tend to be lsosmotic with ses= water.
bheve is thus little need of osmoresilation, but the nesd
for ilonie reguletion still exists. Thera is active ionie
gke By the gills, and the antennal glsnds have a lim-
ed role in ilon regulation, Some erustaceans are avle
aebively maeintain a hyposmotieity in sea water. The
cans by whieh 4his is accomplished is deserving of more
Bsearch,

Terrestrial crustaceans must cope with a nigh rate of
etom loss through eveporation and wia the urine, It is
thelyr advantage to be nguite imﬁarmeable. tater loss
artially balenced by drinking, eabting moist food, and
Ehavioral modes such as irmersion in pools. leny ter-
batrisl formia are able to regulate hyposmoticelly, while
hers have sdapted by toleration of wide [luctuations
their internszl concentrations.

The physiological =nd behavioral means to regulate os-
tieally and ionlcally have been the subject of a gzreat
2} of Pegearén. Althouzh a large body of information

accumalated desling with decapods, there iz a paucity




available on many of the other-crustacean

Researeh needs to te carried out on these forms

variety of resulatory mechanisms, Active transport

Pundamental in any consideration of ionie or osmotie
ralatien.: The ecarriers involwved in active transport are
t yet poaitively identified, mnd mors research on the

istolozy &nd biochemistry of exchanse membranss la needed.
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