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ABSTRACT . . . 
The major aspect of this study was to ©valuat© th® 

e f f e c t of changes in external s a l i n i t y on the 
coneentrations of Na +, Ct"* 9 .,. K*", Ca**^ Und Mg++ i n 
the blood, u r i n e 8 and foot muscle c e l l s of Acmaea scutum. 
To estimate i n t r a c e l l u l a r ion. values^ measurements of 
muscle t i s s u e ion values and the e x t r a c e l l u l a r volume 
(as represented by the i a u l i n space) were made, 

As w e l l s aspects of the water balance of A, scutum 
have been studied; the e f f e c t of changes i n external 
s a l i n i t y on water content of whole animal 8 and muscle 
c e l l s has been documented; and the water content of 
animals maintained at a constant s a l i n i t y has been 
studied. 

The r e s u l t s showed that ion values of the blood, 
except f o r IC*"9 were the same as respective ion values of 
external s a l i n i t i e s . At a l l s a l i n i t i e s the 
concentration of i n the blood was greater than sea 
water K*" values. D i a l y s i s experiments showed the I<+ 
gradient was riot' diie to a Donnan equilibrium. 

A l l urine ion values were the same as ion values 
of external s a l i n i t i e s . The IC*" gradient observed 
between blood and sea water d i d not e x i s t between 
urine and sea water. 

E x t r a c e l l u l a r volume of foot muscle, changed 
l i n e a r l y with change i n external s a l i n i t y (16.7% at 50% 
sea water and 31,0% at 123% sea water), This change 
ia e x t r a c e l l u l a r space indicated that c e l l u l a r volume 
changes with changes in external s a l i n i t y . 

I n t r a c e l l u l a r ion values were d i f f e r e n t than blood 
iota values, I n t r a c e l l u l a r estimates of Na+ and CI" 
were(, at a l l s a l i n i t i e s tested; c l o s e to or not 
s i g n i f i c a n t l y d i f f e r e n t from zero. I n t r a c e l l u l a r K*" 
estimates ©ere, at a l l s a l i n i t i e s , much higher than 
blood K*" values. I n t r a c e l l u l a r K*" values also 
changed s l ^ a i f i c a n t l y with changes i n external 
salinity. Over a range of s a l i n i t i e s from 50 to 
125% sea water I n t r a c e l l u l a r values appeared to 



immmse liaear-ly. tmwm&llnlm mtmm of -Ca++ 
sad Mg**" l&vet tnas cosec-espOBdlng values of 
eKperiaentai s a l i n i t i e s . M a given s a l i n i t y the 
sum ol i n t r a c e l l u l a r i o n values was maeis lower than 
efee eum of blood ion values „ 

R e s u l t s on seasonal d i s t r i b u t i o n o f ions and 
®afcer of foot muscle f o r animals from a constant 
s a l i n i t y showed t h a t , over an 18 month periods 
BBsscle i o n and water values v a r i e d s i g n i f i c a n t l y . 
As well> e water content values of whole animal f o r the 
same f i e l d samples v a r i e d significantly<> 

Water content of whole animal a l s o changed 
s i g n i f i c a n t l y w i t h changes i n e x t e r n a l s a l i n i t y , , For 
A. scutum from a marine environment changes i n water 
eoatent caused by changes i n experimental s a l i n i t i e s 
were maintained f o r up t o one week immersion., Whole 
animal water content f o r Â_ scutum from an est u a r i n e 
environment however^ returned to s t a r t i n g water values 
a f t e r 48 h r , immersion i n experimental s a l i n i t i e s . 
Whole animal water content data f o r f i e l d samples 
from an es t u a r i n e environment i n d i c a t e d l i t t l e volume 
r e g u l a t i o n . Over a range of environmental, s a l i n i t i e s 
from 18 to 82% sea water, water content ranged from 
89.0 to 77.0/L 

As w e l l as showing changes i n t o t a l body water w i t h 
changes i n e x t e r n a l s a l i n i t y ^ A^ scutum demonstrated 
large changes i n water content at a given constant 
s a l i n i t y . Changes i n water content at a constant 
s a l i n i t y r e s u l t e d from sea water e n t e r i n g the blood 
space from the e x t e r n a l environment,, When the 
molecules i n u l i n and amaranth were d i s s o l v e d i n 
experimental s a l i n i t i e s and the water uptake response 
t e s t e d , these molecules a l s o entered the blood space 
from the e x t e r n a l s a l i n i t i e s , 

The i o n values of blood, u r i n e 9 and muscle c e l l s 
were s i m i l a r t o values of these parameters recorded 
f o r other gastropod molluscs. Water content values 
from experiments on the e f f e c t of change i n e x t e r n a l 
s a l i n i t y a l s o agreed with data from s t u d i e s on other 
m o l l u s c s o The water uptake response of A»_ scutum^ 
however, was not i n accordance w i t h measurements on 
change i n blood volume at constant s a l i n i t i e s f o r other 
gastropod molluscs. A d e f i n i t e exa^l©'of a.'gastrbpod 
that can take .sea:, watfer from the e x t e r n a l environment 
i u t o the blood space must new be added to the l i t e r a t u r e 
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H E R B E R T H E N R Y W E B B E R . WATER A N D I O N B A L A N C E I N T H E P R O S O B R A N C H j_ 
L I M P E T A C M A E A S C U T U M . 

C h a i r m a n : P r o f e s s o r P a u l 7V. D e h n e l 

ABSTRACT 

T h e m a j o r a s p e c t o f t h i s s t u d y w a s t o e v a l u a t e t h e 

e f f e c t o f c h a n g e s i n e x t e r n a l s a l i n i t y o n t h e c o n c e n t r a t i o n s 

o f N a + , C I , K + , C a ' ' , a n d M g ' i n t h e b l o o d , u r i n e , a n d f o o t 

m u s c l e c e l l s o f A c m a e a s c u t u m . T o e s t i m a t e i n t r a c e l l u l a r i o n 

v a l u e s , m e a s u r e m e n t s o f m u s c l e t i s s u e i o n v a l u e s a n d t h e 

e x t r a c e l l u l a r v o l u m e ( a s r e p r e s e n t e d b y t h e i n u l i n s p a c e ) 

w e r e m a d e . 

A s w e l l , a s p e c t s o f t h e w a t e r b a l a n c e o f A . s c u t u m h a v e 

b e e n s t u d i e d ; t h e e f f e c t o f c h a n g e s i n e x t e r n a l s a l i n i t y o n 

w a t e r c o n t e n t o f w h o l e a n i m a l , a n d m u s c l e c e l l s h a s b e e n d o c ­

u m e n t e d ; a n d t h e w a t e r c o n t e n t o f a n i m a l s m a i n t a i n e d a t a 

c o n s t a n t s a l i n i t y h a s b e e n s t u d i e d . 

T h e r e s u l t s s h o w e d t h a t i o n v a l u e s o f t h e b l o o d , e x c e p t 

f o r K * " , w e r e t h e s a m e a s r e s p e c t i v e i o n v a l u e s o f e x t e r n a l 

s a l i n i t i e s . A t a l l s a l i n i t i e s t h e c o n c e n t r a t i o n o f K + i n t h e 

b l o o d w a s g r e a t e r t h a n s e a w a t e r K*~ v a l u e s . D i a l y s i s e x p e r i ­

m e n t s s h o w e d t h e g r a d i e n t w a s n o t d u e t o a D o n n a n e q u i l i b ­

r i u m . 

A l l u r i n e i o n v a l u e s w e r e t h e s a m e a s i o n v a l u e s o f 

e x t e r n a l s a l i n i t i e s . T h e K~*~ g r a d i e n t o b s e r v e d b e t w e e n b l o o d 

a n d s e a w a t e r d i d n o t e x i s t b e t w e e n u r i n e a n d s e a w a t e r . 



E x t r a c e l l u l a r v o l u m e o f f o o t m u s c l e c h a n g e d l i n e a r l y 

w i t h c h a n g e i n e x t e r n a l s a l i n i t y (16.7% a t 50% s e a w a t e r a n d 

3l.07o a t 125% s e a w a t e r ) . T h i s c h a n g e i n e x t r a c e l l u l a r s p a c e 

i n d i c a t e d t h a t c e l l u l a r v o l u m e c h a n g e d w i t h c h a n g e s i n e x t e r n ­

a l s a l i n i t y . 

I n t r a c e l l u l a r i o n v a l u e s w e r e d i f f e r e n t t h a n b l o o d i o n 

v a l u e s . I n t r a c e l l u l a r e s t i m a t e s o f Na"^" a n d C I w e r e , a t a l l 

s a l i n i t i e s t e s t e d , c l o s e t o o r n o t s i g n i f i c a n t l y d i f f e r e n t 

f r o m z e r o . I n t r a c e l l u l a r K~*~ e s t i m a t e s w e r e , a t a l l s a l i n i t i e s , 

m u c h h i g h e r t h a n b l o o d K~*~ v a l u e s . I n t r a c e l l u l a r K~*" v a l u e s 

a l s o c h a n g e d s i g n i f i c a n t l y w i t h c h a n g e s i n e x t e r n a l s a l i n i t y . 

O v e r a r a n g e o f s a l i n i t i e s f r o m 50 t o 125% s e a w a t e r i n t r a ­

c e l l u l a r K*" v a l u e s a p p e a r e d t o i n c r e a s e l i n e a r l y . I n t r a -

_l |_ | | 

c e l l u l a r v a l u e s o f . C a a n d M g w e r e l o w e r t h a n c o r r e s p o n d i n g 

v a l u e s o f e x p e r i m e n t a l s a l i n i t i e s . A t a g i v e n s a l i n i t y t h e 

s u m o f i n t r a c e l l u l a r i o n v a l u e s w a s m u c h l o w e r t h a n t h e s u m 

o f b l o o d i o n v a l u e s . 

R e s u l t s o n s e a s o n a l d i s t r i b u t i o n o f i o n s a n d w a t e r o f 

f o o t m u s c l e f o r a n i m a l s f r o m a c o n s t a n t s a l i n i t y s h o w e d t h a t 

o v e r a n 18 m o n t h p e r i o d m u s c l e i o n a n d w a t e r v a l u e s v a r i e d 

s i g n i f i c a n t l y . A s w e l l , w a t e r c o n t e n t v a l u e s o f w h o l e a n i m a l 

f o r t h e s a m e f i e l d s a m p l e s v a r i e d s i g n i f i c a n t l y . 

W a t e r c o n t e n t o f w h o l e a n i m a l a l s o c h a n g e d s i g n i f i c a n t l y 

w i t h c h a n g e s i n e x t e r n a l s a l i n i t y . F o r A . s c u t u m f r o m a 



i i i 

m a r i n e e n v i r o n m e n t c h a n g e s i n w a t e r c o n t e n t c a u s e d b y c h a n g e s 

i n e x p e r i m e n t a l s a l i n i t i e s w e r e m a i n t a i n e d f o r u p t o o n e w e e k 

i m m e r s i o n . W h o l e a n i m a l w a t e r c o n t e n t f o r A . s c u t u m f r o m a n 

e s t u a r i n e e n v i r o n m e n t h o w e v e r , r e t u r n e d t o s t a r t i n g w a t e r 

c o n t e n t v a l u e s a f t e r 48 h r i m m e r s i o n i n e x p e r i m e n t a l s a l i n ­

i t i e s . W h o l e a n i m a l w a t e r c o n t e n t d a t a f o r f i e l d s a m p l e s 

f r o m a n e s t u a r i n e e n v i r o n m e n t i n d i c a t e d l i t t l e v o l u m e r e g u l a t i o n . 

O v e r a r a n g e o f e n v i r o n m e n t a l s a l i n i t i e s f r o m 18% t o 82% s e a 

w a t e r , w a t e r c o n t e n t r a n g e d f r o m 89.0% t o 77.0%. 

A s w e l l a s s h o w i n g c h a n g e s i n t o t a l b o d y w a t e r w i t h 

c h a n g e s i n e x t e r n a l s a l i n i t y , A . s c u t u m d e m o n s t r a t e d l a r g e 

c h a n g e s i n w a t e r c o n t e n t a t a g i v e n c o n s t a n t s a l i n i t y . 

C h a n g e s i n w a t e r c o n t e n t a t a c o n s t a n t s a l i n i t y r e s u l t e d f r o m 

s e a w a t e r e n t e r i n g t h e b l o o d s p a c e f r o m t h e e x t e r n a l e n v i r o n ­

m e n t . W h e n t h e m o l e c u l e s i n u l i n a n d a m a r a n t h w e r e d i s s o l v e d 

i n e x p e r i m e n t a l s a l i n i t i e s a n d t h e w a t e r u p t a k e r e s p o n s e 

t e s t e d , t h e s e m o l e c u l e s a l s o e n t e r e d t h e b l o o d s p a c e f r o m t h e 

e x t e r n a l s a l i n i t i e s . 

T h e i o n v a l u e s o f b l o o d , u r i n e , a n d m u s c l e c e l l s w e r e 

s i m i l a r t o v a l u e s o f t h e s e p a r a m e t e r s r e c o r d e d f o r o t h e r 

g a s t r o p o d m o l l u s c s . W a t e r c o n t e n t v a l u e s f r o m e x p e r i m e n t s 

o n t h e e f f e c t o f c h a n g e i n e x t e r n a l s a l i n i t y a l s o a g r e e d w i t h 

d a t a f r o m s t u d i e s o n o t h e r m o l l u s c s . T h e w a t e r u p t a k e r e s p o n s e 

o f A . s c u t u m h o w e v e r , w a s n o t i n a c c o r d a n c e w i t h m e a s u r e m e n t s 



on change i n blood volume at constant s a l i n i t i e s for other 

gastropod molluscs. A d e f i n i t e example of a gastropod that 

can take sea water from the external environment into the 

blood space must now be added to the l i t e r a t u r e . 
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a n d R o b e r t s o n (1964) h a v e s u m m a r i z e d t h e i n f o r m a t i o n o n b l o o d 

i o n v a l u e s o f P r o s o b r a n c h s . B a s i c a l l y , t h e b l o o d v a l u e s o f K*~ 

I | _ 

a n d C a w e r e h i g h e r , a n d v a l u e s o f S O ^ l o w e r , t h a n t h e c o n ­

c e n t r a t i o n o f t h e s e i o n s i n t h e e x t e r n a l s e a w a t e r ; b l o o d a n d 

s e a w a t e r c o n c e n t r a t i o n s o f Na"*" a n d C l w e r e v i r t u a l l y t h e 

s a m e . N o d a t a a r e a v a i l a b l e f o r i o n v a l u e s o f u r i n e o r f o r 

t h e i n t r a c e l l u l a r s p a c e o f m a r i n e P r o s o b r a n c h s . 

+ . _ + + + + + 
I n t h i s s t u d y , t h e N a , C l , K , C a , a n d M g v a l u e s o f 

t h e b l o o d , u r i n e , a n d c e l l u l a r c o m p o n e n t o f t h e f o o t m u s c l e 

h a v e b e e n d e t e r m i n e d f o r A c m a e a s c u t u m o v e r a r a n g e o f e x p e r i ­

m e n t a l s a l i n i t i e s f r o m 50 t o 125% s e a w a t e r . 

C h a n g e s i n t i s s u e i o n i c c o n c e n t r a t i o n s a r e a c c o m p a n i e d 

b y c h a n g e s i n t i s s u e w a t e r c o n t e n t . H i s t o r i c a l l y , i t w a s 

t h o u g h t t h a t a l l m e m b r a n e s w e r e s e m i p e r m e a b l e a n d a c t e d a s 

o s m o m e t e r s . N o w i t i s r e a l i z e d t h a t a l l m e m b r a n e s a r e p e r m e a b l e 

t o s a l t i o n s a s w e l l a s w a t e r . A l t h o u g h s h o w i n g p e r m e a b i l i t y 

t o i o n s a n d w a t e r , m o l l u s c s s u c h a s t h e m a r i n e p u l m o n a t e , 

O n c h i d i u m ( D a k i n a n d E d m o n d s , 1931); t h e m u s s e l , M y t i l u s 

( M a l o e f , 1937); a n d t h e Q r p i s t o b r a n c h , A p l y s i a ( v a n W e e l , 1957) 

s h o w e d v e r y l i t t l e v o l u m e r e g u l a t i o n w h e n e x p o s e d t o c h a n g e s 

i n e x t e r n a l s a l i n i t y . I n t h i s s t u d y , t h e w a t e r c o n t e n t o f 

t h e s o f t b o d y p a r t s a n d t h e c e l l s o f t h e f o o t m u s c l e h a s b e e n 

d e t e r m i n e d f o r A . s c u t u m w h i c h w e r e e x p o s e d t o a r a n g e o f 

s a l i n i t i e s f r o m 50 t o 125% s e a w a t e r . A s w e l l , t h e t o t a l w a t e r 



c o n t e n t h a s b e e n c o m p a r e d f o r l i m p e t s f r o m a m a r i n e a n d e s t u ­

a r i n e e n v i r o n m e n t . 

