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Osmotic and ionic regulation was studied in the North

American crayfish Pacifastacus leniusculus (Dana), stepwise accli-

mated to increasing salinities. Stepwise acclimation involved trans-

ferring crayfish at 48 hour intervals from freshwater to 100% sea-

water in 20% increments. In experiments where 70% seawater was

used, animals were moved directly from 40 to 70% seawater. The

salinity of the 100% seawater used in this study was 30, 67 parts per

thousand (0 o). Two approaches to the study of osmotic and ionic

regulation were used: in one, animals were sacrificed at the end of

48 hours in the test salinity, and in the other crayfish were left in the

test salinity for prolonged periods of time (up to 32 days). In the

latter, animals were sacrificed at various times throughout the ex-

periment. In both approaches the osmotic and ionic concentrations



of blood and tissues were studied. Blood samples were analyzed for

osmotic, sodium, potassium, chloride and calcium concentrations.

In some experiments, abdominal muscle was digested with peroxide

and analyzed for sodium, potassium and chloride. In two experi-

mentsone after 48 hours in 0, 40 and 70% seawater and one after

eight days in 40 and 70% seawateramino nitrogen was estimated on

TCA extracts.

Stepwise acclimated crayfish survived for 22 days in 60 and

70% seawater but a majority died within seven days in 90% and 18

days in 80% seawater. When these crayfish are subjected to a hyper-

osmotic stress, they maintain the osmotic concentration of their blood

below that of the medium (hyposmotic regulation) for at least 48 hours.

These crayfish showed little dehydration with salinity stress as evi-

denced by muscle and whole animal water content. Blood volumes

remained constant except in 100% seawater where a significant in-

crease was noted. Ionic concentrations in abdominal muscle, especi-

ally sodium and chloride, increase in the higher salinities but amino

nitrogen does not. The difference between the measured osmotically

active constituents of the abdominal muscle and the osmotic concentra-

tion of blood increases in the higher salinities. Since water content

remained essentially unchanged, this suggests the increased intra-

cellular concentration by some material not analyzed in this study.

Crayfish subjected to 70% seawater for periods longer than 48



hours reach a steady state within the first four days, the osmotic

concentration of the blood becoming isosmotic or slightly hyperosmotic

to the medium after eight days. Blood sodium and chloride are regu-

lated below the concentration of the medium up to 27 days for sodium

and 32 days for chloride. Ionic concentrations in the abdominal

muscle show an increase with time. Concentrations of amino nitrogen

are highly variable and do not show a consistent pattern of change.

Blood and tissue osmotic constituents of animals kept in 40% seawater

for eight days remained essentially unchanged.

Excretion of salt and water by the crayfish kidney was studied.

Urine was analyzed for osmotic, sodium and chloride concentrations.

Urine volumes were estimated by plugging the nephropore and

weighing the crayfish eight hours later. Filtration rates were esti-

mated imated using the appearance of inulin-C in the bath.

The urine osmotic and ionic concentrations increase when

crayfish are stepwise acclimated to increasing salinities but are al-

ways hyposmotic to the blood. U/B ratios for inulin are greater

than one indicating water reabsorption, and remain unchanged when

the animal is stressed to increasing salinities. Estimations of urine

volumes by the weight-gain method indicate that even though the

volume is reduced the crayfish still produces some urine when sub-

jected to a hyperosmotic stress. The experiments with inulin indi-

cate that filtration is markedly reduced in 40 and 70% seawater.



Osmotic and Ionic Regulation in the North American
Crayfish, Pacifastacus leniusculus (Dana)

by

David Emmet Kerley

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the

degree of

Doctor of Philosophy

June 1970



APPROVED:

Redacted for Privacy

Professor of Zoology

in charge of major

Redacted for Privacy

Chairman of Department of Zoology

Redacted for Privacy

Dean of Graduate School

Date thesis is presented August 7, 1969

Typed by Nancy S. Kerley for David Emmet Kerley



ACKNOWLEDGMENT

I wish to thank my Major Professor, Dr. Austin W. Pritchard,

for his guidance, assistance and encouragement during my tenure as

a graduate student. His guidance and assistance during the research

and writing of this thesis were greatly ap-oreciated.

Sincere thanks is also extended to Dr. Ernst J. Dornfeld for

his encouragement and helpful guidance during my graduate training.

I wish to acknowledge Dr. Harry K. Phinney and

Dr. Frederick L. Hisaw, Jr. for their careful reading and sugges-

tions which aided in the completion of this thesis.



TABLE OF CONTENTS

INTRODUCTION

METHODS AND MATERIALS

Page

1

8

Trapping and Care of Crayfish 8
Experimental Protocol 10
Seawater Dilutions 11
Analytical Procedures 11

RESULTS

Blood Sampling and Preparation 11

Urine Sampling 13

Determination of Osmotic Concentration 13

Determination of Cations in Blood and Urine 14
Determination of Blood and Urine Chloride 15
Tissue Sampling and Preparation 16
Determination of Ions in Abdominal Muscle 17
Determination of Amino Nitrogen 18
Determination of Water Content 19
Estimation of Blood Volumes 19
Estimation of Urine Production 21
Estimation of Renal Clearance 24

28

Survival Studies 28
Feeding vs. Starvation 30
Blood Analyses 30
Water Content of the Crayfish 38
Ions and Amino Nitrogen in Abdominal Muscle Tissue 41
Time Course Study 45
Urine Analyses 58
Urine Production 61
Inulin Clearance Rates 67

DISCUSSION 71

SUMMARY 78

BIBLIOGRAPHY 81

APPENDIX 91



LIST OF TABLES

Table Page

Test for inulin-C14-emulsion stability and absorption
showing chat seawater does not interfere and that the
mixture is stable. 27

2 Survival of Pacifastacus leniusculus stepwise acclimated
to various salinities. 29

3 Effects of feeding on the osmotic concentration of the
blood of animals acclimated to 60 and 100% seawater.

4 Osmotic and ionic concentrations of the blood of cray-
fish stepwise acclimated to various salinities at
18-22° C, June and July 1964.

5 Osmotic and ionic concentrations of the blood of cray-
fish stepwise acclimated to increasing salinity,
August 1964.

30

31

35

6 Osmotic and ionic concentrations of the blood of cray-
fish stepwise acclimated to increasing salinity at 10° C
Winter 1963. 36

7 Water content of crayfish stepwise acclimated to in-
creasing salinity. 39

8 Blood volumes in crayfish stepwise acclimated to in-
creasing salinities. 42

9 Ionic concentrations in abdominal muscle of crayfish
stepwise acclimated to increasing salinities. 42

10 Amino nitrogen concentration in abdominal muscle
of crayfish stepwise acclimated to increasing salinities. 44

11 Addition of osmotically active constituents in abdominal
muscle and comparison with adjusted osmotic concentra-
tions of blood. 44

12 Bloodanalyses of surviving crayfish from a salinity
tolerance study, 46



LIST OF TABLES (continued)

Table Page

13 Osmotic and ionic concentration of the blood of crayfish
subjected to 40% seawater for eight days. 53

14 Ionic concentrations in the abdominal muscle of crayfish
subjected to 40 and 70% seawater for eight days. 54

15 Amino nitrogen in abdominal muscle of crayfish sub-
jected to 40 and 70% seawater for eight days. 55

16 Addition of osmotically active constituents in abdominal
muscle and comparison with the adjusted osmotic con-
centrations of the blood of animals subjected to 40%
seawater for eight days. 56

17 Addition of osmotically active constituents in abdominal
muscle and comparison with the adjusted osmotic con-
centration of the blood of animals subjected to 70% sea-
water for eight days. 57

18 Osmotic concentration of the urine from crayfish sub-
jected to 40 and 70% seawater for eight days. 58

19 Sodium, chloride and osmotic concentrations of urine
from stepwise acclimated crayfish. 60

20 Urine:blood ratios for salinity-stressed crayfish,
calculated from Table 19. 61

21 An example of the effects of estimating the urine
production 10 hours and 24 hours after plugging the
nephropore. 63

22 Urine production of two crayfish over two-day periods. 64

23 Estimation of urine production by plugging the
nephropore. 64

24 Inulin-C14 uptake through the gut. 66

25 Appearance of inulin-C 14 in the bath after nephropore
plugging. 68



LIST OF TABLES (continued)

Table Page

26 Appearance& radioactivity in the bath after injection
of inulin-C 69

27 Inulin clearance for salinity-stressed crayfish. 70

LIST OF APPENDIX TABLES

1 Number of crayfish remaining alive during the survival
study.

2 Osmotic and ionic concentrations of the blood of cray-
fish subjected to 70% seawater for 32 days,

3 Ionic concentrations in the abdominal muscle of cray-
fish subjected to 70% seawater for 32 days.

4 Blood:tissue ratios for crayfish subjected to 70% sea-
water for 32 days.

5 Osmotic and ionic concentrations of the blood of cray-
fish subjected to 70% seawater for eight days.

6 Blood:tissue ratios for crayfish subjected to 40 and 70%
seawater for eight days.

91

92

93

94

95

96



LIST OF FIGURES

Figure Page

1 Chamber for drying the surface of the crayfish, 23

2 Osmotic regulation of the blood of Pacifastacus
leniusculus stepwise acclimated to increasing
salinities, June-July 1964. 32

3 Osmotic regulation of the blood of Pacifastacus
leniusculus stepwise acclimated to increasing
salinities, August 1964.

4 Crayfish blood volumes (% body weight) plotted
against body weight showing lack of correlation.

5 Osmotic regulation of the blood of crayfish sub-
jected to 70% seawater for prolonged periods.

6 Chloride regulation of the blood of crayfish sub-
jected to 70% seawater for prolonged periods.

7 Sodium regulation of the blood of crayfish subjected
to 70% seawater for prolonged periods.

37

40

48

49

50



OSMOTIC AND IONIC REGULATION IN THE NORTH
AMERICAN CRAYFISH, PACIFASTACUS LENIUSCULUS (DANA)

INTRODUCTION

Members of the class Crustacea are found in aquatic habitats

ranging from freshwater to water with a salinity many times that of

seawater. Their ability to survive in specific habitats depends

mostly on their capacity for regulating internal body fluid osmotic and

ionic composition. The extent of this regulatory ability usually, but

not always, depends on the magnitude of environmental fluctuations

normally encountered by the animal. Truly marine forms are usually

isosmotic but not iso-ionic to their environment, e. g. , the spider

crab, Maia (Lockwood, 1964), the Cancer crabs, Cancer antennarius

and Cancer gracilis, and the kelp crab, Pugettia producta (Gross,

1957). These forms are not usually confronted with salinity changes

and therefore can regulate their body fluid concentrations over a

limited range of salinities. These forms are called "conformers. "

Littoral and estuarine or brackish water forms are generally isos-

motic to seawater, e. g., grapsoid crabs (Jones, 1941; Gross, 1957;

Dehnel, 1965). They are continually confronted with salinity changes

and have developed mechanisms which allow them to regulate their

body fluids over a wide range of salinities. These forms are called

"regulators. " When the body fluid is regulated above that of the
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environment they are called "hyperregulators, " When it is regulated

below that of the environment they are called "hyporegulators." Fresh-

water forms, e. g., crayfish, maintain a blood that is markedly hyper-

osmotic to the environment and in most cases have lost the ability to

survive a salt water stress (Lockwood, 1962, 1964). The osmotic and

ionic regulation of marine and brackish water crustaceans have been

extensively studied during the past 20 years and have been the subject

of many reviews during the past ten years (Shaw, 1960c; Lockwood,

1962, 1964; Prosser and Brown, 1962; Schmidt-Nielson and Laws,

1963; Potts and Parry, 1964; Potts, 1968),

Freshwater crustaceans probably evolved from marine or brack-

ish water forms (Beadle, 1957). They are faced with the problems of

a constant influx of water by osmosis and an efflux of salts by diffusion.

Crayfish maintain a normal osmotic and ionic concentration of their

body fluid through active sodium uptake by the gills (Maloeuf, 1937;

Krogh, 1939; Maluf, 1940b; Bryan, 1960b; Shaw, 1960a, b, c), through

production of a copious hyposmotic urine (Picken, 1936; Lienemann,

1938; Maluf, 1939, 1941a; Riegel and Kirschner, 1960; Bryan, 1960a;

Riegel, 1961, 1965, 1966a, b, 1968; Kamemoto, Keister and Spalding,

1962; Kamemoto and Kono, 1968), and through a reduction of the

permeability of the integument (Maloeuf, 1937; Gross, 1957).

The crayfish kidney (green gland or antennal gland) excretes

large quantities of very dilute urine. Micropuncture studies conducted
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by Peters in 1935 (according to Potts and Parry, 1964) on the kidney

of Astacus fluviatilis indicated that the urine in the most distal part

of the kidney, the end sac and labyrinth, was iso-ionic with the blood

and that as the urine proceeded through the nephridial canal to the

bladder it became more dilute. These observations have been recent-

ly confirmed by Riegel (1961, 1963, 1965, 1966a, b, 1968), working

with the crayfish Austropotamobius pallipes pallipes. The formation

of the primary urine in the labyrinth and end sac has been the subject

of much debate. Maluf (1940a, 1941b) found that the urine:blood ratios

(U/B ratios) for materials such as inulin and xylose, not normally

transported across the vertebrate kidney tubular system, were

greater than one. He concluded the definitive urine was a result of

secretion because the structure of the kidney lacked an arterial capil-

lary system. Martin (1957, 1958), re-evaluating Maluf1s work, con-

cluded that the formation of urine involved the production of an ultra-

filtrate and the high U/B ratios would result if water was reabsorbed

by the kidney. Burger (1957) poisoned the kidney of the lobster,

Homarus americanus, with phlorizin, a drug which inhibits the trans-

port of glucose in vertebrate kidney tubular systems, and found that

glucose appeared in the urine. Similar results were obtained by

Riegel and Kirschner (1960) when they used phlorizin on the crayfish

Procambarus clarkii, Orconectes virilis, and Pacifastacus

leniusculus. Riegel and Kirschner (1960) showed that when these
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crayfish were injected with inulin the U/B ratios were greater than

one, as Maluf had found, and concluded the primary urine was pro-

duced by ultra-filtration and the definitive urine by reabsorption of

salts and water. Sites of active salt uptake have been shown to exist

in the nephridial canal and the bladder (Beams, Anderson and Pless,

1956; Kamemoto, 1961; Kamemoto, Keister and Spalding, 1962).

A complete understanding of the functional mechanisms of the

green gland has eluded researchers, partly because of the difficulty

of obtaining urine. Riegel (1961) attempted to estimate the flow of

urine by aspirating the urine from the bladder. Bryan (1960a) and

Kamemoto (1961) estimated the urine volume by plugging the bladder

and weighing the animal, assuming that the weight gained was the

water that entered the animal by osmosis and would normally be elim-

inated by the kidney. Kamemoto (1968) developed a way to obtain con-

tinuous urine samples, but he had to secure the crayfish and accord-

ing to Riegel and Kirschner (1960), a procedure which may cause the

animal to stop producing urine.

Relatively few studies have been done on the osmotic and

ionic regulation of crayfish acclimated to different salinities.

Hermann (1931) kept the European crayfish Potamobius astacus

(Astacus astacus) in 50% seawater for six weeks, but found it could

not tolerate higher salinities. When placed in solutions above 50%

seawater the animal's blood was hyperosmotic to the medium.
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Lienemann (1938) subjected Cambarus clarkii to sodium chloride

concentrations and stated that it could not regulate in solutions hyper-

osmotic to the blood. Bryan (1960c), studying sodium regulation in

Astacus fluviatilis, found that after preadaptation to 200 mM/1 sodium

chloride (roughly iso-ionic to the blood) this crayfish could survive

two weeks in 300 mM/1 sodium chloride, and up to one week in 400

mM/1 sodium chloride. The blood sodium levels increased as soon as

the external sodium level exceeded 100 mM/1, reaching an equilibrium

with the medium when the external concentration was about 250 to

300 mM/1 of sodium chloride. He also found that the sodium concen-

trations of the urine increased more rapidly than those of the blood

when crayfish were placed in dilutions of sodium chloride; the urine

becoming iso-ionic with the blood in solutions greater than 100 mM/1.

Kendall and Schwartz (1964) subjected two species of Eastern North

American crayfish, Orconectes virilis and Cambarus b. bartonii,

to various salinities and found half of the test specimens dying within

72 to 96 hours at salinities of 14 and 27 parts per thousand (500).

Even though an animal may have the ability to survive over a

range of salinities, there is usually a change in the ionic concentra-

tion of the blood, even in regulators. If the animal is to survive under

these conditions, regulation must occur between the cells and the

blood to prevent dehydration. This dehydration would result in a

change in physical-chemical makeup of the cell causing it to
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malfunction (Florey, 1966). The lobster, Homarus vulgaris, the

spider crab, Maia squinado and the crayfish, Astacus fluviatilis, have

high concentrations of intracellular amino acids. The marine forms

have a much higher concentration than the crayfish (Camien, Sarlet

Duchateau-Bosson and Florkin, 1951). The free intracellular amino

acids, glycine and alanine, increase when the euryhaline crab Eriocheir

sinensis is subjected to concentrated seawater (Schoffeniels, 1960;

Bricteux-Gregoire et al., 1962; Florkin et al. , 1964). Shaw (1958b)

found a similar trend in the crab Carcinus and Jeuniaux, Bricteux-

Gregoire and Florkin (1961) found that levels of glycine, proline and

alanine in the prawns Leander serratus and Leander squilla are af-

fected by variation in salinity. Schoffeniels (1964) showed that the

transfer of Carcinus maenas and Eriocheir sinensis to a dilution of

seawater was followed by an increase in nitrogen metabolism. Only a

few studies have been conducted on freshwater forms. Shaw (1959b)

found that the free amino acid concentration increased when the

African freshwater crab, Potamon, was subjected to 70% seawater.

Duchateau-Bosson and Florkin (1961) obtained similar results when

they stressed the European crayfish, Astacus astacus, for varying

lengths of time in 50% seawater.

The Western North American crayfish, Pacifastacus leniusculus,

has been reported from brackish water (Smith, 1959; Miller, 1960)

and has been trapped by the author in salinities ranging from 6 to 10%o
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in the tidal reaches of the Alsea River (Oregon). Earlier work done

by the author (Kerley, 1962) indicated that this crayfish could survive

in salinities greater than those reported for either the European

crayfish or the Eastern North American crayfish. The work also in-

dicated that Pacifastacus leniusculus had a greater ability to osmo-

regulate. In this thesis, data will be presented indicating that the

North American crayfish, Pacifastacus leniusculus, can survive sea-

water dilutions up to and including 21500 and is capable of hypo-

regulating under these conditions. Data on the mechanisms of osmotic

and ionic regulation will be presented for animals stepwise acclimated

to various dilutions of seawater. These include measurements of the

osmotic and ionic concentration of the blood, blood volume, water

content, and tissue ions. Osmotic and ionic concentration of the

urine, urine volume and filtration rate were also determined.

Parts of this thesis have been published in the Journal of

Comparative Biochemistry and Physiolo y (Kerley and Pritchard,

1967, V. 20, pp. 101113). This includes part of the section on

Methods and part of the results including the sections on Survival and

Blood and Tissue Analysis. Permission to publish was granted by

the Graduate School.
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METHODS AND MATERIALS

Trapping and Care of Crayfish

The crayfish used in this study were collected from a pond in the

Peavy Arboretum, near Corvallis, Oregon. These crayfish were

identified for the author by George Miller as Pacifastacus leniusculus

(Dana) and are described by Miller (1960) in a thesis entitled, The

Taxonomy and Certain Biolo ical Aspects of the Crayfish of Ore on

and Washington.

Osmotic and ionic regulation varies with the molt cycle

(Baumberger and Olmsted, 1928; Baumberger and Dill, 1928;

Drilhon, 1933; Drach, 1939; Bryan, 1960c; McWhinnie, 1962), especi-

ally during the period just prior to molting, called the premolt or "D"

stage according to the stages identified by Drach (1939). To reduce

this variability only intermolt (Drach's Stage "C") animals were

used. Since some of the experiments required long periods of time,

a procedure for providing only early "C" stage animals was neces-

sary. Scudamore (1947) reported that Cambarus immunis and

Cambarus propinquus tended to molt twice a year the late spring

and again in the summer. Trapping experience indicated that

Pacifastacus leniusculus behaved in a similar manner. The presence

of numerous branchiobdellids, diatoms, and a gastrolith was a good
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indication that the crayfish were in the "D" stage and would probably

molt within a few weeks, These crayfish were not used in experi-

ments, Most of the crayfish trapped between molts were found to be

in the "C" stage. At the termination of all experiments, animals were

sacrificed and in all but one case (see page 34) data from those with

gastroliths were not included.

Crayfish were captured using minnow traps baited with fresh or

frozen fish. Traps were emptied and rebaited every day during a

trapping session. Crayfish were transported as quickly as possible,

in polyethylene containers, to the laboratory where they were placed

in large fiberglass lined holding tanks in running dechlorinated tap

water, Since a single trapping seldom provided enough crayfish for

an experiment, animals were stored (or held) for as long as one week.

Male animals were selected from the holding tank and placed in poly-

ethylene trays in approximately two liters of aerated, dechlorinated

tap water, Each tray was provided with a center partition and a

single animal was placed in each compartment. Animals were accli=

mated in this manner for six to eight days prior to an experiment.

Crayfish in the holding tanks and small containers were fed

every 48 hours with dried fish food pellets supplied by the Oregon

State Game Commission. The water in the small containers was

changed shortly after feeding to prevent fouling. It was found that

crayfish could be kept in this manner, in both small and large holding
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tanks, for more than 30 days without apparent ill effects. In fact,

crayfish held and fed in this manner, for other purposes, often went

through a molt, indicating that the conditions and food were adequate

for normal growth and development.

All but one experiment were conducted at temperatures between

18 and 22 C, which is within the range normally experienced by this

species in late spring, summer and early fall. A single experiment

was performed on crayfish acclimated to 10° C, to see if temperature

affected appreciably the pattern of osmoregulation.

Experimental Protocol

In order to stress the animals to salt water for a prolonged

period, and at the same time insure that a maximum number of ani-

mals were available at the higher salinities, the following protocol

was used. Forty-eight hours after the last feeding in freshwater, a

number of animals were sampled. The remainder were then trans-

ferred to 20% seawater. Osmotic and sodium concentrations of 100%

seawater used in this study are given in the next section. After 48

hours in this medium, a second group was sampled and the remainder

moved to 40% seawater. This procedure was repeated in 20% incre-

ments through 100% seawater. In some experiments, 70% seawater

was the highest test salinity. Crayfish were transferred directly to

this medium from 40%. The animals were fed midway through the
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experiment, prior to changing from the 40 to the 60 or 70% solutions,

Seawater Dilutions

Seawater used in this study was collected from easily accessible

areas along the Oregon coast between Newport and Waldport. The

seawater was diluted to the appropriate salinity with dechlorinated

tap water, Salinity determinations were made with an electrodeless

induction salinometer (Industrial Instruments Model No, RS5-3)

calibrated with Copenhagen seawater. A salinity of 30, 67%0 (chlo-

rinity, 17. 0%0) was chosen as 100% seawater because of its year-

round availability, One hundred percent seawater in this study has an

"adjusted" osmotic concentration of 966 mOsm/1 and a sodium concen-

tration of 457 mM /l.

Analytical Procedures

Blood Sampling and Preparation

Blood samples for osmotic and ionic concentrations were taken

by inserting a small glass capillary tube through the thin membrane

between the protopodite and endopodite of the fourth walking leg, The

blood was allowed to run through the capillary tube into a clean glass

test tube, Contamination of the blood in the test tube was prevented

by wrapping absorbent tissue around the capillary to catch any
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contaminant that might run from the surface of the animal along the

outside of the tube. Two blood samples (approximately 0. 5 ml/sample)

were drawn from the animal, one for ion analysis and one for the de-

termination of osmotic concentration. Blood samples were allowed

to clot, and were stored frozen until analyzed. Preliminary investi-

gations showed that the length of time the sample remained frozen had

little, if a.ny, effect on its composition. Prior to analysis a clear

fluid "serum" was produced by breaking up the frozen clot with a glass

rod, and forcing the thawed blood through an eight micron Millipore

filter.

Although it is unlikely that the production of a "serum" as de-

scribed above would affect the ionic content of the blood since little,

if any, solid material was removed during filtration, a question arises

as to the effects of this procedure on osmotic concentration. It was

impossible to determine the osmotic concentration of whole blood

using the technique described in this paper, because the warm temper-

atures and the time taken for a determination allowed the blood to clot

in the syringe. However, the data gathered in this study compare

favorably with data on this species obtained by using a melting point

technique described by Ramsay (1949) and Ramsay and Brown (1955)

and used on whole blood (Kerley, 1960).
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Urine Sampling.

A modification of the technique described by Bryan (1960a) and

Riegel and Kirschner (1960) was used to collect urine samples. The

animal was rinsed with tap water and wiped dry. Pieces of absorbent

tissue were tucked into the anterior end of the gill chamber to prevent

contamination of urine samples by water from the gill chamber, A

Pasteur pipet which had previously been drawn to a point and broken

off to the desired diameter, was used to gently aspirate the urine

from around the mouth of the nephropore. Urine was caused to flow

by tapping the membrane covering the nephropore or by forcing the

pipet carefully through this covering. The urine was introduced into

a small plastic microcentrifuge tube, sealed and frozen until used.