D u r i n g t h e c o u r s e o f t h i s s t u d y i t b e c a m e e v i d e n t t h a t 

t h e w a t e r c o n t e n t o f A . s c u t u m s h o w e d g r e a t v a r i a t i o n a t a 

c o n s t a n t s a l i n i t y . T h i s a s p e c t o f w a t e r b a l a n c e o f m o l l u s c s , 

e s p e c i a l l y G a s t r o p o d s a n d E u l a m e l l i b r a n c h s , h a s b e e n t h e s u b j e c 

o f m u c h i n t e r e s t . T h e f u n c t i o n i n g o f t h e h y d r o s t a t i c s k e l e t o n 

i n e x p a n d i n g t h e s i p h o n a n d f o o t o f E u l a m e l l i b r a n c h s a n d t h e 

f o o t o f G a s t r o p o d s i s d e p e n d e n t u p o n t h e a m o u n t o f f l u i d i n 

b o d y s p a c e s ( C h a p m a n a n d N e w e l l , 1947; C h a p m a n , 1958). A t 

d i f f e r e n t t i m e s i t w a s b e l i e v e d t h a t t h e s e a n i m a l s c o u l d i n c o r p 

o r a t e s e a w a t e r f r o m t h e e x t e r n a l e n v i r o n m e n t i n t h e f u n c t i o n ­

i n g o f t h e h y d r o s t a t i c s k e l e t o n . H o w e v e r , t h e p r e s e n t d a y v i e w 

h a s b e e n t h a t , w i t h t h e e x c e p t i o n o f o n e f a m i l y o f G a s t r o p o d s 

( N a t i c i d a e ) , a c o n s t a n t b l o o d v o l u m e i n t h e c i r c u l a t o r y s y s t e m 

w a s s u f f i c i e n t t o e x p l a i n t h e l a r g e e x p a n s i o n s o f t h e s i p h o n 

a n d f o o t m u s c u l a t u r e ( M o r r i s , 1950; C h a p m a n , 1958; a n d B r o w n 

a n d T u r n e r , 1962). F o r t h e e x c e p t i o n , M o r r i s (1950) d e s c r i b e d 

i n U b e r ( P o l i n i c e s ) s t r a n g e i , a s y s t e m o f a c q u i f e r o u s d u c t s 

t h a t w e r e s e p a r a t e f r o m t h e b l o o d s y s t e m a n d a p p a r e n t l y t o o k 

u p w a t e r d u r i n g t h e e x p a n s i o n o f t h e f o o t . A l t h o u g h t h e h y d r o ­

s t a t i c s k e l e t o n o f A c m a e a s c u t u m d o e s n o t f u n c t i o n i n e x p a n d i n g 

t h e f o o t i n t h e s a m e m a n n e r a s P e c t i n i b r a n c h G a s t r o p o d s , d a t a 

a r e p r e s e n t e d s h o w i n g t h a t t h i s l i m p e t i s c a p a b l e o f t a k i n g 



up large amounts of sea water from the external environment 

into the blood system. 



M A T E R I A L A N D M E T H O D S 

C o l l e c t i n g A r e a s 

A c m a e a s c u t u m u s e d i n t h i s s t u d y w e r e c o l l e c t e d f r o m t w o 

a r e a s . T h e f i r s t , J o r d a n R i v e r o n t h e s o u t h w e s t c o a s t o f 

V a n c o u v e r I s l a n d , B r i t i s h C o l u m b i a , h a d a c o n s t a n t s a l i n i t y 

o f 31.8% a n d a t e m p e r a t u r e r a n g e o f 8 ° C i n w i n t e r m o n t h s t o 

13° C i n s u m m e r m o n t h s . T h e s e c o n d c o l l e c t i n g a r e a , W h y t e c l i f f 

P a r k , w a s s o m e 20 m i l e s n o r t h w e s t o f V a n c o u v e r , B r i t i s h C o l u m ­

b i a ; t h i s a r e a w a s a n e s t u a r i n e h a b i t a t w i t h s a l i n i t y f l u c t u ­

a t i o n b e t w e e n 6.4$» a n d 25.5^ a c c o r d i n g t o t h e s t a g e o f t h e 

t i d a l c y c l e a n d t h e a m o u n t o f . t h e f r e s h w a t e r d i s c h a r g e f r o m 

t h e F r a s e r R i v e r . T e m p e r a t u r e s a t W h y t e c l i f f P a r k r a n g e d f r o m 

5 ° C i n w i n t e r m o n t h s t o 20°C i n s u m m e r m o n t h s . 

N o e f f o r t w a s m a d e t o c o l l e c t a n i m a l s f r o m a s t a n d a r d i z e d 

i n t e r t i d a l z o n e . I t w a s f o u n d , h o w e v e r , t h a t A . s c u t u m o f 

t h e s i z e r a n g e u s e d f o r e x p e r i m e n t s (5-lOg) w e r e m o s t o f t e n 

f o u n d i n z o n e t h r e e a s d e s c r i b e d b y R i c k e t t s a n d C a l v i n (1962) . 

A n i m a l s w e r e m a i n t a i n e d i n t h e l a b o r a t o r y a t 10° C w i t h o u t 

f o o d a n d w i t h n o r e g u l a r p h o t o p e r i o d r e g i m e . A p p r o x i m a t e l y 

25 a n i m a l s w e r e k e p t i n p l a s t i c t r a y s o f 5 l i t e r c a p a c i t y . 

A . s c u t u m f r o m J o r d a n R i v e r w e r e h e l d a t 100% s e a w a t e r , 

w h i l e a n i m a l s f r o m W h y t e c l i f f P a r k w e r e h e l d i n 75-80% s e a 

w a t e r . A . s c u t u m u s e d i n e x p e r i m e n t s w e r e m a i n t a i n e d i n h o l d -



ing s a l i n i t i e s for no longer than f i v e weeks. 

Co l l e c t i o n and Measurement of Samples 

Blood Samples: Blood samples were taken from the ventral 

sinus through an i n c i s i o n in the foot muscle. For cation 

analysis, aliquots of 50 or 100 m i c r o l i t e r s of unaltered blood 

were d i l u t e d with glass d i s t i l l e d water to a volume of 25ml. 

For CI samples, aliquots of 50 or 100 m i c r o l i t e r s were placed 

in 4 ml of 0.1N ENO^ and 10% acetic acid. Na , K , and Ca 
+ I | 

were measured on a Zeiss PF-5 flame photometer. K , and Ca 

standards had Na"*" added in the same concentration as unknowns 
to adjust for Na interference. Ca and Mg'' were determined 

simultaneously by t i t r a t i o n with E.D0T.A. using eriochrome 
I | 

black T as an indicator. Mg concentration was obtained by 
I | 

subtracting the Ca value from the flame photometer from the 
I | | | _ 

combined Ca -Mg value obtained by t i t r a t i o n . Blood C I 

values were determined on the high rate of a Buchler-Cotlove 

chloridometer. 

Urine samples s Urine samples were co l l e c t e d in the follow­

ing manner. Animals were removed from the experimental s a l ­

i n i t y , the mantle caused to r e t r a c t by t a c t i l e stimulation, 

and water in the nuchal cavity and space between the s h e l l 

and foot removed by aspiration. The head was then r e f l e c t e d 

with a spatula to make v i s i b l e the urinary pores. Gentle 

pressure was applied to the foot to cause f l u i d to be extruded 
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through the r i g h t u r i n a r y pore . Th i s f l u i d was c o l l e c t e d on 

a c l e a n p l a s t i c f i l m . Only f l u i d tha t was observed to come 

from the r i g h t u r i n a r y pore was used fo r a n a l y s i s . G e n e r a l l y 

between 0.5 and 1.0 ml of u r i n e was c o l l e c t e d . Because of 

t h i s r e l a t i v e l y l a rge c o l l e c t e d volume of u r i n e , con tamina t ion 

by sea water adher ing to the surface of the nuchal c a v i t y and 

mantle was b e l i e v e d to be n e g l i g i b l e . A l i q u o t and d i l u t i o n s 

fo r u r i n e a n a l y s i s were the same as fo r b lood samples. Methods 

of measurement of u r i n e c a t i o n s and C l were the same as for 

b lood i o n s . Ur ine samples taken fo r i n u l i n a n a l y s i s were 50 

m i c r o l i t e r s and were analysed as de sc r ibed f o r b lood samples 

below i n the s e c t i o n on e s t i m a t i o n o f e x t r a c e l l u l a r space. 

D i a l y s i s samples: Samples fo r d i a l y s i s experiments on 

b lood and u r i n e were taken as de sc r ibed above. The method 

fo r d i a l y s i s experiments was adapted from Robertson (1949). 

Approximate ly 0.2 ml of b lood or u r i n e were d i a l y s e d fo r 24 

h r . aga ins t the exper imenta l sea water from which the animals 

were t aken . Sampling o f d i a l y s a t e s over a t ime s e r i e s i n d i c ­

ated d i a l y s i s was complete by 24 h r . A l i q u o t s and d i l u t i o n s 

f o r d i a l y s a t e s were the same as de sc r ibed fo r b lood samples. 

Methods of measurement of d i a l y s a t e c a t i o n s a n d . C l concen t ra ­

t i o n s were the same as fo r b lood i o n s . 

Muscle i o n s : The method of e x t r a c t i n g ions from muscle 

t i s s u e was an adap ta t ion o f a technique desc r ibed by Co t love 



9 

( 1 9 6 3 ) . Sections of foot muscle approximately 0 . 5 mm thick 

were taken from l i v e animals. Between 9 5 and 1 0 0 mg of t h i s 

muscle tissue were placed in 1 0 ml of glass d i s t i l l e d water, 

and the ions extracted for 2 4 hr. Duplicate 2 ml aliquots 

were used for CI determination. 0 . 5 ml of 1 . 5 N HNO^ + 5 0 % 

acetic acid were added to each aliquot and muscle CI determined 

on the low rate of a Buchler-Cotlove Chloridometer. Four 

m i l l i l i t e r aliquots were made up to 2 5 ml with glass d i s t i l l e d 

water for cation determinations. Muscle cations were determ­

ined by the same method as described for blood cations. 

The method of d i s t i l l e d water extraction for muscle CI 

was compared with the method of Cotlove ( 1 9 6 3 ) for 5 - 1 5 yceq 

of.CI using NaOH and 4 % ZnSO^ for digestion. The muscle CI 

of 1 7 A. scutum from 1 0 0 % sea water was extracted using the 

NaOH-ZnSO^ technique for 5-15yCeq of CI as given in Cotlove 

( 1 9 6 3 ) . Likewise, the muscle CI of 2 0 A. scutum from 1 0 0 % 

sea water was extracted using d i s t i l l e d water. The CI con­

tent of muscle by NaOH-ZnSO^ extraction and by d i s t i l l e d water 

extraction were not s i g n i f i c a n t l y d i f f e r e n t when compared by 

t- t e s t ( p > . 0 5 ) . D i s t i l l e d water extraction was used for 

determination of muscle cations and CI in t h i s study because 

the NaOH-ZnSO^ technique did not provide an opportunity to 

determine cation concentrations. 

Whole animal water content: For measurement of the t o t a l 
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body water of A . scutum the sof t body p a r t s were removed from 

the s h e l l and b l o t t e d w i t h absorbent t i s s u e to remove excess 

water . The weight of the so f t body p a r t s was recorded w i t h i n 

approximate ly 30 sec of the removal from the s h e l l . The so f t 

body p a r t s were d r i e d fo r 24 hr a t 100°C. Water content was 

taken to be the d i f f e r e n c e between wet and dry weight and was 

expressed as a percentage. A l l weights were determined on a 

M e t t l e r ba lance to ±0.0005 g . 

Muscle water con ten t : Samples f o r de t e rmina t ion of muscle 

water were taken as desc r ibed above fo r muscle i on samples. 

The weight range of t i s s u e f o r muscle water de t e rmina t ions , 

however, ranged from 50 to 150 mg. The water content of 

muscle t i s s u e was expressed as a percentage . 

E x t r a c e l l u l a r space: The b lood space o f A . scutum was 

e q u i l i b r a t e d w i t h i n u l i n i n two ways. F i r s t , 0.1 ml of 5% 

i n u l i n was i n j e c t e d i n t o the v i s c e r a l s inus and the animals 

a l lowed to e q u i l i b r a t e for 6 h r . Secondly, animals were h e l d 

i n exper imenta l s a l i n i t i e s fo r 24 h r ; then the animals were 

squeezed g e n t l y to e x p e l l water and re tu rned f o r a fu r the r 24 

hr i n the same s a l i n i t y c o n t a i n i n g 4 g/1 o f i n u l i n . The 

inc rease i n volume shown by the animal over 24 hr i n s a l i n i t i e s 

c o n t a i n i n g i n u l i n r e s u l t e d i n the l impe t s hav ing an e q u i l i b ­

r a t e d b lood i n u l i n c o n c e n t r a t i o n of around 2 g/1. For each 

an ima l , a 50 m i c r o l i t e r a l i q u o t of b lood and between 95 and 
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100 mg of muscle tissue were taken as described above. Blood 

samples were assayed for i n u l i n d i r e c t l y . Muscle samples were 

placed in 10 ml of glass d i s t i l l e d water for 24 hr for extrac­

t i o n of i n u l i n . Extraction for time periods greater than 24 

hr did not increase the y i e l d of i n u l i n . Although the e f f i ­

ciency of d i s t i l l e d water extraction of i n u l i n from the muscle 

tissue of A. scutum i s not known, Schultz et a_l. (1966) found 
14 

that extraction of C i n u l i n from rabbit ileum i n 8 raM LiSO. 
4 

gave at least a 95% recovery. Estimation of i n u l i n concentra­

t i o n was by the anthrone method of Young and Raisz (1952). 

Duplicate 2 ml aliquots were used for i n u l i n analyses of 

muscle samples. Samples were read on a Beckman DU spectro­

photometer at 625 rap using anthrone reagent as a blank. 

Exper imenta1 S a l i n i t i e s 

One hundred per cent sea water was a r b i t r a t i l y defined as 

sea water of 31.8^ s a l i n i t y and ion concentration of: 

Na + C l ~ SO = K + Ca"^ Mg** 

mEq/i 433.0 497.2 68.6 10.1 25.6 97.9. 

The sea water of the Jordan River c o l l e c t i n g area, a l -
I | 

though 100% s a l i n i t y , had a lower Ca concentration (19.6 

compared to 25.6 mEq/l). To prepare 100% sea water NaCl, 
N a 2 S ° 4 ' K C 1 ' C a C 1 2 ' a n d M g C 1 2 w e r e a d d e d t o a more d i l u t e 

sea water available in a closed c i r c u l a t i n g sea water system. 

To prepare 125% sea water, 200% sea water prepared in the same 
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manner as 100% sea water was d i l u t e d w i t h g l a s s d i s t i l l e d 

water . F i f t y and 75% sea water were prepared by adding g l a s s 

d i s t i l l e d water to e i t h e r 100 or 200% sea water . 

Methods fo r Water Uptake Experiments 

Measurements of volume change: Animals were mainta ined 

i n the exper imenta l s a l i n i t y fo r 24 hr before use . The method 

of volume measurement was as f o l l o w s . The animal was taken 

from the exper imenta l s a l i n i t y and the foot was compressed 

g e n t l y w i t h absorbent t i s s u e to e x p e l l water . Most o f the 

water e x p e l l e d on gen t l e p ressure came through the r i g h t 

u r i n a r y pore . The volume of the animal was determined by ' 

d isplacement of water . The d i s p l a c e d water was weighed. The 

method was accura te to ±0.05 m l . The animal was then p l a c e d 

back i n t o the exper imenta l s a l i n i t y w i t h d o r s a l surface of 

the s h e l l aga ins t the subs t r a t e , and was mainta ined i n t h i s 

p o s i t i o n f o r the d e s i r e d t ime p e r i o d . The volume of the 

animal was aga in determined a f t e r g e n t l y shaking to remove 

water from the nuchal c a v i t y and space between the: foot and 

s h e l l . The inc rease i n volume was determined by s u b t r a c t i n g 

the s t a r t i n g volume from the f i n a l volume. The volume of the 

so f t body p a r t s a lone was determined by e s t i m a t i n g the volume 

of the s h e l l s e p a r a t e l y and s u b t r a c t i n g t h i s va lue from the 

volume of the so f t body p a r t s p l u s s h e l l . 

Blood amaranth samples: Samples fo r the de t e rmina t ion o f 



b l o o d amaranth c o n c e n t r a t i o n s were t a k e n from t h e v i s c e r a l 

s i n u s t h r o u g h an i n c i s i o n i n t h e f o o t muscle. A p p r o x i m a t e l y 

100 / i l i t e r s were t a k e n up i n a c a p i l l a r y tube and t r a n s f e r r e d 

t o a Beckman s p e c t r o p h o t o m e t e r m i c r o c e l l w i t h 50 / l l i t e r cap­

a c i t y and 10 mm p a t h l e n g t h . The absorbency o f u n a l t e r e d 

b l o o d samples was de t e r m i n e d a t 520 mp. on a Beckman DU s p e c t r o 

photometer u s i n g t h e r e s p e c t i v e e x p e r i m e n t a l sea wat e r as a 

b l a n k . 

S t a t i s t i c a l Methods 

A l l s t a t i s t i c a l methods used were t a k e n from S t e e l e and 

T o r r i e (i960) o r Yates ( i 9 6 0 ) . S t u d e n t ' s t - t e s t s were c o n s i d ­

e r e d t o be two t a i l e d . When r e s u l t s , e x p r e s s e d as p e r c e n t a g e s 

were from a b i n o m i a l d i s t r i b u t i o n , a l l s t a t i s t i c a l t e s t s were 

performed on an a r c s i n t r a n s f o r m a t i o n o f p e r c e n t a g e d a t a . 

A n a l y s e s o f v a r i a n c e were c o n s i d e r e d t o be model I and t h e 

e r r o r mean square used as a denominator i n F t e s t s . The 

a n a l y s i s o f c o v a r i a n c e used i s o u t l i n e d on page 312 o f S t e e l e 

and T o r r i e ( i 9 6 0 ) . U n l e s s o t h e r w i s e s t a t e d , t h e l e v e l o f 

s i g n i f i c a n c e i n d i s c u s s i o n o f r e s u l t s was p=0.01. The r e s u l t s 

o f s t a t i s t i c a l t e s t s g i v e n i n t a b l e s have been e x p r e s s e d i n 

th e f o l l o w i n g manner? P=NS r e f e r r e d t o t e s t s t h a t were not 

s i g n i f i c a n t l y d i f f e r e n t a t t h e p=0.05 p r o b a b i l i t y l e v e l ; 

P=0.05 r e f e r r e d t o t e s t s t h a t were s i g n i f i c a n t a t t h e p=0.05 

p r o b a b i l i t y l e v e l b u t not a t t h e p=0.01 p r o b a b i l i t y l e v e l ; 
P=0.01 r e f e r r e d t o t e s t s t h a t were s i g n i f i c a n t l y d i f f e r e n t 
a t t h e p=0.01 p r o b a b i l i t y l e v e l . 
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R E S U L T S 

I I o n B a l a n c e o f B l o o d , U r i n e , a n d M u s c l e  

B l o o d I o n C o n c e n t r a t i o n s f r o m F i e l d Samples 

A c m a e a s c u t u m w e r e c o l l e c t e d f r o m J o r d a n R i v e r a t a p p r o x i ­

m a t e l y m o n t h l y i n t e r v a l s f r o m J u n e 1964 t o D e c e m b e r 1965. T e n 

a n i m a l s w e r e p l a c e d i n f i e l d s e a w a t e r u n d e r l a b o r a t o r y c o n d i ­

t i o n s f o r 24 h r . B l o o d s a m p l e s w e r e t a k e n a n d a n a l y s e d f o r 

+ — •+• | [ 
N a , C I , K , C a , a n d M g ' ' . T h e m e a n s o f e a c h d e t e r m i n a t i o n 

w e r e p o o l e d f o r s t a t i s t i c a l a n a l y s i s . T a b l e 1 g i v e s t h e r e ^ -

s u i t s o f t h i s e x p e r i m e n t . T h e b l o o d c o n c e n t r a t i o n s o f N a " * " , 

C I , C a , a n d M g w e r e n o t s i g n i f i c a n t l y d i f f e r e n t f r o m t h e 

c o n c e n t r a t i o n o f t h e r e s p e c t i v e i o n i n e n v i r o n m e n t a l s e a w a t e r . 

T h e c o n c e n t r a t i o n o f b l o o d K~*~ h o w e v e r , w a s s i g n i f i c a n t l y g r e a t e r 

t h a n t h e c o n c e n t r a t i o n o f s e a w a t e r K + . 

T o d e t e r m i n e i f . t h e m a g n i t u d e o f t h e c o n c e n t r a t i o n g r a d i ­

e n t o f K*" b e t w e e n b l o o d a n d s e a w a t e r v a r i e d a t d i f f e r e n t 

t i m e s o f t h e y e a r , a n a n a l y s i s o f v a r i a n c e w a s p e r f o r m e d o n 

t h e b l o o d K + d a t a . T h e p r o b a b i l i t y o b t a i n e d , p>0.1, i n d i c a t e d 

t h a t t h e r e w a s n o s i g n i f i c a n t d i f f e r e n c e i n t h e m a g n i t u d e o f 

t h e K~*~ c o n c e n t r a t i o n g r a d i e n t f o r f i e l d s a m p l e s o f A . s c u t u m 

c o l l e c t e d a p p r o x i m a t e l y m o n t h l y f r o m J u n e 1964 t o D e c e m b e r 

1965. 
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T A B L E 1 

C o n c e n t r a t i o n o f b l o o d i o n s f r o m A . s c u t u m f i e l d s a m p l e s ( J o r ­

d a n R i v e r ) , c o l l e c t e d a p p r o x i m a t e l y m o n t h l y f r o m J u n e 1964 t o 

D e c e m b e r 1965. I n d i v i d u a l s a m p l e s o f 10 a n i m a l s h a v e b e e n 

p o o l e d a n d t e s t e d f o r s i g n i f i c a n c e a g a i n s t e n v i r o n m e n t a l s e a 

w a t e r c o n c e n t r a t i o n s . S e a w a t e r c o n c e n t r a t i o n s r e p r e s e n t 

m e a s u r e m e n t s t a k e n a t e a c h s a m p l e c o l l e c t i o n a n d w e r e t r e a t e d 

s t a t i s t i c a l l y a s a c o n s t a n t . 

+ + - H -
N a C I K C a M g 

B l o o d C o n c e n t r a t i o n 

( m E q / L ) 

432.3 496.7 11.8 19.7 97 .8 

S e a W a t e r C o n c e n t r a t i o n 433.0 497.2 10.1 19.6 97 .8 
B l o o d / S e a W a t e r R a t i o 0.998 0.998 1.17 1.00 0. 998 

n 90 90 100 90 90 
S t a n d a r d E r r o r 0.56 0.78 0.46 0.09 0. 54 
P r o b a b i l i t y N . S . N . S „ 0.01 N . S . N . S . 
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R e s p o n s e o f B l o o d I o n s t o C h a n g e s i n E x t e r n a l S a l i n i t y 

F o r f i e l d s a m p l e s o f A . s c u t u m f r o m J o r d a n R i v e r ( w i t h a 

c o n s t a n t e n v i r o n m e n t a l s a l i n i t y o f 100% s e a w a t e r ) , t h e r e w a s 

n o d i f f e r e n c e i n c o n c e n t r a t i o n b e t w e e n b l o o d a n d s e a w a t e r 

"I- — | | | [ 

f o r t h e i o n s N a , C l , C a , a n d M g , b u t t h e r e w a s a s m a l l 

g r a d i e n t b e t w e e n t h e c o n c e n t r a t i o n o f b l o o d a n d s e a w a t e r K~*~. 

T o t e s t i f t h e c o n c e n t r a t i o n s o f t h e s e i o n s i n t h e b l o o d 

s h o w e d a s i m i l a r p a t t e r n w i t h c h a n g e s i n e x p e r i m e n t a l s a l i n i t y 

A . s c u t u m c o l l e c t e d f r o m W h y t e c l i f f P a r k w e r e p l a c e d i n 50, 

75, a n d 125% s e a w a t e r f o r t i m e p e r i o d s o f 1.5, 3, 6, 12, a n d 

48 h r . T h e s a m p l e s i z e a t e a c h s a l i n i t y a n d t i m e p e r i o d w a s 

10 a n i m a l s . T h e e x p e r i m e n t w a s r e p e a t e d f o r J o r d a n R i v e r 

a n i m a l s . J o r d a n R i v e r a n i m a l s w e r e a l s o p l a c e d i n e a c h s a l ­

i n i t y f o r a t i m e p e r i o d o f o n e w e e k . T h e e x p e r i m e n t w a s c o n ­

d u c t e d f r o m J u n e t h r o u g h A u g u s t 1963. 
_l_ _ | | | | 

R e s p o n s e o f b l o o d N a , C l _ , C a , a n d M g ; F i g u r e 1 g i v e s 

+ - ++ 
t h e g e n e r a l i z e d r e s p o n s e c u r v e s o f b l o o d N a , C l , C a , a n d 

M g f o r W h y t e c l i f f a n d J o r d a n R i v e r a n i m a l s t o e x p e r i m e n t a l 

s a l i n i t i e s . B l o o d i o n v a l u e s f o r a n i m a l s f r o m b o t h e n v i r o n m e n t s 

t h e c o n s t a n t s a l i n i t y o f J o r d a n R i v e r a n d t h e e s t u a r i n e c o n d i ­

t i o n o f W h y t e c l i f f P a r k , s h o w e d s i m i l a r r e s p o n s e s t o c h a n g e s 

i n e x p e r i m e n t a l s a l i n i t y . W h e n e x p o s e d t o 50, 75, a n d 125% 

+ ++ ++ 
s e a w a t e r , t h e c o n c e n t r a t i o n o f b l o o d N a , C l - , C a , a n d M g 

a p p r o a c h e d t h e c o n c e n t r a t i o n o f t h e r e s p e c t i v e i o n i n t h e n e w 



FIGURE 1 

Response of b lood Na , C l , Ca , and Mg va lues of A . 
scutum to changes i n exper imenta l s a l i n i t y . At each p o i n t 
the c o n c e n t r a t i o n o f each i o n was conver ted to a pe rcen t ­
age o f the exper imenta l s a l i n i t y and the average used. 
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s a l i n i t y . T h e t i m e t o e q u i l i b r i u m w a s p r i m a r i l y d e p e n d e n t o n 

t h e m a g n i t u d e o f d i f f e r e n c e b e t w e e n t h e h o l d i n g a n d e x p e r i ­

m e n t a l s a l i n i t y . 

4" — | | [ [ 

T a b l e 2 g i v e s t h e b l o o d v a l u e s o f N a , C I , C a , a n d M g 

f o r v a r i o u s t i m e p e r i o d s o f i m m e r s i o n i n e x p e r i m e n t a l s a l i n ­

i t i e s . 

T a b l e 3 i n d i c a t e s t h a t t h e r e i s n o d e f i n e d p a t t e r n f o r 

a n y p a r t i c u l a r i o n t o b e c o n s i s t e n t l y f a s t e r o r s l o w e r i n 

r e a c h i n g e q u i l i b r i u m w i t h s e a w a t e r . 

+ — | | 
T a b l e 4 g i v e s b l o o d - s e a w a t e r r a t i o s o f N a , C I , C a , 

a n d M g f o r e a c h e x p e r i m e n t a l s a l i n i t y . T h e r a t i o s f o r a l l 

i o n s a t e a c h s a l i n i t y w e r e n o t s i g n i f i c a n t l y d i f f e r e n t f r o m 

I | 

o n e e x c e p t f o r C a a t 50 a n d 75% s e a w a t e r f o r W h y t e c l i f f 

a n i m a l s . 

R e s p o n s e o f b l o o d K"*~: F i g u r e 2 s h o w s t h e r e s p o n s e o f b l o o d 

K + t o 50, 75, a n d 125% s e a w a t e r . A s w i t h N a + , C l ~ , C a ' ' , 

a n d M g t h e r e w a s a n i n i t i a l d e c r e a s e o f b l o o d K c o n c e n t r a ­

t i o n i n 50 a n d 75% s e a w a t e r , a n d a n i n i t i a l i n c r e a s e i n 125% 

s e a w a t e r . T h e v a l u e s o f b l o o d K~*" l e v e l l e d o f f a f t e r a p e r i o d 

o f a p p r o x i m a t e l y 3 h r i n 75% s e a w a t e r , 6 h r i n 125% s e a w a t e r , 

a n d 12 h r i n 50% s e a w a t e r . 

A s s u m i n g t h a t K*" w a s s i m i l a r t o Na"*" i n e q u i l i b r i u m r e s p o n s e 

w i t h t i m e , K~*~ b l o o d c o n c e n t r a t i o n s w h i c h c o r r e s p o n d e d t o 

e q u i l i b r a t e d Na"*" b l o o d v a l u e s ( T a b l e 2) w e r e p o o l e d f o r e a c h 



T A B L E 2 

E f f e c t o f s a l i n i t y a n d t i m e o n t h e b l o o d c o n c e n t r a t i o n o f N a , C l , C a , a n d M g 

R e s u l t s a r e f r o m a n i m a l s c o l l e c t e d f r o m a n e s t u a r i n e a n d m a r i n e e n v i r o n m e n t . C o n ­

c e n t r a t i o n s a r e e x p r e s s e d i n m E q / L . T h e m e a n s r e p r e s e n t d e t e r m i n a t i o n s f r o m 10 
a n i m a l s . t - t e s t s c o m p a r i n g b l o o d c o n c e n t r a t i o n s w i t h e x p e r i m e n t a l s e a w a t e r w e r e p e r ­

f o r m e d o n e a c h s a m p l e u n t i l t h e b l o o d c o n c e n t r a t i o n w a s s t a t i s t i c a l l y i n s i g n i f i c a n t 

f r o m s e a w a t e r . 

T i m e i n H o u r s 

1.5 12 24 48 1 w e e k 

S a l i n i t y 

50 
x x 

J . R . 294.4 .01 264.0 .01 251.7 .01 219.6 N S 225.2 
W h y t 233.0 .01 237.5 .01 208.6 N S 223.5 213.0 

227.2 219.5 
217.2 

N a 75 J . R . 348.2 .01 346.2 
W h y t 317.0 N S 322.8 

.01 327.7 N S 315.0 325.2 
321.6 327.5 318.3 

320.0 325.0 
321.5 

125 J . R . 524.0 .01 523.5 .01 540.5 N S 536.0 527.0 
W h y t 530.5 .01 537.0 N S 532.0 533.0 520.5 

537.5 542.0 
537.5 

50 J . R . 336.5 .01 295.0 .01 284.5 .01 252.3 N S 242.3 
W h y t 279.4 .01 283.1 .01 240.6 N S 247.7 254.4 

246.3 247.5 
247.1 

C l 75 J . R . 380.3 N S 379.0 370.9 
W h y t 374.5 N S 367.3 362.1 

363.7 368.3 
366.8 368.0 

363.0 366.2 
367.1 



Time in Hours 

1.5 3 6 12 24 48 1 week 

S a l i n i t y x P x P x P x P x P x x 

C l ~ 125 J.R. 629.0 NS 632.4 614.8 6l6.0 626.0 613.0 614.0 
Whyt 586.8 .01 595.1 .01 601.3 .01 620.0 NS 614.3 630.2 

50 J.R. 16.5 .01 14.7 .01 13.9 NS 12.3 11.6 10.6 13.1 
Whyt 16.7 .01 16.4 .01 14.6 NS 13.7 15.2 13.2 

Ca"1"1" 75 J.R. 19.3 NS 19.8 18.0 19.9 18.0 17.5 19.2 
Whyt 18.3 .01 21.3 NS 20.7 20.0 18.6 21.9 

125 J.R. 31.7 NS 32.3 30.2 31.9 31.9 32. 2 31.9 
Whyt 30.8 .01 32.2 NS 31.3 32.7 31.7 34.2 

50 J . R , 65.2 .01 62.4 .01 59.7 .01 53.9 .01 50.9 NS 51.7 51.4 
Whyt 65.7 .01 69.0 .01 58.3 .01 50.3 NS 47.4 55.8 

Mg"1"4" 75 J = R. 75.6 NS 74.4 72.9 72.3 70.1 70.7 72.6 
Whyt 78.1 NS 79.1 76.9 79.5 76.4 72.4 

125 J . R . 124.6 .01 131.9 .01 116.9 .01 128.2 .01 123.2 NS 116.3 132.9 
Whyt 119.6 NS 120.4 121.7 122.1 122.9 
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T A B L E 3 

+ — | | 

T i m e r e q u i r e d i n h o u r s f o r b l o o d N a , C I , C a ,. a n d M g ' ' v a l u e s 

t o e q u i l i b r a t e w i t h t h e r e s p e c t i v e i o n s i n 50, 75, a n d 125% s e a 

w a t e r . 