Determination of Osmotic Concentration

A Mechrolab Vapor Pressure osmometer was used to determine

the osmotic concentration of the blood and urine samples. To deter -

mine the accuracy of this instrument, ten osmotic concentration deter-

minations were made on the same blood sample. A maximum error

of 1.8% was recorded. The data are presented either as mOsm/11 or

1 Osmole (Osm) = An osmole is the amount of solute that, if
dissolved in one liter of water, exerts the same osmotic pressure (or
gives the same osmotic concentration) as one mole of an ideal non-
electrolyte dissolved in the same volume" (Florey, 1966, p. 73).
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as osmotically equivalent to mM of NaC1/1. In cases where the addi-

tion of ions and osmotic concentrations are compared, the data are

presented as "adjusted rnOsm/1. " This is necessary because the

blood is a solution of ions that interact, producing less osmotic effect

than one would predict if the blood were an ideal non-electrolyte, and

because the osmometer is calibrated with an ideal nonelectrolyte. In

order to calculate the "adjusted mOsm" it was assumed that the blood

is a solution containing mainly sodium and chloride ions, A standard

curve of mannitol was compared with a standard curve of sodium

chloride constructed by dividing the reading from the osmometer by

two. If there was no interaction between the sodium and chloride

ions, the two curves would be identical because sodium and chloride

ionize to produce two particles. The interaction that occurs between

the sodium and chloride ions results in a difference, This difference

was measured and used as a correction factor, Within the range of

blood values used in this study, a correction factor of 1. 11 was used,

Determination of Cations in Blood and Urine

Blood sodium, potassium and calcium were determined using a

Coleman flame photometer. A dilution of 1:250 was found convenient

for analysis of all three ions, The blood samples were diluted in

clean glass test tubes and stored in the refrigerator until analysis.

The test tubes had previously been washed with dichromate glass
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cleaner, Labtone, and rinsed with hot tap water and distilled water.

The test tubes were then filled overnight with distilled water, emptied,

and dried in an oven. Distilled water kept in test tubes cleaned in

this manner did not gain any measurable sodium, potassium, or cal-

cium from the glass. The accuracy of the blood analysis was deter-

mined by making ten dilutions from the same blood sample. The

greatest error recorded was 3% for sodium, 2. 6% for potassium and

3. 5% for calcium.

The concentrations of sodium in urine samples were measured

with the flame photometer. Because of the limited amount of urine

collected from each animal, a dilution of 1 to 100 or 1 to 200 was

used (10 p.1 to 1 ml or 10 ill to 2 ml). Since the total diluted sample

was smaller than that recommended for the flame photometer, the

samples had to be held by hand under the aspirator. This decreased

the efficiency of the procedure. Several urine samples were "pooled"

and ten dilutions and determinations were made with a maximum

error of about 20%.

Determination of Blood and Urine Chloride

Throughout this study, chloride in the blood and urine samples,

excepting the urine samples from the inulin clearance study and blood

and urine samples from the time course study, was determined by a

modification of the method of Schales and Schales (1941) as described
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by Beckman Bulletin No, 6070C (Beckman, 1962). A 10 pa sample

was acidified with nitric acid and titrated with mercuric nitrate using

a Beckman rnicrotitrator. The indicator was s-diphenyl carbazone

which forms a blue-violet color when complexed with excess mercuric

ions (Schales and Schales, 1941). The accuracy of this procedure was

determined by titrating ten subsamples of the same blood and the max-

imum error was determined to be 2%. The remainder of the blood and

urine chlorides were determined with an Aminco-Cotlove chloride

titrator. The maximum error with this technique was found to be 2%.

Tissue Sampling and Preparation

Samples for analysis of tissue ions were cut from the abdominal

muscle, blotted on wet paper towelling, weighed on a torsion balance

and dried to constant weight at 105° C. The water content of the tis

sue was computed and used to calculate the tissue ion concentration

(see below). The dry tissue was digested using a modification of a

method described by McFarland and Lee (1963) and McFarland (1964,

personal communication). The previously dried abdominal muscle was

ground in a mortar and about 0. 2 g of the resulting powder was

weighed and transferred to a graduated centrifuge tube containing 2 ml

of 30% peroxide. A few drops of caprylic alcohol were added to pre-

vent foaming. The tube was covered with a powder funnel, the stem

of which had been drawn to a point. This digestion vessel with its
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contents, was then placed in a boiling water bath for four hours, and

then allowed to cool. The volume was adjusted to ten milliliter and

filtered. The filtrate was used in the analysis of tissue chloride,

sodium and potassium.

Determination of Ions in Abdominal Muscle

The concentrations of sodium and potassium ions in muscle tis-

sue were measured with the Coleman flame photometer. The values

are presented as mM/kg of tissue water.

Chloride was measured using the method of Schales and Schales

(1941), described above. The end point was not sharp and this re-

sulted in titration error. Duplicate titrations on four samples gave a

maximum error of 3%.

It has been reported by Van Slyke (1923) and Gordon (1959) that

the digestion of muscle by heat causes the loss of chlorides. To de-

termine the accuracy of this technique, a number of muscle samples

were weighed and placed in separate reaction vessels with known

amounts of sodium chloride. The samples were then digested for

four hours and analyzed for chloride. An average recovery of 94%

from four samples was obtained. The error in recovery could be ac-

counted for in two ways: (1) chloride lost, and (2) error due to

titration. All tissue chloride data are reported as mM/kg of tissue

water.
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Determination of Amino Nitrogen

A modification of a technique described by Rosen (1957) was

used to estimate the amino nitrogen present in the abdominal muscle

of crayfish. This procedure involves the reaction of free amino acids

and other organic molecules containing amino nitrogen with ninhydrin

(triketohydrindene hydrate) to produce a purple color. This color

may be used colorimetrically to quantitatively determine the concen-

trations of amino nitrogen containing compounds in protein free ex-

tracts of tissue (op. cit. ). The protein free extract was produced

from muscle tissue which had previously been dried at 60-70° C and

ground to a fine powder. Twenty milligrams of this powder was h

mogenized in 2 ml of 10% trichloroacetic acid (TCA) at 0° C. The ho-

mogenate was then washed into a graduated centrifuge tube with dis

tilled water, the volume adjusted to the 10 ml mark, and the diluted

homogenate centrifuged for ten minutes. No biuret reaction could be

obtained on the supernatant, indicating the absence of protein. The

estimation of the amino nitrogen in this protein free supernatant in-

volved reacting 0. 5 ml of a 3% ninhydrin solution in Cellosolve and

0, 5 ml of cyanide acetate buffer with 1 ml of a 1:10 dilution of the su-

pernatant for 15minutes in boiling water. The resultant mixture was

then diluted with a 1:1 isopropyl alcohol water diluent. The color was read

at 570 mp, with a Bausch and Lomb Spectronic 20. A leucine standard
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was used to calculate the quantity of amino nitrogen present. The re-

sults are reported as mM of leucine equivalents/kg of tissue water.

The precision of the technique was determined by successive deter-

minations on pooled homogenates. .A maximum error of 9% was ob-

tained.

Determination of Water Content

The water content of abdominal muscle was obtained by re-

moving approximately one gram of abdominal muscle, blotting it dry

on a wet paper towel and weighing it on a torsion balance. The sample

was then placed on a pre-weighed aluminum pan and dried at 105 to

110° C for 48 hours (to constant weight). The sample was placed to

cool in a desiccator and weighed on a Mettler balance,

The water content of the whole animal was obtained by weight

difference. The initial weight was obtained after first removing the

excess water and wrapping the animal in a paper towel for 30 minutes.

Experience indicated that little, if any, weight change occurred during

the last 15 minutes of this procedure. The animal was then placed in

the drying oven and dried for 48 hours at 105 to 110° C, after which

a constant weight was obtained.

Estimation of Blood Volumes

Blood volumes were estimated using a dilution technique



described by Prosser and Weinstein (1950), Bryan (1960a) and

modified by Riegel and Parker (1960). One-tenth of a milliliter of

crayfish Ringer's solution containing approximately 1, 000, 000 cpm

of inulin-C14 was injected into the pericardial sinus.
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Ten microliter

samples were taken and counted (see below) at ten minute intervals

for one hour. A time concentration curve was plotted to determine

the rate of inulin-C14 loss (cpm lost ) and the point of maximum dilu-

tion. The flat portion of the curve, representing the rate of inulin

loss, was extrapolated back to time zero, to correct for loss during

the period of dilution. This corrected value ("instantaneous" dilution)

was used to calculate the blood volume using the following formula:

injectedBlood volume
cpm /ml of blood

In order to confine the crayfish and take successive samples, a

modification of a holding device described by Bryan (1960a) was con-

structed. A plastic tissue cement, Eastman 910, now sold as a

plastic cement under the trade name of "Lock Tite, " was used to

cement the dorsal portion of the carapace to a rubber diaphragm

(made from rubber dam) fitted to the underside of a one-fourth inch

Lucite plate in which a hole had been cut to approximate the dimensions

of the dorsal carapace. Sufficient pressure was exerted by a holding

bar placed between the chelae and the first pair of walking legs to fit

the carapace and rubber sheet snugly into the hole in the Lucite sheet.
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The holder was lowered into the water bath to the level of the Lucite

sheet. The rubber sheet then provided a dry and easily cleaned sur-

face. With this arrangement it was possible to repeatedly puncture

the pericardial cavity, since the holes were self-sealing.

The radioactivity of the blood samples was determined by a

Nuclear-Chicago Biospan 4340 automatic gasflow geiger counter. The

sample was plated by adding the blood sample to one milliliter of dis-

tilled water in an aluminum planchet. The solution was evenly dis-

tributed on the planchet with a drop of detergent and dried at low

-neat. The inulin-C14 used was purchased from New England Nuclear

Corporation as inulin-carboxyl-C14 with a specific activity of approxi-

mately 1. 6 me /g. This was diluted with crayfish Ringer's solution

1:o the appropriate concentration. The number of cpm injected was

determined by injecting 0.1 ml aliquot of the stock solution, with the

same syringe used to inject the inulin-C 14 into the animal, into a

9. 9 ml of crayfish Ringer. A 10 1.1.1 sample was then plated on a plan-

chet as described above and counted. The total quantity injected (cpm)

was then calculated.

Estimation of Urine Production

A modification of a method first described by Peters (1935) and

later used by Bryan (1960a) was used to estimate the quantity of urine

produced by the crayfish. The animal was dried in a stream of air
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and the urine aspirated from the bladder by inserting a small glass

tube through the covering of the nephropore and applying a slight

vacuum. The nephropore was then cemented shut with a small piece

of filter paper soaked in tissue cement. The animal was returned to

the appropriate seawater dilution. After one hour the crayfish was

taken from the seawater dilution and excess water removed with a

paper towel. The crayfish was placed in a drying chamber (Figure 1)

which was constructed from two inch diameter plastic bottles, four

inches long. The top of the chamber was made from a wash bottle;

the plastic delivery tube of the bottle was connected by a rubber tube

to the compressed air outlet. The bottom of this bottle was removed

and the remainder fitted to telescope into the bottom half of the

chamber. The bottom of the chamber was made by cutting a 0. 5 inch

hole in the end of one bottle and completely removing its top. The

chamber was held vertically by a support stand and burette clamp.

The crayfish was placed, rostrum down, in the bottom half of the

chamber, and then it was fitted to the top half. The air was turned on

and the excess water forced out of the hole in the bottom of the cham-

ber. The animal was weighed on a two-place Mettler balance and re-

turned to the water for eight hours. After eight hours the animal was

again dried and reweighed. The urine production was estimated by

assuming that the density of urine is equal to one. The data are ex-

pressed as percentage weight gained per 24 hours.



23
To air outlet

Burette clamp

Burette clamp

aPlastic wash bottle

Cut so bottle will fit
into bottor of chamber

aPlastic wash bottle

1/Z diameter drain
hole

Figure 1. Chamber for drying the surface of the crayfish. The crayfish was placed, rosin= down,
in the bottom half of the chamber and then the bottom half was telescoped into the too
half. Air was blown over the crayfish forcing water out of the hole in the bottom half of
the chamber.
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Estimation of Renal Clearance

The estimation of the renal clearance of the crayfish is based

on a modification of a technique commonly used on mammals and first

suggested to the author by W. T. W. Potts (personal communication,

1963) and later used and described by Parsons and Alvarado (1968).

It is assumed that inulin is a substance that is neither absorbed nor

secreted by the crayfish kidney (Riegel and Kirschner, 1960). If this

is so, the inulin clearance (the glomerular filtration rate of verte-

brates) may be calculated using the following formula:

CR =

where:

UV

CR is the inulin clearance rate,

(Formula 1)

U is the concentration of inulin/ml of urine,

is the volume in ml of urine produced/unit of time, and

B is the concentration of inulin/ml of blood.