N a + C I C a ' ' Mg 

J o r d a n R i v e r 

50% S . W . ( d i l u t i o n o f 1/2) 6-12 6-12 3-6 12-24 

75% S .w. ( d i l u t i o n o f 1/4) 3-6 1.5-3 0-1.5 0-1.5 

125% S.W. ( c o n c e n t r a t i o n o f 1/4) 3-6 0-1 .5 0-1 .5 0-1.5 

W h y t e c l i f f 

50% S . W . ( d i l u t i o n o f 1/4) 3-6 3-6 3-6 6-12 

75% S . W . ( d i l u t i o n o f 1/10) 0-1 .5 0-1 .5 1.5-3 0-1 .5 

125% S . W . ( c o n c e n t r a t i o n o f 1/2) 1.5-3 6-12 1.5-3 0-1 .5 
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TABLE 4 

E q u i l i b r a t e d v a l u e s (mEq/l) o f b l o o d i o n s i n e x p e r i m e n t a l 
s a l i n i t i e s . B l o o d / s e a w a t e r r a t i o s were c a l c u l a t e d and 
t e s t e d f o r s i g n i f i c a n c e by t - t e s t . 

S a l i n i t y X n b l o o d / s e a 
w a t e r r a t i o 

p 

50 J.R. 222.9 40 1.03 NS 

N a + 75 
Whyt 215.6 40 1.00 NS 

N a + 75 J.R. 322. 7 50 0.99 NS 
Whyt 321.4 60 0.99 NS 

125 J.R. 536.6 50 0.99 NS 
Whyt 532.0 60 0.98 .05 

50 J.R. 247.1 40 0.99 NS 
Whyt 247.4 40 0.99 NS 

C l " 75 J.R. 368.5 60 0.99 NS 
Whyt 367.6 60 0.99 NS 

125 J.R. 620. 7 70 1.00 NS 
Whyt 621.5 30 1.00 NS 

50 J.R. 12. 3 50 0.96 •NS 
Whyt 14.2 40 1.10 .01 

Ca 75 J.R. 18.8 70 0.98 NS 
Whyt 20.5 50 1.03 .01 

125 J.R. 31. 7 70 0. 99 NS 
Whyt 32.4 50 1.01 NS 

50 J.R. 51. 3 30 1.05 NS 
Whyt 51.1 30 1.04 NS 

Mg"1"* 75 J.R. 72.7 70 0.99 NS 
Whyt 77.1 60 1.05 NS 

125 J.R. 124.1 30 1.01 NS 
Whyt 121.3 50 0.99 NS 
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F I G U R E 2 

E f f e c t o f s a l i n i t y a n d t i m e o f i m m e r s i o n o n t h e b l o o d 

c o n c e n t r a t i o n o f K f o r A . s c u t u m f r o m a m a r i n e ( J o r d a n 

R i v e r ) a n d e s t u a r i n e ( W h y t e c l i f f ) e n v i r o n m e n t . E a c h 

p o i n t i s t h e m e a n o f d e t e r m i n a t i o n s o n 1 0 a n i m a l s . 





23 
s a l i n i t y . T h e r e s u l t s a r e e x p r e s s e d i n T a b l e 5. C l e a r l y , a t 

e a c h s a l i n i t y , t h e c o n c e n t r a t i o n o f b l o o d K~*~wa.s s i g n i f i c a n t l y 

h i g h e r t h a n t h e c o n c e n t r a t i o n o f K~*~ i n t h e c o r r e s p o n d i n g 

s a l i n i t y . 

T o t e s t f o r s i g n i f i c a n c e o f d i f f e r e n c e i n b l o o d K~*~ c o n c e n ­

t r a t i o n b e t w e e n m e a n s o f a n i m a l s f r o m 50, 75, a n d 125% s e a 

w a t e r , a n a l y s e s o f v a r i a n c e w e r e p e r f o r m e d s e p a r a t e l y o n 

J o r d a n R i v e r a n d W h y t e c l i f f b l o o d K + d a t a . T u k e y ' s w , d e r i v e d 

f r o m t h e a n a l y s i s o f v a r i a n c e w a s 4.03 m E q/1 f o r W h y t e c l i f f 

b l o o d K~*~ d a t a , a n d 4.32 m E q/1 f o r J o r d a n R i v e r b l o o d K"*" d a t a . 

C o m p a r i n g o n l y t h o s e m e a n s t h a t w e r e a s s u m e d t o b e i n e q u i l i b ­

r a t i o n w i t h t h e e x t e r n a l s e a w a t e r , t h e f o l l o w i n g l e v e l s o f 

s i g n i f i c a n c e w e r e o b t a i n e d . F o r J o r d a n R i v e r b l o o d K~*~ d a t a 

a l l m e a n s f o r 50% s e a w a t e r d i f f e r e d s i g n i f i c a n t l y f r o m 

c o r r e s p o n d i n g m e a n s a t 1257o s e a w a t e r . M e a n s f r o m 75% s e a 

w a t e r d i d n o t d i f f e r s i g n i f i c a n t l y f r o m m e a n s a t 50% s e a w a t e r . 

E x c e p t f o r t h e t i m e i n t e r v a l o f 6 h r , m e a n s f r o m 75% s e a w a t e r 

d i f f e r e d s i g n i f i c a n t l y f r o m c o r r e s p o n d i n g m e a n s a t 125% s e a 

w a t e r . F o r W h y t e c l i f f b l o o d K * " d a t a , m e a n s f r o m 50% s e a w a t e r 

d i f f e r e d s i g n i f i c a n t l y f r o m c o r r e s p o n d i n g m e a n s a t l257o s e a 

w a t e r . M e a n s f r o m 50% s e a w a t e r d i d n o t d i f f e r s i g n i f i c a n t l y 

f r o m c o r r e s p o n d i n g m e a n s a t 75% s e a w a t e r . F i n a l l y , f o r W h y t e ­

c l i f f a n i m a l s m e a n s a t 75% s e a w a t e r d i d n o t d i f f e r s i g n i f ­

i c a n t l y f r o m c o r r e s p o n d i n g m e a n s a t 125% s e a w a t e r , e x c e p t f o r 
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TABLE 5 

Summary of b lood K~*~ da ta . The means were pooled from va lues 

assumed i n e q u i l i b r i u m w i t h exper imenta l s a l i n i t i e s . P r o b a b i l ­

i t y va lues are r e s u l t s of t - t e s t s on c o n c e n t r a t i o n d i f f e r e n c e s 

between b lood and sea water K~*~ va lues fo r each s a l i n i t y . 

S a l x 
mEq/1 

n R a t i o 
B/S.W, 

J .R. 

Whyt 

50 9. 36 40 1. 87 0. 01 
75 10. 88 50 1. 43 0. 01 

125 16. 94 50 1. 35 0. 01 

50 8. 05 40 1. 61 0. 01 
75 11. 97 60 1. 57 0. 01 

125 15. 56 50 1. 24 0. 01 
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t h e t i m e p e r i o d o f 48 h r . 

U r i n e I o n C o n c e n t r a t i o n s 

D a t a o n t h e b l o o d v a l u e s o f N a + , C l , K+, C a ' ' , a n d M g 

o v e r a r a n g e o f e x p e r i m e n t a l s a l i n i t i e s f r o m 50 t o 125% s e a 

w a t e r f o r a n i m a l s f r o m a m a r i n e a n d e s t u a r i n e e n v i r o n m e n t 

+ 
s h o w e d t h a t a t a l l s a l i n i t i e s b l o o d K v a l u e s w e r e h i g h e r 

_l_ | | 
t h a n c o r r e s p o n d i n g s e a w a t e r K v a l u e s , a n d t h a t b l o o d C a 

o f a n i m a l s f r o m a n e s t u a r i n e e n v i r o n m e n t a t 50 a n d 75% s e a 

_l |_ 

w a t e r w a s g r e a t e r t h a n r e s p e c t i v e s e a w a t e r C a v a l u e s . T o 

a s c e r t a i n i f t h e s e i o n s s h o w e d a s i m i l a r r e s p o n s e i n u r i n e , 

J o r d a n R i v e r a n i m a l s w e r e p l a c e d i n e a c h o f 50, 75, a n d 125% 

s e a w a t e r f o r s a m p l i n g a t t i m e i n t e r v a l s o f 1.5, 6, 12, 24, 

a n d 48 h r . U r i n e a n d b l o o d s a m p l e s w e r e t a k e n f r o m t h e s a m e 

a n i m a l s . T h e s a m p l e s i z e w a s f i v e a n i m a l s . 

+ - ++ 
E f f e c t o f s a l i n i t y c h a n g e o n u r i n e N a , Cl , C a . , a n d 

++ ++ 
M g : F i g u r e 3 a n d T a b l e 6 s h o w t h a t t h e u r i n e v a l u e s o f N a , — | | | | 
C l , C a , a n d M g f o l l o w e d t h e s a m e g e n e r a l r e s p o n s e c u r v e 

t o c h a n g e s i n e x t e r n a l s a l i n i t y a s h a s b e e n d e s c r i b e d f o r 

t h e s e i o n s i n b l o o d . 

T h e r e a r e , h o w e v e r , s o m e s m a l l b u t s i g n i f i c a n t d i f f e r e n c e s 

b e t w e e n b l o o d a n d u r i n e Na"*" a n d C l f r o m a n i m a l s i n 50% s e a 

w a t e r . T a b l e 6 s h o w s t h a t , i n 507o s e a w a t e r , u r i n e Na"*" a n d 

C l w e r e s i g n i f i c a n t l y g r e a t e r t h a n b l o o d Na"*" a n d C l . T h i s 

g r a d i e n t w a s m o s t n o t i c e a b l e a t 1.5, 6, a n d 12 h r t i m e p e r i o d s . 
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F I G U R E 3 

E f f e c t o f s a l i n i t y a n d t i m e o f i m m e r s i o n o n b l o o d a n d u r i n e 
+ 

N a v a l u e s f o r J o r d a n R i v e r a n i m a l s . E a c h p o i n t i s t h e m e a n 

o f d e t e r m i n a t i o n s o n f i v e a n i m a l s . 
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T A B L E 6 

E f f e c t o f s a l i n i t y a n d t i m e o n b l o o d a n d u r i n e i o n s f o r J o r ­

d a n R i v e r A . s c u t u m . E a c h v a l u e i s t h e m e a n o f 5 d e t e r m i n a ­

t i o n s a n d i s e x p r e s s e d i n m E q / 1 . D i f f e r e n c e s b e t w e e n b l o o d 

a n d u r i n e c o n c e n t r a t i o n s w e r e c o m p a r e d b y p a i r e d s a m p l e t - t e s t . 

T i m e i n h o u r s t - t e s t s 

S a l i n i t y 1.5 6 12 24 48 n P 

50 b l o o d 324. 4 251. 5 
u r i n e 337. 4 260. 0 

75 b l o o d 330. 5 322. 5 
u r i n e 335. 0 325. 8 

125 b l o o d 514. 2 525. 1 
u r i n e 526. 9 529. 7 

50 b l o o d 376. 2 274. 4 
u r i n e 388. 6 292. 0 

75 b l o o d 364. 8 
u r i n e 367. 2 

125 b l o o d 590. 8 615. 6 
u r i n e 592. 8 615. 6 

50 b l o o d 18. 4 15. 2 
u r i n e 19. 8 15. 7 

75 b l o o d 18. 9 18. 6 
u r i n e 18. 9 18. 4 

125 b l o o d 31. 4 31. 1 
u r i n e 31. 3 30. 2 

50 b l o o d 77. 1 56. 3 
u r i n e 84. 2 53. 3 

75 b l o o d 75. 3 75. 4 
u r i n e 77. 3 76. 6 

125 b l o o d 105. 1 126. 4 
u r i n e 106. 0 131. 3 

217. 1 216. 5 218. 0 25 .01 
229. 5 215. 1 223. 4 
322. 4 325. 7 320. 2 25 N S 

326. 4 325. 7 322. 2 
535. 0 540. 5 535. 5 25 N S 

540. 0 538. 2 538. 5 

258. 4 244. 8 245. 6 25 .01 
262. 8 248. 0 299. 2 
367. 8 374. 0 15 N S 

368. 6 372. 4 
618. 8 618. 8 618. 8 25 N S 

618. 8 620. 0 617. 6 

13. 7 13. 2 12. 4 25 N S 

13. 3 13. 0 12. 4 
20. 8 18. 3 19. 3 25 .05 
20. 2 18. 4 18. 8 
33. 0 30. 9 31. 4 25 N S 

32. 3 30. 3 31. 4 

49. 4 46. 3 46. 6 25 N S 

53. 3 48. 4 45. 7 
70. 8 69. 9 74. 5 25 N S 

71. 5 74. 3 73. 5 
121. 5 117. 6 121. 1 25 N S 

124. 8 115. 7 119. 6 



_l_ _ I I 
F o r Na and C l a t 75 and 125% s e a w a t e r and f o r Ca and 
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Mg a t 50, 75, and 125% s e a w a t e r t h e r e was no s i g n i f i c a n t 

d i f f e r e n c e b e t w e e n b l o o d and u r i n e c o n c e n t r a t i o n s . 

E f f e c t o f s a l i n i t y change on u r i n e K + s As was shown above, 

+ + b l o o d K v a l u e s were a l w a y s g r e a t e r t h a n t h e c o r r e s p o n d i n g K 

c o n c e n t r a t i o n s o f s e a w a t e r . U r i n e K~*~ ( F i g 4) however, 

showed a s i m i l a r i t y t o b l o o d Na and C l ( T a b l e 2) i n t h e 

r e s p o n s e t o change i n s a l i n i t y . T h a t i s ; a f t e r a p e r i o d o f 

a d j u s t m e n t (between 1.5 and 3 h r f o r 75 and 125% s e a w a t e r , 

and 6 t o 12 h r f o r 50%. s e a w a t e r ) , u r i n e K~*~ c o n c e n t r a t i o n s 

a p p r o a c h e d t h e K c o n c e n t r a t i o n s o f c o r r e s p o n d i n g s a l i n i t i e s . 

The r e s u l t s o f s t a t i s t i c a l a n a l y s i s on u r i n e K~*~ d a t a were as 

f o l l o w s . F i r s t , u s i n g a p a i r e d sample t - t e s t , t h e c o n c e n t r a ­

t i o n o f b l o o d K*" was s i g n i f i c a n t l y g r e a t e r t h a n t h e c o n c e n t r a ­

t i o n o f u r i n e K*" a t 50, 75, and 125% s e a w a t e r . S e c o n d l y , t o 

d e t e r m i n e i f t h e c o n c e n t r a t i o n o f K~*~ i n t h e u r i n e was t h e same 

as t h e K*" c o n c e n t r a t i o n o f t h e e x p e r i m e n t a l s a l i n i t y , t h e 

u r i n e K~*~ v a l u e s f o r means t h a t were e q u i l i b r a t e d t o t h e e x p e r i ­

m e n t a l s a l i n i t i e s were p o o l e d ( f o r 75 and l257o s e a w a t e r means 

f r o m 1.5 t o 48 h r were p o o l e d ; and f o r 50% s e a w a t e r means f o r 

12, 24, and 48 h r were p o o l e d ) . C o m p a r i s o n b y t - t e s t showed 

t h a t , a t e a c h s a l i n i t y , t h e u r i n e and s e a w a t e r c o n c e n t r a t i o n s 

o f K*" were n o t s i g n i f i c a n t l y d i f f e r e n t . 
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FIGURE 4 

E f f e c t of s a l i n i t y and time of immersion on blood and + 
urine K . Each point i s the mean of determinations on 
f i v e animals. 
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D i a l y s i s of Blood and Urine at Experimental S a l i n i t i e s 

Data, provided above on ion values of blood and urine 

showed three situations in which concentration gradients 

existed at experimental s a l i n i t i e s . F i r s t , blood K + values 

were always greater than corresponding urine and sea water K"*~ 

values (Fig 2, F i g 4). Secondly, during e q u i l i b r a t i o n to a 

change in experimental s a l i n i t y , blood and urine concentra-
+ _ ++ 

tions of Na , Cl , Ca , and Mg were d i f f e r e n t from sea 

water values of these ions (Fig 3, Table 6). F i n a l l y , during 

e q u i l i b r a t i o n to 50% sea water, urine values of Na"*" and Cl 

were greater than blood values (Fig 3, Table 6). By d i a l y s i n g 

blood and urine samples against the respective experimental 

s a l i n i t y i t is possible to determine i f the concentration 

gradients observed were due to Donnan equilibriums. 