If one assumes that the cpm of radioactive inulin in a sample are

proportional to the quantity of inulin, then one can substitute as in

Formula 2:
cpm ml
ml of urine x hour of urine

CR = (Formula 2)cpm
-7-ml of blood

Cancelling ml's in Formula 2, Formula 3 is obtained:
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cpm
hour appearing in bath due to urination

CR (Formula 3)
cpm
ml of blood

The numerator is obtained by constructing a time concentration

curve from samples taken from the bath. In order to obtain samples

with enough radioactivity, a small test chamber had to be used.

Riegel and Kirschner (1960) have shown that handling causes the kidney

to cease functioning for various periods of time. Since the method was

based on the assumption that the crayfish was a more-or-less continu-

ous urinator (Kamemoto and Kano, 1968), the following precautions

were taken. The animals were placed in the test chambers,

5-1/2 x 3-1/2 inch plastic dishes, in 100 ml of the appropriate sea-

water dilutions, 36 hours before the start of the experiment. Twelve

hours before the start of the experiment the crayfish were injected

with 0.1 ml of Ringer's containing approximately 3µc of inulin-C 14.

To prevent leakage during the experiment, the syringe hole was glued

shut with tissue glue. One hour before the start of the experiment the

animals were gently transferred to clean containers of the same size,

containing 100 ml of fresh seawater dilution. One milliliter samples

of the bath were taken at two hour intervals for eight hours.

The radioactivity was determined by a Nuclear-Chicago liquid

scintillation counter, Model no. 6819. One milliliter samples of the

bath were mixed with ten milliliters of liquid scintillation medium de-

scribed by Patterson and Green (1965) containing toluene as a primary
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solvent and Triton-x 100 as the secondary solvent or emulsifying

agent in a ratio of two to one. The primary solute or fluor was

2, 5-diphenyloxazole (PPO) and the secondary solute was 1, 4-bis-2

(5, phenyloxazoly1)-benzene (POPOP). Patterson and Green (1965)

showed that the efficiency of this medium remained essentially the

same even though the water in the sample or the quantity of radio-

activity varied. To test the effects of seawater on this system,

inulin-C14 was mixed with various seawater dilutions and counted

over an 800 minute period. Some of the stock inulin-C 14 labeled sea-

water was stored for two weeks, and then prepared and counted to see

if storage at room temperature would affect it. From Table 1 it is

obvious the seawater does not interfere and that the mixture is stable.

Blood and urine samples were taken at the end of the experi-

ment and analyzed as described in foregoing sections. Blood and

urine radioactivity was measured using the liquid scintillation method.
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Table 1. Test for inulin-C14-emulsion stability and absorption
showing that seawater does not interfere and that the mix-
ture is stable. Data expressed as time to count to 10,000
counts. One milliliter of freshwater or specified seawater
dilution was added to emulsifying agent and fluor.

Age of Emulsion Percent Seawater
in Minutes 0 20 40 70

10 L 55 1.51 1.49 1.56

200 1.51 1.52 1.53 1,51

400 1.58 1 . 5 2 1.50 1 . 5 1

600 1.55 1.52 1.52 1.51

800 1.55 1.51 1.54 1.56

2 weeks* 1.50 1.52 1.50 1.51

*A separate sample made from stock solution which had been kept at
room temperature.
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RESULTS

Survival Studies

In a previous study (Kerley, 1962) it was shown that crayfish

probably do not reach a steady state after a two-day acute salinity

stress. Various authors (Hermann, 1931; Lienemann, 1938; Bryan,

1960c; Kendall and Schwartz, 1964) have shown poor survival of both

the European and Eastern North American crayfish in salt water solu-

tions which are isosmotic or hyperosmotic to the crayfish blood. In

order to determine the feasibility of keeping crayfish in seawater dilu-

tions for longer periods of time, a salinity tolerance study was con-

ducted.

Ninety-two animals were acclimated to 60% seawater and then

divided into five groups. Six animals were used as controls and kept

in freshwater. Twenty-one animals were left in 60% seawater and the

remaining 21, 22 and 22, respectively, were placed in 70, 80 and 90%

seawater. These animals were fed every two days and the tempera-

ture kept between 16-22' C. The results are summarized in Table 2

and Appendix Table 1, The experiment was terminated at the end of

22 days at which time there were 14 animals alive in 60 and 70% sea-

water and 9 and 4 in 80 and 90%, respectively. At the end of a two day

period in the higher salinity (90%), the animals were all alive and
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Table 2, Survival of Pacifastacus leniusculus stepwise acclimated to
various salinities, 100% seawater 30. 67%0.

T reatment
% Seawater

Number at Begin
ring of Experiment

1_,D50 in
Days

Number of Survivors
at End of 22 Days

Control 6 5

60% 21 14

7 0% 21 14

8 0% 22 18 9

90% 22 7 4**

*One died because of plugged air line,
**Fourth day, all animals in 90% looked lethargic,

active, but by the end of the third and fourth days a number of animals

had died and the remainder looked unhealthy.

From the survival study it can be concluded that crayfish survive

well in 70% seawater (21, 5%0), The acclimation procedure used in

this study may not increase survival limits, but probably allows the

animal to be confronted with sublethal salinities for a longer period of

time. The possibility that the animal has not reached a steady state

at each stress will be discussed later, The two-day stress period in

each salinity was chosen because preliminary work indicated this to

be the maximum length of time most animals could survive 100% sea-

water,
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Feeding Starvation

To determine the effects of feeding on osmotic regulation under

salinity stress, a study was conducted in which two groups of animals

were stepwise acclimated to 60 and 100% seawater, One group was

starved, and the other fed 48 hours before being placed in 20% sea-

water and again just before being placed in 60% seawater, The os-

motic concentration of the blood is summarized in Table 3, In 60%

the fed animals show an increase in osmotic concentration, There was

no difference in the 100% stress. In all future experiments, crayfish

were fed as described above,

Table 3. Effects of feeding on the osmotic concentration of the blood
of animals acclimated to 60 and 100% seawater, Osmotic
concentrations in mM of NaC1/1. Mean values with standard
errors are given, n number of individual animals
sampled, 100% seawater ---- 30.67°700.

Seawater
Dilution

Osmotic Concentration
Starved n Fed

60% 10 262± 6, 2 13 295± 8.5

100% 5 432± 17.8 5 421± 28.7

Blood Analyses

The results of the blood analyses of animals stepwise acclimated

to increasing salinities are given in Table 4 and Figure 2, In Figure 2



Table 4, Osmotic and ionic concentrations of the blood of crayfish stepwise acclimated to
various salinities at 18- 220 C, June and July 1964. Osmotic concentrations in
adjusted mOsm; ion concentrations in rriM/1, Mean values with standard errors
are given.
30, 67%o,

n = number of indiYidual animals sampled. 100% seawater

Medium n Sodium Potassium Calcium Chloride

Adjusted
Osmotic

Concentration

Freshwater 11 212± 4 4, 9 ±0. 3 11. 4±0, 4 210±3 446± 4

20% seawater 12 222± 2 5, 2 ±0, 3 12,1+0,3 217±2 456± 4

40% seawater 12 221± 4 4, 8±0, 1 10, 8± 2. 0 224±3 475± 6

60% seawater 12 241± 3 5. 9± 0. 1 12, R+1, 7 246± 4 527+16

80% seawater 10 275± 3 7. 0 ±0, 2 13, 9±0. 5 287 ±3 626±17

100% seawater 10 307± 10 7. 8+0. 6 15, 5±0. 5 328 ±5 673± 16
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Medium Concentration (adjusted mOsm)

Figure 2, Osmotic regulation of the blood of Pacifastacus leniusculus stepwise acclimated to
increasing salinities, June-July 1964. Diagonal line represents points of equal
osmotic concentrations. Vertical bars represent the sum of ions. Each point
represents the mean of ten or more animals. Vertical lines represent ±1 standard
error.
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the concentration of the medium in "adjusted mOsm/1" is plotted

against the osmotic concentration of the blood in "adjusted rnOsm /l, "

and the sum of the blood ions is shown by vertical bars, The osmotic

concentration of the blood remains fairly constant until the animal is

placed in a medium that is hyperosmotic to its body fluids, io e., to

right of diagonal lines, and then there is an increase in the osmotic

concentration of the blood, but hyposmotic regulation is evident even

in these hyperosmotic solutions, i, e., in 60, 80 and 100% seawater,

When the major ions (sodium, potassium, calcium and chloride) are

added together, the values obtained are reasonably close to the os-

motic concentration, with some discrepancy at the higher salinities.

The discrepancy may be due to the better regulation of sodium and

chloride at the higher salinities (Table 4), but the fact that the stand-

ard error for ionic concentrations is small would indicate that some

other ion or ions not analyzed in this study may be entering the blood,

causing the higher blood osmotic concentration. Sodium seems to be

regulated somewhat better than chloride. Potassium and calcium re-

main fairly constant up to the 60% stress; above this both show a

slight rise.

A second experiment was performed to obtain data on the rela-

tionship between ions in blood and tissues when animals were salinity

stressed. The salinities tested were 0, 60 and 70% seawaterthe

latter two because they are both hyperosmotic to the blood of the
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animal, and because animals survive well in these salinities (see

Table 2, Survival Study). The animals were stepwise acclimated to

20 and 40% seawater and then transferred directly from 40% to 60 or

70% and sampled 48 hours later. The data are summarized in Table 5

and Figure 3. The pattern of regulation is similar to that in the pre-

vious experiment. The sum of the ions is again less than the total

indicated by the osmotic concentration, with the greatest discrepancy

at the higher salinities. All ionic concentrations, however, were

lower than the earlier experiment, except that of calcium (Table 5).

The higher value for calcium and the lower values for the other ions

may be at least partly due to the fact that all of the animals were

found, on autopsy, to be in a very early "D" stage. It is during this

stage that blood calcium begins to increase (Baumberger and Olmsted,

1928; McWhinnie, 1962). The data on ionic concentrations in tissues

will be discussed later.

The effect of temperature and season on the osmotic concentra-

tion of the blood was studied. Table 6 summarizes the data gathered

from animals collected in the winter (December) and experimentally

maintained at 10° C, and compares them with data obtained in spring

and summer at 1822° C (taken from Tables 4 and 5). The blood

ionic and osmotic concentrations in freshwater and 20% seawater are

very close to the summer values. This agrees with the work of

Wikgren (1953) on Potamobius fluviatilis (Astacus astacus) and by



Table 5, Osmotic and ionic concentrations of the blood of crayfish stepwise acclimated to in-
creasing salinity, August 1964, Osmotic concentrations in adjusted mOsm; ion
concentrations in mM/1. Mean values with standard errors are given. n = number
of individual animals sampled. 100% seawater 30. 67°7000

Medium n Sodium Potassium Calcium Chloride

Adjusted
Osmotic

Concentration

Freshwater 10 195+4 4. 89± 0. 4 12. 58± 0. 8 180+3 421± 5

60% seawater 10 232+2 5. 50+0, 2 15.73+0. 4 213+4 500+13

70% seawater 10 243+2 587±0.2 15. 36±0 6 216±3 530+ 6
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Table 6. Osmotic and ionic concentrations of the blood of crayfish stepwise acclimated to in-
creasing salinity at 10° C, Winter 1963. Osmotic concentrations in adjusted mOsm;
ion concentrations in mM/1. Mean values with standard errors are given. n =
number of individual animals sampled. 100% seawater = 30. 67%o. Figures in
parentheses indicate corresponding concentrations at 18-22° C, taken from Tables 4
and 5.

Medium n Sodium Potassium Calcium Chloride

Adjusted
Osmotic

Concentration

Freshwater 10 214±5 5. 4±0. 4 12. 1±0.6 217±1 429.± 23
(212±4) (4. 9±0. 3) (11. 4±0. 4) (210±3) (446± 4)

20% seawater 10 231±9 4. 6±0. 2 12. 1±0. 3 217 ±2 546± 4
(222±2) (5. 2±0.3) (12. 1 ±0.3) (217±2) (456± 4)

70% seawater 10 321±6 6. 9±0. 2 17. 8±0. 6 313±7 655± 29
(243±2) (5. 9±0. 2) (15. 4±0. 6) (216±3) (530± 6)
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Riegel (1961) on Pacifastacus leniusculus, who did not find significant

seasonal variation in ionic concentrations, The 70% spring and sum

mer values are somewhat lower than the winter measurements, The

comparison may not be valid since the 70% spring and summer values

(taken from Table 5) represent animals which appeared, on autopsy,

to be in early premolt (stage "D").