Samples for d i a l y s i s of blood and urine were taken from 

the same animals from which samples for blood and urine ion 

analyses were taken. Table 7 shows that dialysate values of 

blood and urine ions did not d i f f e r . As well, dialysate con­

centrations of blood ions did not d i f f e r from sea water ion 

values. With urine dialysates only Mg at 50% sea water, 

d i f f e r e d from sea water ion concentrations. This gradient 
++ -in-between the dialysates> of urine Mg and the Mg values at 

50% sea water i s not considered b i o l o g i c a l l y meaningful. 

The gradient between the concentration of K~*~ in blood and 
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T A B L E 7 

E f f e c t o f d i a l y s i n g b l o o d a n d u r i n e a g a i n s t r e s p e c t i v e e x p e r i ­

m e n t a l s a l i n i t i e s . C o n c e n t r a t i o n s a r e i n m E q / L . t - t e s t s w e r e 

u s e d t o c o m p a r e b l o o d a n d u r i n e d i a l y s a t e s , a n d b l o o d a n d u r i n e 

d i a l y s a t e s w i t h s e a w a t e r . 

D i a l y s i s V a l u e s t - t e s t s 

S a l B l o o d n u r i n e n S . W . n B l o o d - B l o o d - U r i n e -

u r i n e S . W . S . W . 

50 218. 4 25 218. 4 25 216. 6 25 N S 0.05 N S 

N a + 75 326. 3 24 325. 0 25 324. 3 25 N S 0.05 N S 

125 538. 5 25 540. 7 25 541. 6 25 N S N S N S 

50 248. 2 25 249. 6 25 249. 9 15 N S N S 0.05 
C l ~ 75 374. 1 15 376. 5 15 374. 6 15 N S N S N S 

125 619. 9 25 621. 9 25 619. 5 15 N S N S 0.05 

K + 

50 5. 0 25 5. 1 25 5. 0 25 N S N S N S 

K + 75 7. 7 24 7. 7 25 7. 5 25 N S N S 0.05 
125 12. 9 25 12. 9 25 12. 7 25 N S N S N S 

50 12. 6 25 12. 6 25 12. 7 25 N S N S N S 

C a * * 75 19. 3 24 19. 4 25 19. 3 25 N S N S N S 

125 32. 2 25 32. 1 25 32. 0 25 N S N S N S 

50 49. 5 25 50. 4 20 49. 5 25 N S N S N S 

M g 75 74. 3 24 76. 8 25 78. 5 25 0.05 N S N S 

125 122. 9 25 125. 6 25 121. 9 25 0.05 N S 0.01 
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s e a w a t e r w a s a b o l i s h e d i n a l l t h r e e s a l i n i t i e s b y d i a l y s i s . 

T h e c o n c e n t r a t i o n o f t h e b l o o d d i a l y s a t e w a s n o t s i g n i f i c a n t l y 

d i f f e r e n t f r o m t h e K*~ c o n c e n t r a t i o n o f t h e e x p e r i m e n t a l s a l ­

i n i t y i n w h i c h t h e a n i m a l w a s i m m e r s e d . 

I o n C o n c e n t r a t i o n o f F o o t M u s c l e 

I n o r d e r t o e s t i m a t e t h e i n t r a c e l l u l a r i o n i c v a l u e s o f 

t h e f o o t m u s c l e , t w o m e a s u r e m e n t s h a d t o b e m a d e . T h e s e w e r e 

t h e i o n c o n c e n t r a t i o n o f f o o t m u s c l e t i s s u e , a n d t h e e x t e n t o f 

t h e b l o o d s p a c e o f t h i s m u s c l e t i s s u e . T w o s e t s o f m u s c l e i o n 

d a t a w e r e c o l l e c t e d f r o m J o r d a n R i v e r A . s c u t u m . F i r s t , m u s c l e 

i o n v a l u e s f o r f i e l d s a m p l e s w e r e t a k e n f r o m J u n e 1964 t h r o u g h 

D e c e m b e r 1965. S e c o n d l y , t h e e f f e c t o f e x p e r i m e n t a l s a l i n i t i e s 

o n t h e d i s t r i b u t i o n o f m u s c l e i o n s w a s d e t e r m i n e d . 

M u s c l e i o n v a l u e s f o r J o r d a n R i v e r f i e l d s a m p l e s s F i g u r e 

5 s h o w s t h a t t h e i o n c o n t e n t o f f o o t m u s c l e f o r f i e l d s a m p l e s 

f r o m J o r d a n R i v e r v a r i e d w i t h t i m e . T u k e y ' s w , c a l c u l a t e d 

f r o m a n a l y s i s o f v a r i a n c e d a t a f o r e a c h i o n , w a s u s e d f o r t h e 

m i n i m u m d i f f e r e n c e n e e d e d f o r s i g n i f i c a n c e . V a l u e s o f T u k e y ' s 

w ( m E q / K g w e t w e i g h t t i s s u e ) f o r f o o t m u s c l e i o n d a t a w e r e a s 

f o l l o w s : 

N a + K + . C l ~ C a * " 1 " M g " 1 " 4 " 

37.1 14.3 39.6 19.3 12.8 

I t i s c l e a r t h a t a l l i o n s o f t h e f o o t m u s c l e s h o w e d s i g n i f i ­

c a n t v a r i a t i o n o v e r t h e t i m e o f c o l l e c t i o n o f f i e l d s a m p l e s 
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F I G U R E 5 

V a l u e s o f Na , C I , K , C a , Mg , a n d f o r t h e f o o t 
m u s c l e t i s s u e o f A. s c u t u m f i e l d s a m p l e s . A n i m a l s w e r e 
c o l l e c t e d f r o m J o r d a n R i v e r o v e r a p e r i o d o f 18 m o n t h s . 
E a c h p o i n t i s t h e m e a n o f d e t e r m i n a t i o n s o n 10 a n i m a l s . 

+ + 
T h e c o n c e n t r a t i o n s o f m u s c l e Na a n d K i n m E q / K g w a t e r 
a r e a l s o p l o t t e d . 



mEq/Kg wet wt. tissue mEq /Kg wet wt.tissue mEq/Kg wet wt.tissue 



3 4 

f r o m an e n v r i o n m e n t o f c o n s t a n t s a l i n i t y ( 1 0 0 % s e a w a t e r ) . 

To e v a l u a t e t h e p o s s i b i l i t y t h a t s e a s o n a l m u s c l e i o n 

v a r i a t i o n was o n l y a r e f l e c t i o n o f v a r i a t i o n i n w a t e r c o n t e n t 

o f t h e m u s c l e t i s s u e s , t h e c o n c e n t r a t i o n o f m u s c l e K + and N a + 

was e x p r e s s e d as mEq/Kg o f m u s c l e H^O, and p l o t t e d w i t h m u s c l e 

Na~̂ " and K*" e x p r e s s e d i n mEq/Kg wet w e i g h t t i s s u e . T h i s i s 

shown i n F i g u r e 5. The s i m i l a r i t y o f t h e two c u r v e s e l i m i n a t e s 

t h e p o s s i b i l i t y t h a t d i f f e r e n c e s i n m u s c l e w a t e r c o n t e n t was 

an i m p o r t a n t f a c t o r i n t h e s e a s o n a l v a r i a t i o n o f m u s c l e Na~*~ 

and K~*~ v a l u e s . 

C o m p a r i n g m u s c l e and b l o o d i o n c o n c e n t r a t i o n s f r o m J o r d a n 

R i v e r f i e l d s a m p l e s ( s a l i n i t y o f 1 0 0 % s e a w a t e r ) , t h e c o n -

I _ | | 
c e n t r a t i o n s o f m u s c l e Na , C l , and Mg were l o w e r t h a n b l o o d 

c o n c e n t r a t i o n s . M u s c l e Ca was a p p r o x i m a t e l y t h e same c o n -

I | _l_ 

c e n t r a t i o n as b l o o d Ca and m u s c l e K was h i g h e r t h a n b l o o d 

K*" c o n c e n t r a t i o n ( F i g 5, T a b l e 2) 

R e s p o n s e o f m u s c l e i o n s t o e x p e r i m e n t a l s a l i n i t i e s : D a t a 

on t h e e f f e c t o f e x p e r i m e n t a l s a l i n i t i e s on m u s c l e i o n v a l u e s 

were o b t a i n e d f r o m A. scutum c o l l e c t e d f r o m J o r d a n R i v e r i n 

J u l y 1 9 6 4 . The e x p e r i m e n t was r e p e a t e d on A. scutum c o l l e c t e d 

f r o m J o r d a n R i v e r i n December 1 9 6 4 . T u k e y ' s w was c a l c u l a t e d 

f o r e a c h i o n f r o m a t h r e e way a n a l y s i s o f v a r i a n c e i n w h i c h 

d a t a f r o m summer and w i n t e r a n i m a l s were combined. 

December m u s c l e i o n d a t a : F i g u r e 6 shows t h e e f f e c t o f 
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FIGURE 6 

E f f e c t of s a l i n i t y and time on foot muscle values of 
— 4" I | | | CI , K , Ca , Mg , and Ĥ O for Jordan River animal 

col l e c t e d in December 1964. Each point i s the mean 
determinations on 10 animals. 



lEq/Kg wet wt. tissue mEq/Kg wet wt. tissue mEq/Kg wet wt. tissue 

mEq/Kg wet wt. tissue Per Cent Water mEq/Kg wet wt. tissue 
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e x p e r i m e n t a l s a l i n i t i e s o n m u s c l e i o n c o n c e n t r a t i o n s . V a l u e s 

o f T u k e y ' s w ( m E q / K g w e t w e i g h t t i s s u e ) f o r e a c h i o n w e r e : 

N a + C l " K + C a ' ' M g 

34.8 39.5 13.3 15.4 13.2. 

T h e r e a r e t h r e e i m p o r t a n t f e a t u r e s t o n o t e f r o m t h e m u s c l e 

i o n d a t a o f F i g u r e 6. F i r s t t h e t i m e s t o e q u i l i b r a t i o n f o r 

m u s c l e i o n s ( F i g 6) w e r e n o t a p p r e c i a b l y d i f f e r e n t f r o m t i m e s 

t o e q u i l i b r a t i o n f o r b l o o d i o n s ( T a b l e 3). S e c o n d l y , a t a 

g i v e n s a l i n i t y , m u s c l e i o n c o n c e n t r a t i o n s ( F i g 6) w e r e d i f f e r e n t 

f r o m b l o o d i o n c o n c e n t r a t i o n s ( T a b l e 2) . M u s c l e N a " * " , C l , a n d 

M g v a l u e s w e r e l o w e r t h a n b l o o d N a , C l , a n d M g ' v a l u e s . 

M u s c l e K~*" v a l u e s w e r e h i g h e r t h a n b l o o d K*" v a l u e s . M u s c l e 

C a v a l u e s , h o w e v e r , w e r e a p p r o x i m a t e l y t h e s a m e a s b l o o d 

I | 

C a v a l u e s . T h e t h i r d p o i n t o f i m p o r t a n c e i n t h e m u s c l e 

i o n d a t a o f F i g u r e 6 i s t h e s i g n i f i c a n c e o f d i f f e r e n c e s i n 

c o n c e n t r a t i o n o f a g i v e n i o n a t d i f f e r e n t e x p e r i m e n t a l s a l ­

i n i t i e s . U s i n g T u k e y ' s w , t h e e q u i l i b r a t e d v a l u e s o f m u s c l e 

+ - + 

N a , C l , a n d K w e r e s i g n i f i c a n t l y d i f f e r e n t a t e a c h e x p e r i ­
m e n t a l s a l i n i t y . F o r m u s c l e C a a n d M g , e q u i l i b r a t e d 

v a l u e s a t 50 a n d 75% s e a w a t e r w e r e n o t s i g n i f i c a n t l y d i f f e r e n t , 

I | j | 

V a l u e s o f C a a n d M g a t 125% s e a w a t e r , h o w e v e r , d i f f e r e d 

s i g n i f i c a n t l y f r o m v a l u e s a t 50 a n d 75% s e a w a t e r . 

C o m p a r i s o n o f D e c e m b e r a n d J u l y m u s c l e i o n d a t a : M u s c l e 

i o n v a l u e s o f J o r d a n R i v e r a n i m a l s c o l l e c t e d i n J u l y 1964 a r e 
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a r e g i v e n i n T a b l e 8. T h e d i f f e r e n c e b e t w e e n e q u i l i b r a t e d 

m u s c l e i o n v a l u e s f o r e a c h i o n a n d s a l i n i t y f o r D e c e m b e r a n d 

J u l y d a t a a r e g i v e n i n T a b l e 9. T h e o n l y s i g n i f i c a n t d i f f ­

e r e n c e s b e t w e e n J u l y a n d D e c e m b e r m u s c l e d a t a w e r e f o r Na"*" 

a n d C l a t 125% s e a w a t e r . J u l y v a l u e s f o r t h e s e t w o i o n s 

w e r e g r e a t e r t h a n D e c e m b e r v a l u e s . B a s i c a l l y t h e n , t h e r e w a s 

n o d i f f e r e n c e i n m u s c l e i o n v a l u e s a t e x p e r i m e n t a l s a l i n i t i e s 

f o r a n i m a l s c o l l e c t e d f r o m J o r d a n R i v e r i n J u l y a n d D e c e m b e r 

1964. A c o m p a r i s o n o f m u s c l e i o n v a l u e s f o r f i e l d s a m p l e s 

c o l l e c t e d f r o m J o r d a n R i v e r i n J u l y a n d D e c e m b e r 1964 ( F i g 5) 

a l s o s h o w s t h a t m u s c l e i o n v a l u e s f o r t h e s e t w o t i m e s o f t h e 

s e a s o n w e r e n o t s i g n i f i c a n t l y d i f f e r e n t . 

E x t r a c e l l u l a r V o l u m e o f F o o t M u s c l e 

T h e i o n i c c o n c e n t r a t i o n o f m u s c l e t i s s u e c o n s i s t s o f a 

c o n t r i b u t i o n f r o m t h e b l o o d s p a c e a n d a c o n t r i b u t i o n f r o m t h e 

i n t r a c e l l u l a r p o r t i o n . I n o r d e r t o e s t i m a t e t h e c o n t r i b u t i o n 

o f t h e b l o o d s p a c e , t h e e x t r a c e l l u l a r v o l u m e o f m u s c l e t i s s u e 

a s r e p r e s e n t e d b y t h e i n u l i n s p a c e w a s d e t e r m i n e d . A . s c u t u m 

c o l l e c t e d f r o m J o r d a n R i v e r d u r i n g O c t o b e r ' a n d N o v e m b e r 1965 

w e r e u s e d t o e s t i m a t e t h e i n u l i n s p a c e o f f o o t m u s c l e . A n i m a l s 

w e r e e q u i l i b r a t e d i n e x p e r i m e n t a l s a l i n i t i e s f o r 24 h r b e f o r e 

u s e . T w e n t y a n i m a l s i n e a c h o f 50 a n d 125% s e a w a t e r a n d 19 

a n i m a l s i n 100% s e a w a t e r w e r e u s e d . F o r s t a t i s t i c a l a n a l y s i s , 

t h e c a l c u l a t e d p e r c e n t i n u l i n s p a c e w a s r e g r e s s e d o n t h e 
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TABLE 8 

Ef f e c t of s a l i n i t y and time on the muscle concentration of Na +, 
+ — | | | | K , Cl , Ca , Mg , and water. The data were co l l e c t e d from 
Jordam River A. scutum in July 1964. Ion concentrations are in 
mEq/Kg wet weight tissue, and water concentrations in 7„ of wet 
weight t i s s u e . Tukey's w was used to determine equilibrated means. 