Water Content of the Crayfish

Values for the water content of the abdominal muscle and

whole animal are summarized in Table 7. The water content of the

abdominal muscle remains relatively constant even as the osmotic

concentration of the blood goes up, except for a slight decrease in

100% seawater, This indicates a degree of water regulation in the

muscle in all but 100% seawater, where the mechanism may begin to

break down. This may be the reason for the lethargic condition seen

in animals kept in 100% seawater for prolonged periods (see Table 2)

and one reason for their eventual death, It is apparent that the water

is not shifted from the abdominal muscle in salinities below 100%,

but it might be shifted to the blood from tissues which were not

tested.

The water content of the whole animal remains unchanged when

crayfish are placed in various salinities. This would indicate crudely

that, when subjected to an osmotic stress, crayfish are able to
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Table 7. Water content of crayfish stepwise acclimated to increasing
salinity. Mean values with standard errors are given.
n number of individual animals sampled.
water 30,67%0.

100% sea-

Medium n
Abdominal Muscle

% Water
Whole Animal

% Water

Freshwater 13 81, 19± 57 10 75.50± 1.66

20% seawater 6 81,93±1.17

60% seawater 6 81.32± 56

70% seawater 11 80, 26± . 58 13 74. 58± . 56

80% seawater 6 81, 75± . 46

100% seawater 7 79, 96± , 46 8 74. 45± . 43

regulate the volume of their body fluids.

As a further check on the distribution of water, the blood vol-

umes of a number of animals were determined. If the water is being

shifted out of the blood into the cells or vice versa, this should result

in either a decrease or an increase of the blood volumes,

Prosser and Weinstein (1950) showed for Cambarus virilis and

Shaw (1959b) for Astacus pallipes, that there was a relationship be-

tween body size and blood volume. However, Bryan (1960a) found

no such relationship for Astacus fluviatilis. In order to determine

the effect of body size, if any, the blood volumes of a number of ani-

mals ranging from 7.5 g to 50 g were determined and are illustrated

in Figure 4. It is apparent that size has little effect, especially
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within the range of animals used in this experiment.

The values obtained here for the blood volumes of normal ani-

mals agree generally with those obtained by Prosser and Weinstein

(1950) on Cambarus virilis and by Bryan (1960a) on Astacus fluviatilis,

but are lower than Shaw's (1959a) values, The latter were determined

by an estimation of sodium space rather than inulin space.

The blood volumes of a number of animals stressed to increas-

ing salinities are summarized in Table 8. The blood volumes remain

unchanged except in the animals stressed to 100% seawater. The dif-

ference in mean blood volume between animals in 70 and 100% is

significant (P < 0. 01), Two explanations are possible, namely that

in 100% seawater the blood space has increased, or that the cells

have become permeable to the inulin and the inulin space has in-

creased. Water content decreases only slightly in animals stressed

to 100% seawater. Unless water is shifted to the blood from tissues

other than muscle, the second explanation appears more likely,

Ions and Amino Nitrogen in Abdominal Muscle Tissue

The values for ionic concentrations in muscle are given in

Table 9. The blood:tissue ratios are calculated from the values in

Table 6. The concentrations of sodium and chloride increase in the

tissues of animals in 60 and 70% seawater more rapidly than they do

in the blood, as can be seen by the decrease in the blood:tissue ratio



42

Table 8. Blood volumes in crayfish stepwise acclimated to in-
creasing salinities, n , number
sampled, 100% seawater

of individual animals
= 30. 67%0.

Blood Volume
as Percent

Weight Range Mean Weight Body Weight
Medium in in (Mean±SE)

Freshwater 15 7, 5-56. 2 31.92 27. 53± 0. 7

20% seawater 5 30, 2-48. 3 37. 70 28. 06± 0. 8

70% seawater 9 29. 0-43. 5 37,04 27. 38± 1. 1

100% seawater 8 37. 4-45. 9 40. 88 36. 12±1. 2

Table 9. Ionic concentrations in abdominal muscle of crayfish step-
wise acclimated to increasing salinities. Concentrations
in mM/kg of tissue water. Mean values with standard
errors are given. n = number of individual animals
sampled. 100% seawater = 30. 67%o. Numbers in paren-
theses are blood tissue ratios,

Medium n Chloride Sodium Potassium

Freshwater 10 34. 03±2, 05 40. 10±2. 10 111. 88±2. 20
(5. 29) (4. 86) (0. 0437)

6070 seawater 1 0 43, 98± 1 , 62 54. 45± 1 , 42 112. 43± 2, 02
(4. 84) (4. 27) (0. 0449)

70% seawater 10 51, 41±3. 77 64. 72±5.36 114.34±7, 21
(4, 21) (3. 75) (0. 0513)
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(Table 9). Even though the decrease in the ratios is not large, the

trend is evident. Tissue potassium, on the other hand, remains

fairly constant.

In a separate experiment, muscle amino nitrogen compounds

were determined in crayfish stepwise acclimated to 60 and 70% sea-

water (Table 10). The values obtained include, besides free amino

acids, other non-proteinaceous, nitrogenous compounds possessing

amino groups that react with ninhydrin (White, Handler and Smith,

1964). Camien et al, (1951) gave a value of 153 mM of free amino

acids/kg of tissue water (bacteriologically determined) in the muscle

of Astacus fluviatilis and Shaw (1959b) gave the figure of 167 mM/kg

of tissue water for the muscle of the freshwater crab Potamon.

These values are in the same order of magnitude as the non-protein

nitrogen estimate of 200 mM/kg tissue water for the freshwater con-

trols in Table 10, In animals stressed in 60 and 70% seawater there

does not appear to be a difference in concentration of non-protein

nitrogen compared with freshwater controls (standard errors overlap).

The non-protein nitrogen compounds estimated make up at least

one-half of the osmotically active constituents of muscle, In Table 11

the estimated nitrogen compounds are added to the muscle chloride,

sodium and potassium and compared with the osmotic concentration

of the blood. The sum of the measured "osmotic constituents" in the

muscle of the freshwater controls is less than the osmotic
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Table 10, Amino nitrogen concentration in abdominal muscle of cray
fish stepwise acclimated to increasing salinities. Concen-
tration in mM of leucine/kg of tissue water, Mean values
with standard errors are given. n = number of individual
animals sampled. 100% seawater 30. 67%o,

Medium n Muscle Amino Nitrogen

Freshwater 21 200± 12. 4

60% seawater 11 226± 26. 4

70% seawater 20 225± 14. 1

Table 11. Addition of osmotically active constituents in abdominal
muscle and comparison with adjusted osmotic concentra-
tions of blood. Data for ions in muscle and adjusted os-
motic concentrations of blood from Table 5 and 9; amino
nitrogen data from Table 10.

(A)
Addition of Muscle Ions

and Amino Nitrogen

(B)
Adjusted Blood
Concentration

Medium (mM) (mOsm) B =A

Freshwater 386 421 35

60% seawater 447 500 53

70% seawater 455 530 75
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concentration of the blood. The discrepancy between the osmotic

concentration of blood and tissue increases in 60 and 70% seawater.

The blood:tissue osmotic gradient at all salinities is less than these

figures indicate, since other ions such as phosphate, sulfate, calcium,

magnesium, and small organic molecules, were not determined,

Time Course Study

Evidence gathered from blood analyses on survivors of the

salinity tolerance study (Table 12) indicates that the protocol used

does not allow the animals to reach a steady state and that the blood

values continue to rise and approach an isosmotic condition. There

is also an indication that the survivors in the 70% stress may be hypo-

ionically regulating their blood sodium and chloride concentrations.

Before studying the mechanisms that allow Pacifastacus leniusculus

to survive and osmoregulate in increasing concentrations of seawater,

a time course study was conducted to see the pattern of regulation

after long periods in seawater dilutions. Two experiments were con-

ducted. In one, osmotic and ionic concentrations in blood and ionic

concentrations in tissues were followed for 32 days in 70% seawater,

and in the second, osmotic and ionic concentrations in blood and

amino nitrogen and ionic concentrations in tissues were followed for

eight days in both 40 and 70% seawater. In each experiment the ani-

mals were brought stepwise, in the usual manner, to the testing



Table 12. Blood analyses of surviving crayfish from a salinity tolerance study. Osmotic concentrations in adjusted mOsmi ion concentrations in
mM/I. Mean values with standard errors are given. n = number of individual animals sampled. 100% seawater = 30.67500 .

Medium
Days in Seawater

Dilution n Sodium Potassium Calcium Chloride

Adjusted
Osmotic

Concentration Sum of Ions

Freshwater 4 195± 4 5.6 ± 1 11.6±0.8 209± 1 433± 7 421

60% seawater 23 12 268 ± 11 8.3±0.5 13.00. 5 279± 8 606±11 568

70% seawater 21 12 272± 8 9.5±0.3 14.0±0.6 315± 9 681±17 611

80% seawater 21 7 352± 2 11.7±2 20.2±2.2 445± 8 792 ± 11 829

90% seawater 16 2 356-132 10.811.9 14.412.2 418±19 894± 4 729
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salinities.

The data for the first experiment are summarized in Appendix

Tables 2, 3 and 4 and in Figures 5, 6 and 7. A number of animals

were selected for analysis at 3, 5, 7, 8, 9, 11, 13, 17, 27 and 32

days. The osmotic concentration of the blood increases through the

fifth day and remained fairly constant through the remainder of the

experiment. After 32 days, the blood was slightly hyperosmotic to

the 70% seawater dilution used. Concentrations of sodium and

chloride followed roughly the same pattern except that concentrations

in the blood were very close to that of the medium from 8 to 28 days.

The increased calcium and potassium in the blood is also directly re-

lated to the length of time the animals are in 70% seawater (Appendix

Table 2). The ionic concentration of the tissues measured show a

slight increase with time, resulting in blood tissue ratios that are

very similar from the beginning of the experiment to its termination

at the end of 32 days (Appendix Table 4).

In the second experiment, crayfish were acclimated to 40% sea-

water and then divided into two groups. One group was kept in 40%

seawater and the other transferred to 70%. Animals were selected

for analysis after three, four, five and eight days in 40 and 70% sea-

water.

The osmotic and ionic concentrations of blood in animals in 70%

seawater are summarized in Appendix Table 5 and compared with the
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first experiment in Figures 5, 6 and 7. The same patterns of osmotic,

sodium and chloride regulation found in the first experiment are evi-

dent in the second, shorter test. From the fourth day to the termina-

tion of the second experiment at day eight blood chloride and osmotic

concentrations are nearly the same in each experiment (broken lines

in Figures 6 and 7). The concentration of sodium, however, is regu-

lated to a much lower level (broken line, Figure 8). It is important to

note that at the start of the experiment (day three) the osmotic, sodium

and chloride concentrations of the blood from the animals in experi-

ment two are markedly lower than in the first experiment. The cal-

cium levels of the blood (Appendix Tables 2 and 5), however, are

higher in the second experiment and make up part of the osmotic

difference caused by the observed reduction in sodium concentration.

Potassium levels in the blood are the same in both experiments-

gradually increasing with exposure time. The first time course ex-

periment was conducted in mid- to late-summer, shortly before a

molt, while the second time course experiment (with the lower initial

values) was conducted in the late spring, shortly after a molt.

The osmotic, chloride and sodium concentrations of the control

(freshwater) animals remain essentially unchanged throughout the ex-

periments (Figures 5, 6 and 7). Control animals in experiment two,

sampled at three days, show slightly different levels than those of the

first experiment, but the difference is not nearly as great as that
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shown by the stressed animals after the same time period.

The osmotic and ionic concentrations of the blood of animals

stressed to 40% seawater are summarized in Table 13. Little, if any,

change occurs in the blood of these animals when they are stressed

for eight days. The higher osmotic and ionic concentrations of the

blood at the eighth day are probably not significant because the fresh-

water controls taken at the same time also have a high ionic and os-

motic concentration.

The concentrations of ions in abdominal muscle from the second

experiment are summarized in Table 14. The ionic concentrations in

abdominal muscle from animals stressed to 40% seawater remain un-

changed while in animals stressed to 70% seawater, there is an in-

crease of chloride and sodium, but not potassium. The tissue chlo-

ride and potassium levels are similar to those obtained in the first

time course experiment, but tissue sodium levels are lower. This

may be correlated with the low blood sodium of the second experi-

ment. The blood tissue ratios remain unchanged and are similar in

both experiments (see Appendix Table 6).

The amino nitrogen of abdominal muscle from animals in the

second time course experiment was analyzed and is summarized in

Table 15. There is considerable variation in the values, as indicated

by the large standard errors. No consistent pattern of increase or

decrease in amino nitrogen is evident. There is some increase in



Table 13. Osmotic and ionic concentration of the blood of crayfish subjected to 40% seawater for eight days. Osmotic concentrations in
adjusted mOsm; ion concentrations in rnM/1. Mean values with standard errors are given. n = number of individual animals
sampled. 100% seawater = 30.67 sioo

Time in 40% Seawater n Sodium Potassium Calcium Chloride

Adjusted
Osmotic

Concentration Sum of Ions

3 6 200 ± 7 4.4±0.1 19.0 ±0.4 217±3 471± 6 440,4

4 6 209 ±2 4.8±0.1 20.0i0.9 220±3 468 ±17 453.8

5 6 207 i 9 4.8±0.1 20.4±1.4 225±2 486± 6 457,3

8 6 215 ±2 5.3±0.2 20.7±2.0 234±2 523 ± 11 475.0

Freshwater Controls

3 6 202 ± 1 5.0 ±0.2 19.810.4 218 ±3 479± 7 444.8

8 6 214±3 5.3 ±0.1 22.610.9 270±6 472 ± 27 511.9



Table 14. Ionic concentrations in the abdominalmuscle of crayfish subjected to 40 and 70% seawater for eight days. Concentrations in mM /kg of tissue
water. Mean values with standard errors are given, n = number of individual animals sampled, 100% seawater = 30,67%o .

Time in
Test 40% 70% Freshwater Controls

Salinity n Chloride Sodium Potassium n Chloride Sodium Potassium n Chloride Sodium Potassium

3 6 48, 891 51. 88± 113. 71± 6 55.27± 58. 27± 117. 77± 6 36, 94± 49.28i 110, 18±
4.82 6.84 17.42 3.98 2.47 4.08 2.29 4.70 11,04

4 6 49.721 53.211 110.141 6 70.39± 75.88± 111.90±
2.53 2.98 8.04 3.71 3.66 7.45

5 6 43,92± 51.64± 113.80± 6 72.60± 77.30± 131.58±
4.21 4.48 7.66 5.38 5.52 9.11

8 6 46.25± 50.97+ 118.12± 9 70.78± 72.67+ 122.45± 6 39.48± 47.821 100.71±
4.22 3.18 7.50 38.73 2.53 3.67 19.26 1,27 2.12
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Table 15. Amino nitrogen in abdominal muscle of crayfish subjected
to 40 and 70% seawater for eight days, Concentration in
mM of leucine/kg of tissue water. Mean values with stand-
ard errors are given. n = number of individual animals
sampled. 100% seawater = 30. 67%o.

Number of Days
in Test Salinity n

40%
Seawater n

70%
Seawater n

Freshwater
Controls

3

4

5

8

6

6

6

6

194 ±23.8

162±18. 9

152± 17. 5

190± 10.0

6

6

6

9

170± 9.2

211±30,

174± 16. 9

230± 15, 6

6

6

172± 6.6

194± 10. 3

amino nitrogen in animals that have been in 70% seawater for eight

days compared to the freshwater controls (Table 15), but the differ-

ence is not statistically significant. For some as yet unexplained

reason, there is considerable difference between amino nitrogen

values of the three day and eight day controls. The eight-day fresh-

water control values are comparable to those obtained from fresh-

water control animals in the earlier study where crayfish were step-

wise acclimated and stressed for 48 hours (Table 10)--namely

200±12. 4 (Table 10) and 194±10. 3 (Table 15).

In Tables 16 and 17 the estimated concentrations of nitrogen

compounds are added to the muscle chloride, sodium and potassium,

and compared with the osmotic concentration of the blood. The blood:

tissue osmotic gradient (B ®A in Tables 16 and 17) in the animals



56

Table 16. Addition of osmotically active constituents in abdominal
muscle and comparison with the adjusted osmotic concen-
trations of the blood of animals subjected to 40% seawater
for eight days. Osmotic concentrations from Table 13;
ionic concentrations and amino nitrogen concentrations in
tissues are taken from Tables 14 and 15.

(A)

Number of Days Addition of Muscle Ions
in 40% Seawater and Amino Nitro en

(B)
Adjusted

Blood Osmotic
Concentration B

3 408. 47 471 62. 53

4 375, 10 468 92.90

5 361, 36 486 124.64

8 405.34 523 117.66

Freshwater Controls

3 368. 40 479 110. 60

8 382. 01 472 89. 99
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Table 17. Addition of osmotically active constituents in abdominal
muscle and comparison with the adjusted osmotic concen-
tration of the blood of animals subjected to 70% seawater
for eight days. Osmotic concentrations from Appendix
Table 5; ionic concentrations and amino nitrogen concen-
trations are taken from Appendix Table 5 and Table 15.

(A)

Number of Days Addition of Muscle Ions
in 70% Seawater and Amino Nitro en

(B)
Adjusted

Blood Osmotic
Concentration B -A

3

4

401. 06

469.17

527

664

125. 94

194. 83

5 455. 48 612 156. 52

8 495. 90 636 140. 10

Freshwater Controls

3 368. 40 479 110. 60

8 382. 01 472 89. 99

stressed to 40% seawater does not differ greatly from the freshwater

controls, except in those stressed for three days (Table 16). The lat-

ter value reflects an unexpectedly large, and unexplained, value for

the sum of the measured osmotic constituents of muscle. A larger

blood:tissue osmotic gradient is noted for the animals in 70% seawater

(Table 17). The maximum osmotic differential occurs after four days

of stress and thereafter the differential decreases, reflecting the de-

crease in blood osmotic concentrations and some increase of the

osmotic constituents in muscle tissue, especially at eight days.
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The osmotic concentration of the urine was analyzed and is

summarized in Table 18. Samples of urine from animals stressed to

70% were obtained on the third day, but on the remaining sampling

days urine samples were difficult to obtain. Animals that did not

produce urine through the nephropore were carefully opened by a mid-

dorsal cut and in no case was urine found in the bladder, Similar cuts

in normal freshwater animals revealed a distended bladder. Ten ad-

ditional animals that had been in 70% seawater for eight days were

opened and in only one case was urine found.

Table 18. Osmotic concentration of the urine from crayfish subjected
to 40 and 70% seawater for eight days. Mean values with
standard errors are given. Numbers in parentheses rep-
resents less than six animals sampled. Osmotic concentra-
tion in mM of sodium chloride.

Number of Days
in Test Salinity 40% 70% Freshwater

3 3. 98±0. 63 14. 15±2. 50 1. 90±0. 80

4 9. 62± 1. 35 (1) 65. 1

5 9. 23±1. 63 (1) 28.0

8 12. 43±1. 01

Urine Analyses

To help elucidate the role of the kidney in osmotic regulation,

the osmotic and ionic concentrations of the urine of crayfish stepwise

acclimated to increasing salinities were analyzed. Two experiments
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were conducted since it was sometimes impossible to obtain enough

urine from a single animal for a complete analysis (Table 19) Urine

osmotic and sodium concentrations were analyzed in the first experi-

ment, and urine chloride in the second. Concurrent blood samples

were taken and analyzed for the same parameters. Low concentra-

tions of sodium and chloride appear in the urine in salinities up

through 40%. In 70% seawater there was a marked increase in the

excretion of both ions. The osmotic concentration of the urine was

unchanged in 20% seawater, compared to freshwater control animals.

In the 40% stress, osmotic concentration doubles, and doubles again

in 70%. The increase in 40% may reflect the increased excretion of

an unmeasured osmotic constituent of the urine.

The urine blood ratios (U/B ratios) of the various parameters

are presented in Table 20. The ionic concentrations of urine, as

seen by the U/B ratios, increased slightly more than did the ionic

concentrations of the blood, as the salinity increased. However,

even in 70% seawater, the U/B ratio is considerably less than one.

Chloride appears to be reabsorbed more effectively than sodium in

the lower salinities, as is indicated by the lower U/B ratios. In 70%

seawater the U/B ratios of the two ions are the same. Included in

Table 20 are U/B ratios for inulin obtained during a study of inulin

clearance, to be described later. Inulin is probably not reabsorbed

or secreted by the crayfish kidney (Riegel and Kirschner, 1960;



Table 19. Sodium, chloride and osmotic concentrations of urine from stepwise acclimated crayfish. Sodium and osmotic concentrations from the first
(1966) experiment; chloride values from. the second (1968) experiment. Osmotic concentrations in mM /NaC1 /i; sodium concent±ation;,7 in
mM/I, Mean values with standard errors are given., n = number of individual animals sampled, 100% seawater = 30, 67 0/00 , The
numbers in parentheses are sodium values from the second experiment. Blood values from concurrently sampled animals are shown,

Medium
Sodium Chloride Osmotc Concentration

n Urine n Blood n Urine n Blood n Urine Mood

Freshwater 23 14. 18±2. 3 25 2004, 4. 4 10 3, 8± 1. 4 10 196.9+3, 8 25 19, 7± 3, 2 26 207± 3, 9
( 8) ( 6, 8 ±2.5) (10) (224 ±6.2)

20% seawater 8 15. 5 ±2. 9 14 230 ±3, 10 5, 21 1. 7 10 229, 0 ±4, 1 14 20, 0± 201 10 223 ± 1204
(10) ( 8. 8 ±1. 5) (10) (224:1,207)

40% seawater 10 24, 5 ±7, 2 12 212±8. 2 10 5. 7± 1. 7 10 241, 0±4.9 13 48, 1-.1=12, 9 228± 3, 4
(10) ( 9.1 ±1. 7) (10) (227 ±5, 7)

70% seawater 7 65.4 +8. 6 21 246+8.7 9 83001:32, 4 10 298, 0±5, 8 18 102, 8 ± 19, 7 22 266± 409
( 9) (55.0 ±8.6) (10) (251 +4,0)

Cr,
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Table 20. Urine:blood ratios for salinity-stressed crayfish, calcu-
lated from Table 19. Numbers in parentheses are sodium
U/B ratios calculated from the 1966 experiment.

Medium Sodium Chloride ° Osmotic Inulin

Freshwater 0. 07 O. 016 0.:095 2. 11
(0. 03)

20% seawater 0. 068 0. 023 0. 089 2. 18
(0. 04)

40% seawater 0. 115 0. 024 O. 210 2. 30
(0. 04)

70% seawater 0. 266 0. 278 0.380 2. 13
(0. 219)

Martin, 1957, 1958). The U/B ratios for inulin are all greater than

unity indicating some reabsorption of water.

Urine Production

Estimates of urine production in crayfish stressed to increasing

salinities were accomplished by weighing the crayfish, plugging the

nephropore and then reweighing the animal several hours after it was

replaced in the medium. The increase in weight represents the

amount of water that would normally be removed by the kidney as

urine, Bryan (1960a) found that the values for urine production ob-

tained by weighing the animals eight hours after plugging the nephro-

pore were higher than those obtained if he weighed the crayfish 24
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hours after plugging. This is not surprising since the crayfish kidney

is a filtration system composed of a number of connected anatomical

parts, each connected to the other and without intervening valves

(Maluf, 1939, 1941a); and any back pressure caused by an excess of

urine in the bladder would result in a back pressure that could reduce

rate of filtration. The kidney would thus fail and turgor pressure in

the animal would result in a decrease in the osmotic flow of water

into the animal. In preliminary experiments, Bryan's procedure was

tried on Pacifastacus in freshwater with similar results (Table 21).

The animals were weighed at the end of ten hours and again at the

end of 24 hours. If the values at the end of the ten-hour period are

extended to the 24-hour mark, the values agree with the data col-

lected by others; e.g., a 5% weight gain per 24 hours for Astacus

fluviatilis (Maluf, 1941a), and a 7% weight gain per 24 hours for

Procambarus clarkii (Kamemoto, Kato and Tucker, 1966). The

values at the end of 2.4 hours are much lower and are probably incor-

rect estimates of urine production. The accuracy of the weight-gain

procedure has been discussed by Kamemoto and Kono (1968), who

constructed a device to measure directly the amount of urine produced.

They obtained values around 4. 27% body weight per 24 hours. They

also presented two examples of crayfish that averaged 12. 96 and 9. 6%

body weight gain per 24 hours. These are well within the range ob-

tained for normal freshwater animals in this study (Tables 22 and 23).



Table 21. An example of the effects of estimating the urine production 10 hours and 24 hours after
plugging the nephropore. These data were taken from a preliminary run,

Animal No.

Urine Production
% Weight Increase

10 hr

Urine Production
% Weight Increase

24 hr

Calculation of Urine Produc-
tion for 24 Hours from

Weighing at End of 10 Hours

A-2 4. 42 6. 04 10, 6

A-3 3.37 0, 68 8, 1

A-4 3. 28 2. 48 7, 9

C-1 2. 85 1,65 6, 9

C3 3, 78 1, 07 9. 1

C7 2. 22 3,86 5, 3

C-9 1,75 0. 67 4. 2
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Table 22. Urine production of two crayfish over two-day periods.
Both crayfish had a tube glued over nephropore papillae.
Data presented as % weight gained (urine wt + crayfish wt)/
24 hrs, so that it may be compared to Table 24.