Time in hours 

Sal 1.5 6 12 24 48 Tukey 1s 
w 

equilibrated 
X 

50 114.6 66. 8 55. 9 63. 8 59. 9 61.6 
Na + 75 107.9 107. 7 ' 91. 4 100. 5 102. 3 34.8 102.0 

125 228.5 247. 7 206. 6 240. 1 181. 8 220.9 

50 123.0 73. 3 64. 8 74. 5 64. 0 69.1 
C l ~ 75 115.4 126. 5 103. 3 103. 9 118. 6 39.2 113.5 

125 249.5 273. 7 225. 9 270. 2 192. 1 242. 2 

50 52.8 46. 3 46. 7 41. 9 40. 4 43.8 
K + 75 69.0 54. 8 65. 7 67. 8 62. 8 13.3 64.0 

125 81.8 70. 9 77. 9 78. 5 103. 4 82.0 

50 12.0 12. 9 16. 7 8. 4 3. 0 10.6 
~ ++ 
Ca 75 12.3 9. 3 11. 7 13. 1 9. 3 15.4 11.1 

125 17.6 18. 2 29. 1 18. 9 25. 8 21.9 

50 31.2 26. 2 31. 6 24. 2 19. 9 26.6 
Mg"^ 75 56.9 33. 0 33. 0 32. 7 36. 8 13.2 38.5 

125 54.2 55. 5 59. 2 53. 5 50. 8 54.6 

50 80.3 83. 8 82. 4 83. 0 84. 8 83.5 
H 20 75 80.8 79. 8 79. 4 81. 3 80. 4 2.6 80.3 

125 74.4 75. 5 76. 9 75. 0 73. 9 45.1 
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TABLE 9 

Dif fe r ences i n c o n c e n t r a t i o n (mEq/Kg wet weight t i s s u e ) o f 
muscle ions and water fo r Jordarn R i v e r animals sampled i n J u l y 
and December 1964. Time pe r iods i n e q u i l i b r a t i o n w i t h the 
exper imenta l sea water were used to c a l c u l a t e the d i f f e r e n c e s . 
Tukey 's w, the minimum d i f f e r e n c e needed for s i g n i f i c a n c e , i s 
a l s o i n c l u d e d . 

+ - + Na C l K 

s a l i n i t y d i f f e r e n c e w d i f f e r e n c e w d i f f e r e n c e w 

50 -8.5 34.8 3.5 39.2 2.9 13.3 
75 14.7 34.8 11.3 39.2 -1.3 13.3 

125 56.6 34.8 40.8 39.2 -4.9 13.3 

Ca Mg"^ H 2 ° 
s a l i n i t y d i f f e r e n c e w d i f f e r e n c e w d i f f e r e n c e w 

50 -4.6 15.4 3.6 13.2 2.5 2.6 
75 -1.3 15.4 12.3 13.2 1.7 2.6 

125 -9.3 15.4 10.1 13.2 1.9 2.6 
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corresponding experimental s a l i n i t y . The slope from the 

re s u l t i n g equation, Y = 1 7 . 6 + 0 . 1 3 0 X , was s i g n i f i c a n t l y d i f f ­

erent from zero. The e x t r a c e l l u l a r volumes of foot muscle at 

5 0 , 75 , 100 , and 1 2 5 7 « sea water were calculated from the 

regression equation and are l i s t e d in Table 1 0 . The per cent 

e x t r a c e l l u l a r space increased with s a l i n i t y from 16.7% per 

Kg wet weight tissue at 50% sea water, to 31% per Kg wet 

weight tissue at l257o sea water. 

A second method of estimating e x t r a c e l l u l a r space i s to 

assume a l l chloride of t o t a l muscle analysis to be extra­

c e l l u l a r . In t h i s case Manery (1954) proposed the following 

equation. 

H n e c s - T c i - 
B c i " 

[ H2°B] [rC1"J 
where 

ecs 

^2^C1~ = chloride space, mEq/Kg muscle tissue 

T ^ - = tissue chloride concentration, mEq/Kg muscle 

tissue 

B - = blood chloride concentration, mEq/1 
H Q = blood water content, taken to be 980 g / l A B 

r C l = Donnan d i s t r i b u t i o n r a t i o 

The Donnan d i s t r i b u t i o n r a t i o accounts for ion concentra­

t i o n differences between the 1 plasma and e x t r a c e l l u l a r space 

of vertebrate muscle tissue. The concentration differences 
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TABLE 10 

Per cent e x t r a c e l l u l a r volume o f foot muscle t i s s u e . Es t imates 
are the i n u l i n space (measured) and the C l space ( c a l c u l a t e d 
u s i n g the equat ion from Manery, 1954). 

S a l i n i t y 

%• E . C . V . 50 75 100 125 

I n u l i n space 

C l space 
16.7 
23.3 

21.0 
27.6 

25.9 
28.2 

31.0 
32.4 
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are due to the p r o t e i n content o f the plasma. In A. scutum 

the plasma and e x t r a c e l l u l a r space are one and the same, and 

r C l was assumed to be one. Using the Manery equa t ion es ­

t imates o f e x t r a c e l l u l a r volume were ob ta ined a t 50, 75, 100, 

and 125% sea water and are g iven i n Table 10. Values a t 100 

and 125% sea water were s i m i l a r to i n u l i n space v a l u e s . How­

ever , c h l o r i d e space va lues a t 50 and 75% sea water were 

h igher than va lues from i n u l i n space. 

E s t i m a t i o n o f I n t r a c e l l u l a r Ion Concen t ra t ions 

Method of e s t i m a t i o n : In order to es t imate i n t r a c e l l u l a r 

i on concen t r a t i ons two. se t s o f data were used. These were the 

va lues f o r per cent e x t r a c e l l u l a r space of foot muscle (as 

represen ted by the i n u l i n space) and data fo r t o t a l i on 

content o f foot muscle . For 100% sea water , concen t r a t i ons 

o f ions of 30 animals c o l l e c t e d d u r i n g October and November 

1965 were used. For 50, 75, and 125% sea water , the t o t a l 

muscle i o n data used to c a l c u l a t e i n t r a c e l l u l a r concen t r a t i ons 

were chosen from animals c o l l e c t e d i n December 1964 to min ­

imize e r r o r due to seasonal v a r i a t i o n . 

For each s a l i n i t y , means o f t o t a l muscle i o n concen t r a ­

t i o n s were pooled f o r t ime p e r i o d s e q u i l i b r a t e d to each s a l ­

i n i t y . For 50 and 125% sea water means were pooled fo r 12, 

24, and 48 h r . I n t r a c e l l u l a r concen t r a t i ons were es t imated 

for each i o n a t each s a l i n i t y i n the f o l l o w i n g manner: 
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M. = M - E (B, n n ) i t c s v 100' 

Where f o r a g i v e n i o n 

M = i n t r a c e l l u l a r c o n c e n t r a t i o n , m E q / K g muscle t i s s u e 

M = c o n c e n t r a t i o n o f t o t a l muscle, mEq/Kg muscle t i s s u e 

E = % e x t r a c e l l u l a r space cs 

B̂ QQ = b l o o d c o n c e n t r a t i o n (mEq/l) d i v i d e d by 100. 

( i n t r a c e l l u l a r w a t e r c o n t e n t was e s t i m a t e d by t h e same f o r m u l a , 

u s i n g p e r c e n t v a l u e s f o r c o n c e n t r a t i o n s . ) 

The i n t r a c e l l u l a r component o f a k i l o g r a m o f muscle t i s s u e 

changes w i t h s a l i n i t y because o f d i f f e r e n t v a l u e s o f e x t r a -

j c e l l u l a r space and water c o n t e n t . T h e r e f o r e , the i n t r a c e l l u l a r 

v a l u e s a t each s a l i n i t y were c o n v e r t e d t o mEq/Kg c e l l w a t e r . 

C o n f i d e n c e i n t e r v a l s , e x p r e s s e d as ±2 s t a n d a r d e r r o r u n i t s 

f o r p=0.05 p r o b a b i l i t y l e v e l , and ±3 s t a n d a r d e r r o r u n i t s f o r 

th e p=0.0l p r o b a b i l i t y l e v e l , were c a l c u l a t e d on each e s t i m a t e 

o f i n t r a c e l l u l a r c o n c e n t r a t i o n u s i n g t h e f o l l o w i n g method as 

o u t l i n e d i n Ya t e s (i960, p 160). 

a. The v a r i a n c e o f per c e n t e x t r a c e l l u l a r space t i m e s 

b l o o d c o n c e n t r a t i o n s o f i o n s and w a t e r . 
9 

V a r i a n c e ( X ^ ) = Var X k 

where t h e v a r i a n c e o f X^ was c a l c u l a t e d from t h e a n a l y s i s o f 

v a r i a n c e d a t a on t h e r e g r e s s i o n o f p e r c e n t e x t r a c e l l u l a r 

space on s a l i n i t y . The f o r m u l a used ( S t e e l e and T o r r i e , 1962) 

was : 
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S y = s y . x 
r 

1 + ( X - x ) 2 

n X2 

w h e r e 

/\2 

S y = - e s t i m a t e o f v a r i a n c e o f e x t r a c e l l u l a r s p a c e 

s y 2 . x = e r r o r m e a n s q u a r e f r o m a n a l y s i s o f v a r i a n c e o f 

r e g r e s s i o n 

X = s a l i n i t y a t w h i c h Y i s e x t i m a t e d 

x = m e a n o f X 

2 

x = c o r r e c t e d X t e r m f r o m r e g r e s s i o n . 

r e p r e s e n t s t h e b l o o d c o n c e n t r a t i o n o f a n i o n i n m E q / 1 

o f b l o o d d i v i d e d b y 100. T h e b l o o d w a t e r c o n c e n t r a t i o n w a s 

a s s u m e d t o b e 100%; a n d f o r i n t r a c e l l u l a r w a t e r v a r i a n c e 

c a l c u l a t i o n s , k ^ w a s s e t a t 1. 

b . V a r i a n c e o f t o t a l m u s c l e c o n c e n t r a t i o n s o f i o n s a n d 

w a t e r : 

V a r i a n c e = E M S / r 

w h e r e 

E M S = e r r o r m e a n s q u a r e f r o m a n a l y s i s o f v a r i a n c e 

r = n u m b e r o f r e p l i c a t e s 

c . T h e c o n v e r s i o n f a c t o r a p p l i e d t o i n t r a c e l l u l a r c o n ­

c e n t r a t i o n s p e r K g o f w e t w e i g h t t i s s u e t o b r i n g t h e v a l u e s 

t o K g o f c e l l w a t e r w a s d e f i n e d a s a c o n s t a n t k ^ . 

d . V a r i a n c e o f i n t r a c e l l u l a r e s t i m a t e s 

V a r i a n c e (X - X ^ ) ^ = ( V a r X i + V a r X ^ ) ^ 

2 
w h e r e a n d t h e v a r i a n c e o f X ^ a n d a r e d e f i n e d a b o v e . 
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I n t r a c e l l u l a r estimates: The estimates of i n t r a c e l l u l a r 

ion content, with 0.05 and 0.01 confidence interva l s , are 

expressed in Table 11. 

Na + and-Cl : The estimates of i n t r a c e l l u l a r Na + and Cl at 

a l l s a l i n i t i e s were close to zero. Using the probability-

l e v e l of p=0.01, only estimates of Na"*" at 75 and 100% sea 

water and C l at 7 5 % sea water were s i g n i f i c a n t from zero. 

K~*~: The i n t r a c e l l u l a r estimates of K~*" were, at a l l s a l i n i t i e s , 

s i g n i f i c a n t from zero. Likewise, estimates of i n t r a c e l l u l a r 

K~*~ values from 50, 75, 100, and 125% sea water were s i g n i f i ­

cantly d i f f e r e n t from each other. As Figure 7 shows, the 

response of i n t r a c e l l u l a r K~*~ concentration to s a l i n i t y appeared 

to be l i n e a r . 
I | | | 

Ca : Estimates of the concentration of Ca indicated a 

small but s i g n i f i c a n t i n t r a c e l l u l a r concentration. At the 

0.01 p r o b a b i l i t y l e v e l , the estimates for 50 and 75% sea 

water were s i g n i f i c a n t l y d i f f e r e n t from the estimate of 
I | 

i n t r a c e l l u l a r Ca from 100 and 125% sea water. 
I | j | 

Mg : Mg also showed a small s i g n i f i c a n t i n t r a c e l l u l a r 

concentration of approximately 20mEq/Kg c e l l water in a l l but 

125% sea water. At the 0.01 p r o b a b i l i t y l e v e l the estimate 
I j 

of i n t r a c e l l u l a r Mg was s i g n i f i c a n t l y d i f f e r e n t from zero 

at 50, 75, and 100% sea water, but was not s i g n i f i c a n t from 

zero at 125% sea water. At the 0 . 0 5 p r o b a b i l i t y l e v e l estimates 



T A B L E 11 

C o n c e n t r a t i o n s o f t o t a l m u s c l e i o n s ( m E q / K g w e t t i s s u e ) , c e l l u l a r i o n s ( m E q / K g c e l l 

w a t e r ) , w a t e r c o n t e n t o f m u s c l e ( p e r c e n t w e t t i s s u e ) , a n d c e l l u l a r w a t e r ( p e r c e n t 

t i s s u e w a t e r ) . C o n f i d e n c e i n t e r v a l s a r e ± 2 (p=0.05), a n d ± 3 (p=0.0l) s t a n d a r d 

d e v i a t i o n u n i t s . 

+ - + 
N a C l K 

t o t a l c e l l u l a r t o t a l c e l l u l a r t o t a l c e l l u l a r 

Salinity X n X C I . X n X C.I. X n X C.I. 

50 48. 9 30 19. 7 -tl9.3 
±28.9 

59. 2 30 27. 2 ±21.8 
±32.7 

38.9 30 58. 7 ± 7.0 
±10.4 

75 88. 1 40 34. 6 ±21.8 
±32.7 

105. 2 40 46. 8 ±24.7 
±37.0 

63.9 40 108. 4 ± 7.8 
±11.8 

100 134. 5 30 45. 7 ±26.3 
±39.4 

142. 9 30 28. 8 ±29.8 
±44.7 

82.0 30 162. 0 ± 9.2 
±13.8 

125 168. 7 40 2. 1 ±35.5 
-t53.2 

205. 8 40 31. 1 ±40.2 
±60.4 

87.9 40 198. 2 ±10.8 
±16.1 

-P-



C a 

t o t a l c e l l u l a r 

S a l i n i t y x n x C „ I , 

50 10.2 30 12.5 ± 7.9 

± 1 1 . 8 

75 12.6 40 15.0 ± 8 . 9 
±13.4 

100 26.1 30 39.8 ±10.5 

±15.7 

125 29.4 40 46.0 ±12.2 
±18.3 

M g H 2 0 
t o t a l c e l l u l a r t o t a l c e l l u l a r 

x n x C . I . x n x C „ I „ 

21.7 30 20.8 ± 7.0 81.7 30 79.3 ±4.8 
±10.5 ±7.2 

25.5 40 17.6 ± 7.9 78.6 40 73.1 ±2.4 
±11.9 ±3.6 

36.4 30 22.6 ± 9.4 74.8 30 65.5 ±2.0 
±14.1 ±3.0 

45.3 40 17.4 ±11.7 73.4 40 57.7 ±4.0 

±17.5 ±6.0 



47 

FIGURE 7 

Estimates of i n t r a c e l l u l a r K~*" and water values at exper i ­
mental s a l i n i t i e s . Values were taken from Table 1 1 . 
V e r t i c a l l ines represent confidence in terva l s (p=0.0l) 
around each mean. 
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f o r i n t r a c e l l u l a r M g a t a l l s a l i n i t i e s w e r e s i g n i f i c a n t l y 

g r e a t e r t h a n z e r o . 

I I W a t e r B a l a n c e o f A c m a e a s c u t u m 

D a t a f o r f i e l d s a m p l e s f r o m t h e c o n s t a n t s a l i n i t y e n v i r o n ­

m e n t o f J o r d a n R i v e r s h o w e d t h a t t h e d i s t r i b u t i o n o f a g i v e n 

i o n i n t h e f o o t m u s c l e w a s s i g n i f i c a n t l y v a r i a b l e o v e r a n 18 

m o n t h p e r i o d . T h e w a t e r c o n t e n t o f w h o l e a n i m a l a n d m u s c l e 

t i s s u e w a s m e a s u r e d f o r f i e l d s a m p l e s f r o m J o r d a n R i v e r t o 

d e t e r m i n e i f v a r i a t i o n s i m i l a r t o t h a t o f m u s c l e i o n s o c c u r e d . 

S i g n i f i c a n t c h a n g e s i n t h e i o n c o n t e n t o f m u s c l e t i s s u e 

a n d m u s c l e c e l l s a l s o r e s u l t e d f r o m c h a n g e s i n e x p e r i m e n t a l 

s a l i n i t y . T o d e t e r m i n e i f w a t e r c o n t e n t s h o w e d s i m i l a r 

c h a n g e s , t h e e f f e c t o f c h a n g e i n e x p e r i m e n t a l s a l i n i t y o n 

w a t e r c o n t e n t o f m u s c l e t i s s u e a n d m u s c l e c e l l s w a s d o c u m e n t e d . 

A s w e l l , t h e e f f e c t o f c h a n g e i n s a l i n i t y o n w h o l e a n i m a l 

w a t e r c o n t e n t w a s s t u d i e d . 