First 24 Hours Second 24 Hours

Crayfish 1 8. 0 7. 1

Crayfish 2 6. 2 7. 8

Table 23. Estimation of urine production by plugging the nephropore.
Data expressed as % weight gained in 24 hours. Animals
were weighed at the end of eight hours and the values for
24 hours calculated. Crayfish weight at beginning of
experiment in g. Mean values with standard errors are
given. n = number of individual animals sampled.

Medium n Urine Production
Average

Crayfish Weight

Fre shwater 10 6. 18± 1. 2 37, 97

20% seawater 11 3, 84 ±0. 7 36. 40

40% seawater 8 2. 53± 1, 2 37.30

70% seawater 13 3. 21±0.4 37. 24
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Table 22 summarizes the results obtained from two animals that

were fitted with catheter tubes in a manner similar to that described

by Kamemoto and Kono (1968), and these values agree with those for

freshwater control animals in Table 23.

Table 23 summarizes the results of the measurements of urine

production, estimated by the weight-gain method, of crayfish stressed

to increasing salinities. There is a marked reduction of urine pro-

duction when the animals were placed in 20% seawater, This would

be expected because the osmotic gradient between blood and medium

is reduced. There was some further reduction in production of urine

in 40% seawater, In 70% seawater the osmotic gradient has been re-

versed, yet these animals still seem to be gaining weight, in fact at

a rate greater than in 40% seawater, but still considerably less than

in freshwater. The only plausible explanation is that the animals are

drinking water and reabsorbing salts and water in the gut, in a man-

ner reminiscent of marine teleosts. To test this, a number of ani-

mals were acclimated to 70% seawater for 0, 3, 7, 8 and 11 days.

Radioactive inulin was added to the medium and animals were sam-

pled four hours later; in one case 24 hours later. The animals were

autopsied and the intestines analyzed for radioactivity. No radio-

activity was found (Table 24). This agrees with work done by Bryan

(1960c) on Astacus fluviatilis using both radioactive inulin and various

dyes. Unless a site other than the gut can be found for water uptake,
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Table 24. Inulin-C14 uptake through the gut. 1

Number of Hours
Crayfish Number of Days in 70% with cpm in

No. in 70% Inulin -C14Seawater Intestine

1-T-11 0 0 18. 9
1-T-12 0 0 17. 8

1-T-6 0 4 19. 7
1-T-7 0 4 18. 2
1-T-8 0 4 13. 5
1-T-9 0 4 15. 5
1 -T -10 0 4 18. 5

1-T-1 3 4 19.6
1-T-2 3 4 18.6
1-T-3 3 4 19, 5
1-T-4 3 4 18.1
1 -T-5 3 4 19.8

5-T-1 7 4 22.2
5 -T -2 7 4 17.4

6-T-1 8 24 19.4
6-T-2 8 24 17.6

9-T -1 11 4 19. 4
9-T-2 11 4 17. 1

1 Crayfish taken from time course experiment were placed in
bath containing inulin-C14. Two crayfish that were not placed in
inulin-C14, 1-T-11 and 1-T-12, were sampled, to obtain a back-
ground count. Two crayfish, 6-T-1 and 6-T-2, were left in the
inulin for 24 hours, After four hours the gut was scraped onto a
planchet. A gas-flow geiger counter was used.
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it is questionable that the weight-gain method estimates the true urine

production in the higher salinities.

Inulin Clearance Rates

Inulin clearance rates obtained by analyzing the appearance of

inulin-C 14 in the bath are summarized in Table 27 (page 70) along

with clearance rates calculated using the formula CR =V
B

weight-gain data and U/B ratios from Tables 20 and 23. Two assump-

tions are made in assessing the validity of the method. First, it is

assumed that the inulin-C14 is not escaping the animal through any

route other than through the kidney. In order to test this, five cray-

fish were injected with inulin-C14 and their nephropores plugged with

"Lock Tite" cement. When the bath was analyzed, little if any

activity occurred during the first 13 hour period (Table 25). Two

crayfish (nos. 6 and 7, Table 25) showed some leakage at the end of

29 hours. This could have been due to a leaking plug. This experi-

ment also indicated that the plugging of the nephropores used in the

urine production experiment was probably satisfactory. A second

assumption is that the crayfish urinates more or less continuously

over the period of time of the sampling, since the slope of the curve

constructed from inulin-C14 appearing in the bath is used to calculate

the inulin clearance. Kamemoto and Kono (1968) indicated that

Procambarus clarkii urinates intermittently but regularly. The two
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Table 25, Appearance of inulin-C 14 in the bath after nephropore
plugging, Animals were injected with approximately
3 1.1.c of inulin, and the nephropores were plugged, Data
reported in cpm/ml of 100 ml of bath,

Time after Injection
(hours)

Crayfish Number
7 8 9 10

1 225 170 16 16 13

5 41 7 19 16 24

8 50 145 23 21 20

13 125 541 21 17 21

17 ......

20

29 1282 1834 48 18 19

crayfish catheterized by the author in a preliminary test (see page

65) appeared to urinate continuously. To determine whether inulin

would appear in the water at a constant rate or whether it would

occur in irregular "surges, " five freshwater control animals were

injected with inulin and sampled over a 29 hour period (Table 26),

Animals 1, 2 and 3 appear not to urinate for the first five hours.

These animals may be reflecting the effects of handling. Riegel and

Kirschner (1960), for example, noted that Cambarus would not pro-

duce urine for some time after being handled, Although the data in

Table 26 suggest an intermittent pattern of urination, there is a

steady increase of radio-inulin in the bath up to 17 hours, with the
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Table 26. Appearance of radioactivity in the bath after injection of
inulin-C14. Normal animals injected with about 3µc of
inulin. One milliliter samples were taken from the bath
and are reported as cpm/ml of 100 ml bath.

Time after Injection
(hours)

Crayfish Number
1 2 3 4 5

1 759 833 44 466 30

5 661 303 23 1628 1222

8 1241 4032 1519 2127 1506

13 1968 2415 2717 4273 1631

17 2409 4115 3236 4716 1919

20 2257 2695 3086 4444 1196

29 1852 3460 2392 2967 1675

exception of an inexplicable decrease in animal number 2 at 13 hours.

After 20 hours there may be some bacterial decay of inulin.

The inulin clearance rates obtained from crayfish stepwise ac-

climated to increasing salinities are summarized in Table 27. There

is great reduction in the amount of inulin being cleared by the 40 and

70% stressed animals compared to freshwater and 20%. These data

are consistent with data on U/B ratios for inulin, and for water con-

tent of the whole animal; namely that the kidney shuts down and

produces less urine under salt stress. Clearance rates calculated

from urine production data (weight-gain method) and U/B inulin ratios

are included for comparison. Although the same trend is evident,
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the reduction of clearance values in the higher salinities is propor-

tionally not nearly as striking. As already mentioned, this is diffi-

cult to explain unless one assumes that the plugging experiments

produce inaccurate results at the higher salinity.

Table 27. Inulin clearance for salinity-stressed crayfish. Data
expressed as ml/kg/hr. Mean values with standard
errors are given. n = number of individual animals
sampled.

Medium

Calculated 1

Inulin
Clearance n

Inulin
Clearance Mean Weight

Freshwater 5. 26 9 2. 45 ± 0. 47 38. 27

20% seawater 3. 49 8 2. 66 ±0. 70 39. 13

40% seawater 2, 42 8 0. 008± 0. 004 40.16

70% seawater 2, 87 10 0. 033±0. 024 45. 54

1 Values are calculated from data taken from Tables 20 and
23 using the formula

where

U
B

UV
CR = B '

U/B ratio from Table 20, and

V = urine volume calculated using mean weights from
Table 27 and the urine production values from Table 23.
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DISCUSSION

The Western North American crayfish, Pacifastacus leniusculus,

is capable of surviving up to 22 days in 70% seawater (21. 5%0). Pre-

vious studies on crayfish indicate an inability to survive salinities

that are hyperosmotic to their blood. Hermann (1931) found the

European crayfish Potamobius astacus (Astacus astacus) could not

survive for more than a week in 65% seawater and died rapidly when

placed in more concentrated solutions. Ducha.teau-Bosson and

Florkin (1961) kept Astacus astacus in "twice dilute" seawater for one

month. They did not report the concentration of the original sea-

water, but one can assume that the dilution was less than that used by

Hermann (1931), Bryan (1960c), studying Astacus fluviatilis, found

that Astacus fluviatilis could survive no longer than two weeks in

300 mM/1 sodium chloride (slightly less than our 70% seawater dilu-

tions). Lienemann (1938) found that the Eastern North American

crayfish, Cambarus clarkii, could not tolerate sodium chloride solu-

tions which were hyperosmotic to the blood. Kendall and Schwartz

(1964) studying two other North American crayfish, Orconetes virilis

and Cambarus b. bartonii observed poor survival in all test salini-

ties--with one half of the animals dying within five days in salinities

of 14%0 or greater.
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According to Schoffeniels (1967) when a euryhaline crustacean

is subjected to a salinity change, two stages of osmotic regulation

occur. The first stage involves the regulation of body fluids and the

second the regulation of the intracellular osmotic concentration. In

the Western North American crayfish, the first stage, regulation of

the body fluids, appears to be mainly one of resisting the influx of

salts and the efflux of water when stressed to seawater dilutions.

The ionic and osmotic concentration of the blood of Pacifastacus

leniusculus increases when stepwise acclimated to increasing salini-

ties (Figures 2 and 3). It is capable of maintaining a hyposmotic

blood even in 100% seawater (30. 67 %o) for at least 48 hours. When

crayfish are kept in 70% seawater the osmotic and ionic concentra-

tions of the blood increase with time, reaching a relatively "steady

state" around the fourth or fifth day, some animals being capable of

hyposmotic regulation up to 13 days (Figure 5). This pattern of

regulation is different from that found by Hermann (1931) and

Ducha..-teau-Bosson and Florkin (1961) for Astacus astacus. These

authors (op. cit. ) report that by the end of the second week the blood

is hyperosmotic to the stress medium. Maloeuf (1937) and Gross

(1957) showed that the carapace of Cambarus was relatively imper-

meable to salts and water, and that the gills were permeable to water

and not salts. Permeability was not measured directly in the pres-

ent study. Blood volumes and total body water did not decrease,
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however, even when the osmotic gradient favored water loss (Tables

7 and 8), suggesting decrease in permeability of boundary mem-

branes in higher salinities. It is tentatively suggested that change in

permeability may account for a good portion of the regulation shown

when crayfish are subjected to changes in salinity.

The sodium and chloride "pumps" which are responsible for

extracting sodium and chloride from a dilute environment are com-

pletely saturated at very low concentrations (Bryan, 1960a, b, c;

Shaw, 1960a, b, c). Bryan (1960a) reported that the blood sodium of

Astacus fluviatilis becomes isosmotic within a few days to a medium

containing 250 to 300 mM/ 1 of sodium. In Pacifastacus the sodium

and chloride levels of the blood appear to be regulated below that of

the 70% (520 mM/1 sodium) stress even when the animals are sub-

jected to it for prolonged periods (Figures 6 and 7). This suggests

another attribute that sets the crayfish used in this study apart from

other crayfish studied. The fact that the sodium and chloride con-

centrations are regulated below that of the medium may suggest that

the "pumps" are working in a reverse fashion, allowing the animal to

get rid of excess salts. Such a phenomenon has been reported for

the euryhaline fish Fundulus heteroclitus where cells in the gills ex-

tract chloride from freshwater and excrete it in salt water (Copland,

1948; Kessel and Beams, 1960).

The crayfish kidney is a primary site of water loss and salt
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conservation. The normal freshwater crayfish produces large

quantities of dilute urine. The primary urine is produced by filtra-

tion and the secondary or definitive urine by reabsorption of salts and

water by the various parts of the kidney (SjOstrand, 1956; Martin, 1957,

1958; Riegel and Kirschner, 1960; Kamemoto, 1961; Kamemoto,

Keister and Spalding, 1962; Kirschner and Wagner, 1965; Riegel, 1965,

1966a, b, 1968).

If the kidney of a crayfish subjected to a hyperosmotic stress

were to continue to produce urine at the same rate as in freshwater,

the animal would become dehydrated and blood volume and water con-

tent of animal and tissue would decrease, unless it is able to obtain

water by some method other than osmosis, e. g. , through the gut by

drinking. Using dyes, Maluf (1940b) and Bryan (1960b) could not

establish that crayfish drink a measurable quantity of water. Our

own, not very extensive experiment (Table 24) indicates that

Pacifastacus does not drink when stressed to 70% seawater. If the

crayfish does not take in water by drinking and if the body fluids are

isosmotic or hyposmotic to the medium then the total output of the

kidney must be reduced. This is supported by the data presented on

inulin clearance (Table 27) which indicate that filtration is consider-

ably reduced in the higher salinities. Further evidence comes from

the time course experiments in which it was found that urine samples

were impossible to collect in animals that had been in 70% seawater
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for more than three days.

When Pacifastacus leniusculus is stepwise acclimated to in-

creasing salinities the osmotic and ionic concentrations of the urine

increases, but never become isosmotic to the blood as reported for

Astacus fluviatilis (Bryan, 1960c) and for Cambarus clarkii

(Lienemann, 1938). The urine:blood (U/B) ratios for inulin are about

the same for freshwater animals (2. 11) and animals stepwise accli-

mated to 70% seawater and sampled 48 hours later (2. 13). Since

inulin is presumably not transported across the kidney (Kirschner and

Wagner, 1965) the high U/B ratios for inulin could only result from

water reabsorption. Since the U/B ratios do not increase with salinity

stress there would seem to be equal proportions of water reabsorbed

from crayfish in freshwater and in 70% seawater. The U/B ratios for

sodium and chloride increase slightly with salinity, but even in the

highest salinity tested, are considerably less than one (Table 20).

The increasing U/B ratios for sodium and chloride could result if the

"salt pumps" located in the tubule and bladder epithelia were saturated

and the excess salts were being passed in the urine. The relatively

low U/B ratios and greatly reduced urine volume would indicate that

large quantities of salt are not being eliminated via the kidney in the

higher salinity stresses.

The second stage of osmotic regulation occurs at the cellular

level and prevents cellular dehydration. The constancy in blood
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volumes and water content of tissues of crayfish stepwise acclimated

to salinities from freshwater to 70% would suggest that tissue dehydra-

tion does not occur to any great extent. In 100% seawater there is an

unexplained significant increase in blood volume (Table 8).

The fact that the water content of the tissue and the blood

volume do not decrease as osmotic concentration of the bl odincreaseq,

within the range of salinities tolerated, implies cellular regulation.

Camien et al, (1951) and Ducha'teau-Bosson and Florkin (1961) have in-__

dicated that free amino acids make up about half of the osmotically

active concentration of the cells of the European crayfish. These

authors further indicate that when the crayfish is stressed to seawater

the concentrations of free amino acids increase, thus lowering the

blood tissue osmotic gradient. The data presented here suggest that

the inorganic ions, sodium, potassium and chloride, increase in the

abdominal muscle cells, but that amino nitrogen does not increase

significantly. What is important is that the difference between the sum

of the osmotically active cellular constituents and blood osmotic con-

centration is greater in animals stressed to 70% seawater for two days

than it is for freshwater controls (Table 11 and 17), This difference

increases until the fourth day in 70% seawater when it levels off or

starts to decline. This might indicate that the concentration of os-

motically active material not measured increases in muscle and re-

duces the blood:tissue osmotic gradient.
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We conclude that Pacifastacus leniusculus regulates its osmotic

concentration below that of a hyperosmotic medium for short periods

by resisting the influx of salts and the efflux of water. This is evi-

dently accomplished by utilizing the reduced permeability of the cara-

pace, and reducing water loss through lowered activity of the kidney.

The mechanisms that are operating at the cellular level to reduce the

blood tissue gradient need to be pursued further before a complete

description of the osmotic regulation of Pacifastacus leniusculus can

be made.
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SUMMARY

J. A survival study was conducted in which Pacifastacus leniusculus

was kept in 60, 70, 80 and 90% seawater (100% = 30. 67 %o

salinity) for 22 days. Crayfish survived well in 70% seawater

but 50% of the crayfish died within 18 days in 80% and 7 days in

90% seawater.

2. When these crayfish are subjected to a hyperosmotic stress,

they maintain the osmotic concentration of their blood below

that of the medium (hyposmotic regulation) for at least 48

hours. A relatively steady state is reached within the first

four days when they are left in the stress medium (70% sea-

water) for longer periods. The blood becomes isosmotic to the

70% medium after 11 days.

3. Pacifastacus regulates its blood ionic concentration below that

of the 70% medium (hypo-ionic regulation). The sodium concentra-

tion remained hypo-ionic for 27 days while the chloride re-

mained hypo-ionic for 32 days.

4. Crayfish showed little dehydration with salinity stress as evi-

denced by the water content of muscle and whole animal. A

slight decrease in water content of abdominal muscle water was

noted in animals stressed to 100% seawater, indicating a shift of

water from tissue to blood. The major shift probably came
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from some tissue not measured in this study.

5. The osmotically active constituents of the cell appear to in-

crease when the crayfish is subjected to increasing salinities.

Sodium, potassium and chloride of muscle tissue increase with

increasing salinities, the sodium and chloride increasing more

than potassium, which remains fairly constant in the tissue.

Concentrations of amino nitrogen are highly variable and do not

show a consistent pattern of change with salinity. There may be

a slight increase over freshwater controls when the crayfish

have been in 70% seawater for eight days. The difference be-

tween the measured intracellular osmotically active constituent

and the blood osmotic concentration is greater in the higher

salinities than in the freshwater controls. Since water content

remained essentially unchanged, this suggests an increased

intracellular concentration by some material not analyzed in

this study.

6. Osmotic and ionic concentrations of urine from salinity stressed

crayfish increased with increasing salinity. The urine never

becomes isosmotic to the blood.

7. U/B ratios for inulin are greater than one, in all salinities

tested and appear to be unaffected by salinity stress.

8. Urine production was estimated by plugging the nephropore and

weighing the crayfish after an eight hour period. Urine
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production is reduced by a salinity stress, but urine continues

to be produced when the crayfish is in a hyperosmotic salinity.

9. Inu lin clearance rates were estimated by measuring the ap-

pearance of inulin-CM in the bath. The clearance rates are

markedly reduced when the crayfish is subjected to 40 and 70%

seawater,

10. The results are discussed with reference to the possible mecha-

nisms of ionic and osmotic regulation in Pacifastacus

leniusculus.
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APPENDIX



Appendix Table 1. Number of crayfish remaining alive during the survival study. 100% seawater =
30. 67%o. Test conducted August 1963.

Days
Medium 0 1 2 3 4 5 6 8 10 12 14 16 18 20 22

Number of Animals Remaining

60% 21 21 21 19 17 17 16 16 16 15 15 15 14 14 14

70% 21 21 21 21 21 21 21 21 20 19 18 17 16 15 14

80% 22 22 22 22 22 21 21 20 19 17 15 13 11 10 9

90% 22 22 21 20 20 16 13 11 9 8 7 5 4 4 4



Appendix Table 2. Osmotic and ionic concentrations of the blood of crayfish subjected to 70% seawater for 32 days. Osmotic concentrations

in adjusted mOsm /l; ion concentrations in mM/1. Mean values with standard errors are given. n = number of

individual animals sampled. 100% seawater = 30. 67 %o.

Adjusted
Osmotic

Days in 70% Seawater n Sodium n Potassium n Calcium n Chloride n Concentration Additions of Ions

3 6 253±22 5 5. 0±0. 2 5 15. 2±0. 9 6 282±8 6 631±22 555.33

5 6 298± 5 6 6. 1±0. 4 6 16. 8± 1. 2 6 297± 5 6 667± 13 617, 26

7 6 305± 5 5 4. 2±1. 1 6 17. 1±0. 5 6 295 ±9 6 673±13 620.70

8 6 301± 5 3 3. 4±0. 9 6 18. 4±0. 8 6 313±4 6 632±21 635.80

9 4 315± 5 3 5. 7±0. 8 4 20.3±1.4 6 319±9 5 643 ±29 660.07

11 5 310± 4 5 6. 3±0. 3 5 19.3 ±0.8 6 308 ±4 6 687± 13 643.55

13 4 314± 6 4 6. 3±0. 6 4 20.0 ±0. 5 4 315± 1 4 678± 19 655. 81

17 6 312± 4 6 6. 5±0. 1 6 18. 8±0. 4 6 310 ±4 6 693± 5 647.22

27 4 291 ±13 3 7.7 ±1.0 4 19. 4± 1. 8 4 326±3 4 725 ±10 644.07

32 5 344 ±10 5 8.3±1.0 5 20. 8± 1. 2 6 327 ±5 5 723 ± 13 700.60

Freshwater Controls

3 4 221±25 3 4.20. 2 3 16.4 ±1. 5 6 197 ±5 5 447± 7 438.77

13 5 196± 4 5 3, 4±0. 3 5 12. 2±0. 5 6 203±2 6 429± 7 413.86

32 6 193± 4 6 4. 8± 1. 8 6 16. 5±0. 5 6 198±3 5 457± 9 411.43
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Appendix Table 3. Ionic concentrations in the abdominal muscle of
crayfish subjected to 70% seawater for 32 days.
Concentrations in mM /kg of tissue water; mean
values with standard errors are given. n =

number of individual animals sampled. 100% sea-
water = 30.67 %o.

Days in 70%
Seawater n Chloride n Potassium n Sodium

3 6 65. 58± 2. 0 6 127. 98± 2. 4 6 79. 83± 4. 8

5 6 84. 22±6. 4 6 128. 15± 6. 2 6 95. 94± 7.7

7 6 76. 73± 9. 2 6 126. 22± 5. 5 6 98. 81± 6. 5

8 6 73. 91±5. 5 6 126.38 ±2.4 6 94.61± 4.8

9 6 86. 67±7.4 6 133. 00± 2. 6 6 105. 11± 7. 5

11 6 78. 55± 6. 2 5 125. 58±4. 0 5 93. 67± 7.6

1 3 4 78, 15±6. 8 4 1 2 1 . 16± 2. 9 4 95. 20± 11. 3

17 6 86. 74±5. 4 5 135. 51±4. 2 6 110. 02± 5. 1

27 4 72.39 ±2. 6 4 131. 28±3. 4 4 102. 52± 14. 3

32 6 80. 62±7. 6 6 132. 13 ±3.9 6 105. 92± 2. 1

Freshwater Controls

3 6 43. 62±4. 2 6 123. 55±3. 7 6 70. 17± 7. 1

13 5 59. 95±6. 7 5 132. 36± 2. 6 6 82. 65± 5.9

32 5 62. 23±8. 8 4 124. 90±7. 0 4 81.87± 7.7
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Appendix Table 4. Blood:tissue ratios for crayfish subjected to 70%
seawater for 32 days. Blood:tissue ratios were
calculated from Appendix Tables 2 and 3.
100% seawater = 30. 67%o.

Days in 70%
Seawater Chloride Potassium Sodium

3 4.30 0. 0391 3. 17

5 3. 52 0. 0476 3. 11

7 3. 83 0. 0333 3. 09

8 4. 23 0. 0269 3. 18

9 3. 68 0. 0429 3. 00

11 3. 92 0. 0502 3.31

13 4. 01 0. 0520 3.30

17 3. 57 0. 0480 2. 84

27 4. 50 0. 0587 2. 84

32 4. 06 0. 0628 3. 25

Freshwater Controls

3 4. 52 0. 0340 3. 15

13 3.39 0. 0257 2. 37

32 3. 18 0. 0384 2. 36



Appendix Table 5. Osmotic and ionic concentrations of the blood of crayfish subjected to 70% seawater for eight days. Osmotic concentration in
adjusted mOsm; ion concentration in mM/1. Mean values with standard errors are given. n = number of individual animals
sampled. 100% seawater = 30, 670700

Time in 70% Seawater n Sodium Potassium Calcium Chloride

Adjusted
Osmotic

Concentration Addition of Ions

3 6 212±2 5. 3 ± 0. 2 19, 9±0, 8 236± 6 527±14 473, 2

4 6 237±2 6, 4 ±0, 5 23. 6±0, 8 292± 3 664±22 559, 0

5 6 240 ± 5 7, 4± 1, 3 25, 2±2, 5 280± 12 612±28 552, 6

8 9 255±3 6, 5± 1, 4 25. 7± 1. 4 318±13 636± 7 605, 2

Freshwater Controls

3 6 202 ±1 5. 0± 0. 2 19, 8 ±0. 4 218± 3 479± 7 444, 8

8 6 214±3 5.3±0, 1 22, 6±0, 9 270± 6 472 ± 27 511. 9



Appendix Table 6. Blood:tissue ratios for crayfish subjected to 40 and 70% seawater for eight days, Blood:tissue ratios were calculated from

Tables 13 and 14 and Appendix Table 5. 100% seawater = 30. 67%o .

Time in Test 40% 70% Freshwater

Salinity Chloride Potassium Sodium Chloride Potassium Sodium Chloride Potassium Sodium

3 4.43 .0387 3.86 4.29 .0450 3.64 5.90 .0447 4,10

4 4.42 . 0436 3.93 4.15 .0572 3.12

5 5.12 .0422 4.01 3.86 .0562 3.10

8 5.06 .0449 4.22 4.49 .0531 3.51 6.84 .0526 4.48