W a t e r C o n t e n t o f W h o l e A n i m a l s 

J o r d a n R i v e r f i e l d s a m p l e s : T h e m e a n w a t e r c o n t e n t w a s 

d e t e r m i n e d f r o m 10 A . s c u t u m c o l l e c t e d a p p r o x i m a t e l y m o n t h l y 

f r o m J u n e 1964 t h r o u g h D e c e m b e r 1965, a n d p l a c e d i n f i e l d s e a 

w a t e r f o r 24 h r u n d e r l a b o r a t o r y c o n d i t i o n s . T o e s t a b l i s h 

t h e r e l a t i o n s h i p b e t w e e n p e r c e n t a g e w a t e r a n d s i z e o f a n i m a l , 
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t h e w a t e r c o n t e n t o f s o f t b o d y p a r t s w a s r e g r e s s e d o n d r y 

w e i g h t f o r e a c h f i e l d s a m p l e o f 1 0 a n i m a l s . T h e r e s u l t i n g 

s l o p e s w e r e t e s t e d f o r h o m o g e n e i t y b y a p r o c e d u r e o u t l i n e d 

i n S t e e l e a n d T o r r i e (i960, p 319). T h e d i f f e r e n c e s i n 

s l o p e s b e t w e e n f i e l d s a m p l e s w e r e n o t s i g n i f i c a n t . T h e d a t a 

f o r w a t e r c o n t e n t o f A . s c u t u m f r o m e a c h f i e l d s a m p l e w e r e 

t h e n p o o l e d a n d t h e c o m m o n s l o p e c a l c u l a t e d . T h e r e s u l t i n g 

e q u a t i o n w a s Y = 0 . 3 0 + 3.42X. U s i n g t h i s s l o p e , t h e w a t e r 

c o n t e n t o f a n i m a l s o f d i f f e r e n t w e i g h t w a s c a l c u l a t e d . A 

l i m p e t w i t h d r y w e i g h t o f 0 . 2 0 g w o u l d h a v e a w a t e r c o n t e n t 

o f 0 . 9 8 g , w h i l e a l i m p e t o f d r y w e i g h t 0 . 5 0 g w o u l d h a v e a 

w a t e r c o n t e n t o f 2.01 g . W h e n t h e s e d a t a w e r e c o n v e r t e d t o 

p e r c e n t a g e s , a n a n i m a l w i t h d r y w e i g h t o f 0.02 g w o u l d h a v e 

h a d a w a t e r c o n t e n t o f 83.1%, w h e r e a s a l i m p e t w i t h d r y 

w e i g h t o f 0.50 g w o u l d h a v e h a d a w a t e r c o n t e n t o f 80.1%. 

T h u s , t h e s o f t b o d y p a r t s o f l a r g e l i m p e t s h a d r e l a t i v e l y 

l e s s w a t e r t h a n s m a l l l i m p e t s . S i n c e n o e f f o r t w a s m a d e a t 

e a c h s a m p l e c o l l e c t i o n t o t a k e a n i m a l s o f t h e s a m e w e i g h t t h e 

p o s s i b i l i t y e x i s t e d t h a t d i f f e r e n c e s i n p e r c e n t a g e w a t e r w e r e 

d u e o n l y t o d i f f e r e n c e s i n s i z e o f a n i m a l s c o l l e c t e d . T o 

e l i m i n a t e v a r i a t i o n i n w a t e r c o n t e n t d u e t o d i f f e r e n c e s i n 

d r y w e i g h t o f s a m p l e m e a n s , a n a n a l y s i s o f c o v a r i a n c e w a s 

a p p l i e d t o f i e l d w a t e r d a t a . H o m o g e n e i t y o f v a r i a n c e b e t w e e n 

s a m p l e s w a s a s s u m e d . A s m e n t i o n e d a b o v e , s a m p l e s l o p e s w e r e 
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found to be homogeneous. The a n a l y s i s o f covar iance i n d i c a t e d 

s i g n i f i c a n t d i f f e r e n c e s i n water content between treatment 

means. F i g u r e 8, p a r t A, shows the abso lu te water content of 

whole animal adjusted to the mean dry weight of samples (0.570 

g ) . Confidence i n t e r v a l s , (p=0.0l), p l o t t e d around each mean, 

show tha t over the p e r i o d of t ime i n which f i e l d samples were 

c o l l e c t e d t o t a l water content o f A . scutum which v a r i e d from 

77.5 t o 82.0 showed s i g n i f i c a n t d i f f e r e n c e s . 

The per cent water of muscle fo r samples o f 10 animals 

from f i e l d samples i s a l s o p l o t t e d i n p a r t B o f F igu re 8. 

The s i m i l a r i t y o f the curves of muscle water content and whole 

animal water content i n d i c a t e s tha t the p o s s i b i l i t y of r e l ­

a t i v e changes i n amounts o f v a r i o u s t i s s u e s through the t ime 

of the experiment ( i . e . v i s c e r a l g land or gonad) was not the 

pr imary f a c t o r account ing fo r the v a r i a t i o n w i t h t ime o f the 

whole animal water con ten t . 

Response o f whole animal water content to exper imenta l  

s a l i n i t i e s : A . scutum for t o t a l , water de t e rmina t ion were .J 

c o l l e c t e d from W h y t e c l i f f Park i n May 1963 and from Jordan 

R i v e r i n J u l y 1963. Ten animals from each c o l l e c t i n g area 

were p l a c e d i n each o f 50, 75, and 125% sea water for t ime 

i n t e r v a l s o f 1.5, 3, 6, 12, and 48 h r . In a d d i t i o n , samples 

from Jordan River , were p l a c e d i n the th ree s a l i n i t i e s fo r a 

t ime p e r i o d o f one week. Experiments on the e f f e c t o f long 
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FIGURE 8 
Water content o f whole animal and of foot muscle t i s s u e 
of Jordan R i v e r f i e l d samples c o l l e c t e d from J u l y 1964 
through December 1965. In -part A, the water content of 
whole animals has been adjus ted to the mean dry weight 
of 0.570 g by a n a l y s i s o f c o v a r i a n c e . V e r t i c a l l i n e s 
represen t conf idence i n t e r v a l s (p=0.0l). In p a r t B, t o t a l 
body water for animals w i t h dry weight o f 0.570 g i s . 
expressed as a percentage. P a r t B a l s o shows unadjusted 
percentage va lues of muscle wate r . 
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t e r m i m m e r s i o n i n 50 a n d 125% s e a w a t e r o n t o t a l b o d y w a t e r 

w e r e a l s o c o n d u c t e d . A n i m a l s w e r e c o l l e c t e d f r o m W h y t e c l i f f 

P a r k i n J u n e 1963 a n d m a i n t a i n e d i n 50% s e a w a t e r w i t h p e r i o d i c 

s a m p l i n g , f o r a t o t a l o f 85 d a y s . A s i m i l a r e x p e r i m e n t i n 

w h i c h a n i m a l s f r o m W h y t e c l i f f w e r e c o l l e c t e d i n N o v e m b e r 1963 

a n d m a i n t a i n e d i n 50 a n d 125% s e a w a t e r w i t h p e r i o d i c s a m p l i n g 

f o r a t o t a l o f 100 d a y s w a s a l s o p e r f o r m e d . I t h a s b e e n e s t a b ­

l i s h e d f o r A . s c u t u m f r o m J o r d a n R i v e r f i e l d s a m p l e s t h a t , a s 

t h e s i z e o f t h e a n i m a l i n c r e a s e d , t h e r e l a t i v e w a t e r c o n t e n t 

d e c r e a s e d . T h e r e f o r e , t h e w a t e r c o n t e n t d a t a f r o m e x p e r i ­

m e n t a l s a l i n i t i e s w e r e a l s o a d j u s t e d b y a n a l y s i s o f c o v a r i a n c e . 

J o r d a n R i v e r a n d W h y t e c l i f f d a t a w e r e a n a l y s e d s e p a r a t e l y . A s 

w e l l , i t w a s a s s u m e d t h a t s l o p e s f o r a g i v e n s a l i n i t y w e r e 

h o m o g e n e o u s , t h u s d a t a f o r 50, 75, a n d 125% s e a w a t e r w e r e 

a n a l y s e d s e p a r a t e l y . F o r c o m p a r i s o n o f t r e a t m e n t m e a n s b e t w e e n , 

d i f f e r e n t s a l i n i t i e s a n d h a b i t i a t s , m e a n s o f w a t e r c o n t e n t 

w e r e e x p r e s s e d u s i n g a c o m m o n d r y w e i g h t f o r a l l s a l i n i t i e s 

a n d b o t h h a b i t a t s . C o n f i d e n c e i n t e r v a l s (p=0.0l) w e r e a p p l i e d 

t o t h e t r e a t m e n t m e a n s a d j u s t e d t o t h e c o m m o n d r y w e i g h t f o r 

a l l e x p e r i m e n t s . 

C h a n g e i n w a t e r c o n t e n t o v e r o n e w e e k i m m e r s i o n i n e x p e r i ­

m e n t a l s a l i n i t i e s : F i g u r e 9 s h o w s t h e a b s o l u t e a n d p e r c e n t 

w a t e r c o n t e n t f o r A . s c u t u m w i t h a d r y w e i g h t o f 0.430 g f r o m 

J o r d a n R i v e r a n d W h y t e c l i f f . I t i s e v i d e n t t h a t l i m p e t s 
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FIGURE 9 

Water content of soft body parts for A. scutum from a 
marine (Jordan River) and estuarine (Whytecl iff) environ­
ment. In parts A means of water content have.been ad­
justed to the average dry weight of 0.430 g. V e r t i c a l 
l ine s represent confidence in t erva l s (p=0.0l) . In 
parts B, water content of animals with dry weight of 
0.430 g, i s expressed as a percentage. 
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s h o w e d c h a n g e s i n w a t e r c o n t e n t a c c o r d i n g t o t h e e x p e r i m e n t a l 

s a l i n i t y . 

C o n s i d e r i n g t i m e p e r i o d s o f i m m e r s i o n i n e x p e r i m e n t a l s a l ­

i n i t i e s u p t o 24 h r f o r b o t h e s t u a r i n e ( W h y t e c l i f f ) a n d m a r i n e 

( J o r d a n R i v e r ) a n i m a l s , t h e w a t e r c o n t e n t o f l i m p e t s i n 125% 

s e a w a t e r w a s s i g n i f i c a n t l y l o w e r t h a n t h e w a t e r c o n t e n t o f 

a n i m a l s i n 50% s e a w a t e r . T h e w a t e r c o n t e n t o f A . s c u t u m i n 

t h e i n t e r m e d i a t e s a l i n i t y o f 75% s e a w a t e r f o r t i m e p e r i o d s 

u p t o 24 h r s h o w e d a d i f f e r e n t p a t t e r n f o r J o r d a n R i v e r a n d 

W h y t e c l i f f a n i m a l s . F o r J o r d a n R i v e r a n i m a l s v a l u e s o f w a t e r 

c o n t e n t a t 75% s e a w a t e r f r o m 3 t o 24 h r w e r e s i g n i f i c a n t l y 

d i f f e r e n t f r o m v a l u e s o f w a t e r c o n t e n t f o r a n i m a l s f r o m 50 

a n d 125% s e a w a t e r . F o r W h y t e c l i f f a n i m a l s a t t i m e p e r i o d s 

u p t o 24 h r , h o w e v e r , t h e v a l u e s o f w a t e r c o n t e n t a t 75% s e a 

w a t e r w e r e n o t s i g n i f i c a n t l y d i f f e r e n t f r o m w a t e r c o n t e n t 

v a l u e s o f a n i m a l s i n 125% s e a w a t e r e x c e p t a t 3 h r . 

W a t e r c o n t e n t v a l u e s f o r t i m e p e r i o d s o f i m m e r s i o n i n 

e x p e r i m e n t a l s a l i n i t i e s f o r t i m e p e r i o d s f r o m 24 h r t o o n e 

w e e k a r e a l s o s h o w n i n F i g u r e 9. W h y t e c l i f f l i m p e t s s h o w e d 

a d i f f e r e n t r e s p o n s e f r o m J o r d a n R i v e r a n i m a l s . A t 48 h r 

t h e r e w a s n o s i g n i f i c a n t d i f f e r e n c e i n w a t e r c o n t e n t f o r 

W h y t e c l i f f a n i m a l s a t 50, 75, a n d 125% s e a w a t e r . F o r J o r d a n 

R i v e r a n i m a l s a t 48 h r , h o w e v e r , w a t e r c o n t e n t a t 50% s e a 

w a t e r w a s s i g n i f i c a n t l y d i f f e r e n t f r o m t h e w a t e r c o n t e n t o f 
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a n i m a l s a t 1257® s e a w a t e r . W a t e r c o n t e n t o f a n i m a l s i n 757. 

s e a w a t e r a t 48 h r d i f f e r e d s i g n i f i c a n t l y f r o m t h a t o f 507, 

s e a w a t e r b u t n o t f r o m t h a t a t 1257© s e a w a t e r . 

W a t e r c o n t e n t v a l u e s f o r J o r d a n R i v e r a n i m a l s a t o n e w e e k 

a r e a l s o g i v e n i n F i g u r e 9. V a l u e s f o r 50, 75, a n d 1257, s e a 

w a t e r w e r e a l l s i g n i f i c a n t l y d i f f e r e n t . 

E f f e c t o f e x t e n d e d h o l d i n g p e r i o d s i n 50 a n d 1257, s e a w a t e r : 

V a l u e s o f t o t a l w a t e r c o n t e n t o f W h y t e c l i f f a n i m a l s i n 50 a n d 

l257o s e a w a t e r f o r t i m e p e r i o d s f r o m o n e w e e k t o 100 d a y s a r e 

g i v e n i n F i g u r e 1 0 . . F o r a n i m a l s c o l l e c t e d i n t h e w i n t e r , 

w a t e r c o n t e n t v a l u e s a t o n e w e e k , a n d s u b s e q u e n t s a m p l i n g 

t i m e s u p t o 100 d a y s , a t 50 a n d 1257. s e a w a t e r , w e r e n o t s i g ­

n i f i c a n t l y d i f f e r e n t . F o r a n i m a l s c o l l e c t e d i n t h e s u m m e r 

( F i g 10) , a n d p l a c e d i n 12570 s e a w a t e r , t h e r e w a s n o s i g n i f ­

i c a n t c h a n g e i n w a t e r c o n t e n t f r o m 7 t o 85 d a y s . 

E f f e c t o f a n E s t u a r i n e E n v i r o n m e n t o n W a t e r C o n t e n t o f A . 

s c u t u m 

T o d e t e r m i n e i f A . s c u t u m f r o m t h e e s t u a r i n e e n v i r o n m e n t 

o f W h y t e c l i f f P a r k r e g u l a t e d t o t a l w a t e r c o n t e n t i n n a t u r a l l y 

c h a n g i n g s a l i n i t i e s , t h e f o l l o w i n g e x p e r i m e n t w a s p e r f o r m e d . 

T e n a n i m a l s f r o m W h y t e c l i f f P a r k w e r e c o l l e c t e d e v e r y t w o 

w e e k s f r o m N o v e m b e r 1963 t o J u l y 1964. A s a m p l e o f t h e s u r f ­

a c e w a t e r w a s t a k e n a t t h e t i m e o f c o l l e c t i o n a n d t h e a n i m a l s 

m a i n t a i n e d f o r 24 h r u n d e r l a b o r a t o r y c o n d i t i o n s i n t h i s 
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F I G U R E 10 

E f f e c t o f p r o l o n g e d i m m e r s i o n i n 50 a n d 125% s e a w a t e r 

o n w a t e r c o n t e n t o f s o f t b o d y p a r t s f o r A . s c u t u m f r o m 

a n e s t u a r i n e e n v i r o n m e n t ( W h y t e c l i f f ) . I n p a r t s A , 

w a t e r c o n t e n t , a d j u s t e d t o t h e a v e r a g e d r y w e i g h t o f 

0.430 g , h a s p=0.0l c o n f i d e n c e i n t e r v a l s ( v e r t i c a l l i n e s ) . 

I n p a r t s B , w a t e r c o n t e n t o f a n i m a l s w i t h d r y w e i g h t 

o f 0.430 g i s e x p r e s s e d a s a p e r c e n t a g e . 
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f i e l d s e a w a t e r . V a l u e s o f t o t a l w a t e r c o n t e n t , e x p r e s s e d 

a s a p e r c e n t a g e , a l o n g w i t h s a l i n i t i e s o f t h e f i e l d s e a w a t e r 

a r e s h o w n i n F i g u r e 11. I t i s e v i d e n t t h a t , a s e n v i r o n m e n t a l 

s a l i n i t y d e c r e a s e d , t h e w a t e r c o n t e n t o f t h e a n i m a l i n c r e a s e d . 

T o t e s t t h e s i g n i f i c a n c e o f t h i s r e l a t i o n s h i p , p e r c e n t w a t e r 

f o r e a c h a n i m a l w a s r e g r e s s e d o n t h e r e s p e c t i v e f i e l d s a l i n i t y . 

T h e b v a l u e , -0.156, w a s t e s t e d f o r s i g n i f i c a n c e b y a n a l y s i s 

o f v a r i a n c e o f r e g r e s s i o n . T h e p r o b a b i l i t y o b t a i n e d , p<0.005, 

i n d i c a t e d t h a t w a t e r c o n t e n t a n d e n v i r o n m e n t a l s a l i n i t y s h o w e d 

a s i g n i f i c a n t l i n e a r r e l a t i o n s h i p o v e r a r a n g e o f s a l i n i t i e s 

f r o m 18.8 t o 88.8% s e a w a t e r , t h u s d e m o n s t r a t i n g a l a c k o f 

v o l u m e c o n t r o l f o r f i e l d s a m p l e s f r o m a n e s t u a r i n e e n v i r o n ­

m e n t . 

M u s c l e W a t e r V a l u e s 

J o r d a n R i v e r f i e l d s a m p l e s ; T h e c o n c e n t r a t i o n o f w a t e r 

i n t h e f o o t m u s c l e o f A . s c u t u m c o l l e c t e d f r o m J o r d a n R i v e r 

f r o m J u n e 1963 t o D e c e m b e r 1964 i s s h o w n i n F i g u r e 5. T u k e y ' s 

w , c a l c u l a t e d f o r f i e l d w a t e r d a t a , w a s 2.670. I t i s c l e a r 

t h a t , l i k e m u s c l e i o n v a l u e s , t h e m u s c l e w a t e r c o n t e n t s h o w e d 

s i g n i f i c a n t v a r i a t i o n w i t h t i m e f r o m a n e n v i r o n m e n t o f c o n ­

s t a n t s a l i n i t y . 

R e s p o n s e o f m u s c l e w a t e r t o e x p e r i m e n t a l s a l i n i t i e s : 

M u s c l e s a m p l e s t o d e t e r m i n e t h e e f f e c t o f c h a n g e i n e x p e r i ­

m e n t a l s a l i n i t y o n w a t e r c o n t e n t w e r e t a k e n f r o m t h e s a m e 
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FIGURE 11 

Per cent water content of f i e l d samples from an e s tua r ine 
environment ( W h y t e c l i f f ) . Each water content p o i n t i s 
the mean o f de te rmina t ions on 10 an ima l s . The f i e l d 

s a l i n i t y i n which each sample was immersed i s a l s o 
shown. 
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a n i m a l s a s m u s c l e s a m p l e s f o r i o n a n a l y s e s . F i g u r e 6 s h o w s 

t h e e f f e c t o f e x p e r i m e n t a l s a l i n i t i e s o n m u s c l e w a t e r d a t a 

c o l l e c t e d f r o m J o r d a n R i v e r i n D e c e m b e r 1964. T u k e y ' s w w a s 

2.6%. T h e r e s p o n s e o f m u s c l e w a t e r ( F i g 6) t o c h a n g e s i n 

e x t e r n a l s a l i n i t y w a s s i m i l a r t o t h e r e s p o n s e o f t o t a l b o d y 

w a t e r ( F i g 9). M u s c l e w a t e r c o n t e n t i n c r e a s e d s i g n i f i c a n t l y 

i n 50 a n d 75% s e a w a t e r a n d d e c r e a s e d s i g n i f i c a n t l y i n 125% 

s e a w a t e r . H o w e v e r , m u s c l e w a t e r v a l u e s w e r e l o w e r t h a n 

c o r r e s p o n d i n g v a l u e s f o r t o t a l b o d y w a t e r . 

C o m p a r i n g m u s c l e w a t e r c o n c e n t r a t i o n s a t t h e e x p e r i m e n t a l 

s a l i n i t i e s , a l l m e a n s a t 125% s e a w a t e r w e r e s i g n i f i c a n t l y 

d i f f e r e n t f r o m m e a n s a t 50 a n d 75% s e a w a t e r . C o m p a r i n g 

m e a n s a t 50 a n d 75% s e a w a t e r , o n l y v a l u e s a t 24 a n d 48 h r 

w e r e s i g n i f i c a n t l y d i f f e r e n t . 

T a b l e 10 g i v e s t h e m u s c l e w a t e r c o n t e n t a t e x p e r i m e n t a l 

s a l i n i t i e s f o r J o r d a n R i v e r a n i m a l s c o l l e c t e d i n J u l y 1964. 

F o r J u l y a n d D e c e m b e r m u s c l e w a t e r d a t a , T u k e y ' s w w a s u s e d 

t o d e t e r m i n e v a l u e s e q u i l i b r a t e d t o e a c h s a l i n i t y . T a b l e 11 

s h o w s t h a t t h e d i f f e r e n c e s b e t w e e n m u s c l e w a t e r v a l u e s a t 

e a c h e x p e r i m e n t a l s a l i n i t y f o r J u l y a n d D e c e m b e r d a t a w e r e 

n o t s i g n i f i c a n t . 

I n t r a c e l l u l a r W a t e r V a l u e s 

T h e m e t h o d o f e s t i m a t i o n o f i n t r a c e l l u l a r m u s c l e i o n 

v a l u e s i s d e s c r i b e d a b o v e . T o t a l m u s c l e w a t e r c o n t e n t w a s 
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e s t i m a t e d f o r t h e s a m e a n i m a l s f r o m w h i c h m u s c l e i o n v a l u e s 

w e r e e s t i m a t e d . I n t r a c e l l u l a r w a t e r c o n c e n t r a t i o n s w e r e 

e s t i m a t e d u s i n g t h e s a m e m e t h o d a s f o r t h e e s t i m a t i o n o f 

i n t r a c e l l u l a r i o n v a l u e s . T a b l e 11 g i v e s i n t r a c e l l u l a r e s t i m ­

a t e o f w a t e r f o r s a l i n i t i e s r a n g i n g f r o m 50 t o 125% s e a w a t e r . 

L i k e i n t r a c e l l u l a r K*", i n t r a c e l l u l a r w a t e r s h o w e d s i g n i f i c a n t 

c h a n g e s i n d i f f e r e n t s a l i n i t i e s . V a l u e s o f c e l l u l a r w a t e r a t 

50 a n d 75% s e a w a t e r w e r e n o t s i g n i f i c a n t l y d i f f e r e n t . N o r 

w e r e v a l u e s a t 100 a n d 125% s e a w a t e r s i g n i f i c a n t l y d i f f e r e n t . 

H o w e v e r , e s t i m a t e s o f i n t r a c e l l u l a r w a t e r a t 50 a n d 75% s e a 

w a t e r d i f f e r e d s i g n i f i c a n t l y f r o m e s t i m a t e s a t 100 a n d 125% 

s e a w a t e r . F i g u r e 7 s h o w s t h a t , l i k e i n t r a c e l l u l a r K*", i n t r a ­

c e l l u l a r w a t e r v a l u e s a p p e a r e d t o s h o w a l i n e a r r e s p o n s e t o 

c h a n g e s i n e x p e r i m e n t a l s a l i n i t y . 

I l l C h a r a c t e r i s t i c s o f t h e W a t e r U p t a k e R e s p o n s e 

I t h a s b e e n s h o w n a b o v e t h a t t h e w a t e r c o n t e n t o f t h e 

w h o l e a n i m a l c h a n g e s i n d i f f e r e n t e x p e r i m e n t a l s a l i n i t i e s . 

A f u r t h e r a s p e c t o f t h e w a t e r b a l a n c e o f A . s c u t u m i s t h e 

c h a n g e i n w a t e r c o n t e n t o f t h e w h o l e a n i m a l a t a c o n s t a n t 

s a l i n i t y . 

I n c r e a s e i n V o l u m e a t C o n s t a n t S a l i n i t y 

A . s c u t u m , c o l l e c t e d f r o m J o r d a n R i v e r i n J u l y a n d A u g ­

u s t o f 1965 w e r e u s e d f o r m e a s u r e m e n t s o f i n c r e a s e s i n v o l u m e 
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o f s o f t b o d y p a r t s a t a c o n s t a n t s a l i n i t y . S a m p l e s o f t e n 

a n i m a l s w e r e u s e d a t e a c h t i m e p e r i o d . M e a s u r e m e n t s w e r e 

m a d e a t 1.5, 6, 12, 24, a n d 48 h r a t 50% s e a w a t e r ; 1.5, 3, 

6, 12, 24, a n d 48 h r a t 100% s e a w a t e r ; a n d 3, 6, 12, 24, a n d 

48 h r a t 125% s e a w a t e r . T o t e s t i f , a t e a c h s a l i n i t y , t h e 

s t a r t i n g v o l u m e o f a n i m a l s h a d t h e s a m e w a t e r c o n t e n t r e l a t i v e 

t o d r y w e i g h t , t h e w a t e r c o n t e n t o f t h e s o f t b o d y p a r t s w a s 

r e g r e s s e d o n t h e d r y w e i g h t o f a n i m a l s a t e a c h s a l i n i t y . T h e 

r e g r e s s i o n s l o p e s , w i t h t h e p r o b a b i l i t i e s o f s i g n i f i c a n c e , a r e 

g i v e n i n T a b l e 12. T h e s i g n i f i c a n t s l o p e s i n d i c a t e t h a t a t 

e a c h s a l i n i t y t h e r e w a s a l i n e a r r e l a t i o n s h i p b e t w e e n w a t e r 

c o n t e n t o f t h e i n i t i a l v o l u m e a n d t h e d r y w e i g h t o f a n i m a l s . 

E a c h e x p e r i m e n t a l s a l i n i t y c o n t a i n e d 0.025 g / l o f t h e 

d y e a m a r a n t h . T o d e t e r m i n e i f t h e p r e s e n c e o f t h e d y e a f f e c t e d 

w a t e r u p t a k e , d a t a f r o m e x p e r i m e n t s o n A . s c u t u m c o l l e c t e d 

f r o m J o r d a n R i v e r i n D e c e m b e r 1964 w e r e u s e d . T h e r e s u l t s 

o f t - t e s t s o n i n c r e a s e i n v o l u m e i n s a l i n i t i e s w i t h a n d w i t h ­

o u t d y e s h o w e d t h a t t h e p r e s e n c e o f a m a r a n t h i n e x p e r i m e n t a l 

s a l i n i t i e s d i d n o t s i g n i f i c a n t l y a l t e r t h e a b i l i t y o f a n i m a l s 

t o i n c r e a s e t h e v o l u m e o f s o f t b o d y p a r t s . 

T a b l e 13 g i v e s t h e r e s u l t s o f t h e i n c r e a s e i n w a t e r c o n ­

t e n t i n 50, 100, a n d 1257> s e a w a t e r f o r A . s c u t u m c o l l e c t e d 

f r o m J o r d a n R i v e r i n J u l y a n d . A u g u s t 1965. P a r t A s h o w s 

t h a t A . s c u t u m i n c r e a s e d t h e v o l u m e o f s o f t b o d y p a r t s a t a 
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T A B L E 1 2 

R e g r e s s i o n e q u a t i o n s o f i n i t i a l w a t e r c o n t e n t p l o t t e d a g a i n s t 

d r y w e i g h t f o r A . s c u t u m u s e d i n e x p e r i m e n t s o n u p t a k e o f 

w a t e r a t a c o n s t a n t s a l i n i t y . P v a l u e s i n d i c a t e t h e s i g n i f ­

i c a n c e o f t h e r e g r e s s i o n s l o p e s . 

S a l i n i t y R e g r e s s i o n e q u a t i o n P 

5 0 

1 0 0 

1 2 5 

Y = 
Y = 
Y = 

1 . 3 6 + 5 . 3 2 X 

0 . 8 1 + 4 . 2 3 X 

0 . 6 8 + 4 . 5 0 X 

. 0 1 

. 0 1 

. 0 1 
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T A B L E 13 

I n c r e a s e i n v o l u m e o f s o f t b o d y p a r t s o f _ A . s c u t u m i n e x p e r i ­

m e n t a l s a l i n i t i e s a f t e r a n i m a l s h a d b e e n i m m e r s e d f o r 24 h r . 

P a r t A i s t h e n u m b e r o f a n i m a l s o f a s a m p l e o f 10 s h o w i n g a n 

i n c r e a s e i n s o f t b o d y p a r t s o f >5%. P a r t B i s t h e m e a n i n ­

c r e a s e i n v o l u m e ( p e r c e n t ) f o r t h o s e a n i m a l s s h o w i n g a n i n ­

c r e a s e o f >5%. P a r t C i s t h e b l o o d c o n c e n t r a t i o n o f a m a r a n t h 

( m g / l ) i n t h e b l o o d a f t e r t h e i n c r e a s e . E x p e r i m e n t a l s a l i n ­

i t i e s c o n t a i n e d a m a r a n t h a t a c o n c e n t r a t i o n o f 0.025 m g / l . 

P a r t A P a r t B 

S a l n u m b e r o f a n i m a l s o u t m e a n s o f i n c r e a s e i n v o l u m e 

o f 10 s h o w i n g i n c r e a s e ( p e r c e n t ) 

i n v o l u m e 

T i m e i n h o u r s T i m e i n h o u r s 

1.5 3 6 12 24 48 1. 5 3 6 12 24 

50 3 - 7 10 10 10 9. 7 - 23. 3 40.7 46.3 
100 7 9 10 10 10 10 70. 7 71. 7 86. 2 98.2 100.3 
125 - 9 10 9 10 10 _ 72. 8 77. 8 83.4 120.0 

48 

54.,1 

P a r t C 

B l o o d c o n c e n t r a t i o n o f a m a r a n t h 

T i m e i n h o u r s 

S a l i n i t y 1.5 3 6 12 24 48 

50 d y e c o n e . .011 - .007 .009 .006 .007 
n 1 4 7 6 7 

100 d y e c o n e . .013 .012 .012 .011 .014 .010 

n 4 7 7 8 7 9 

125 d y e c o n e . - .012 .011 .010 .011 .010 

n 7 10 7 8 7 
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constant s a l i n i t y . P a r t B g ives the average percentage i n ­

crease i n volume a t each time p e r i o d fo r those animals tha t 

showed an increase of >5%. The r e s u l t s i n d i c a t e d tha t fo r 

100 and 125% sea water , the time at which a l l animals showed 

an inc rease , and the va lues o f the per cent inc rease were s i m i ­

l a r . However, a t 50% sea water the time at which a l l animals 

showed an inc rease was longer than a t 100 and 125% sea water , 

and the magnitude o f the inc rease was one h a l f t ha t of the 

va lue fo r 100 and 125% sea water . 

The v a r i a t i o n i n per cent inc rease a t a g iven time and 

s a l i n i t y was g rea t . For example, a t 24 hr the per cent i n ­

crease ranged from 44.6 to 157.3 fo r 100% sea water , from 

67.4 to 184.8 f o r 125% sea water , and from 8.5 to 77.3 a t 

50% sea wate r . Th i s l a r g e v a r i a t i o n i n d i c a t e d tha t on ly 

l a r g e observed d i f f e r e n c e s cou ld be cons idered s i g n i f i c a n t . 

The pr imary purpose o f t h i s experiment was to demonstrate 

tha t A , scutum cou ld show an inc rease i n water content of 

so f t body p a r t s when h e l d a t a cons tant s a l i n i t y . 

Nature o f the Water Uptake Response 

S a l t c o n c e n t r a t i o n o f water taken up; For l impe t s e q u i l i b ­

r a t ed to a g i v e n s a l i n i t y , b lood samples, taken from animals 

tha t were not a t maximum volume, had the same i o n i c va lues 

as samples taken from animals t ha t were a t maximum volume. 

Since the b lood c o n c e n t r a t i o n of ions remained cons tant w i t h 
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t h e i n c r e a s e i n v o l u m e o f s o f t b o d y p a r t s , t h i s i n c r e a s e m u s t 

h a v e b e e n a c h i e v e d b y t a k i n g u p b o t h t h e i o n s a n d t h e w a t e r 

f r o m a g i v e n s a l i n i t y . 

U p t a k e o f a m a r a n t h : I t i s e v i d e n t t h e n , t h a t t h e w a t e r 

u p t a k e r e s p o n s e i n v o l v e d t h e p a s s a g e o f s e a w a t e r f r o m t h e 

e x t e r n a l e n v i r o n m e n t i n t o t h e b l o o d s p a c e . T o t e s t i f A . 

s c u t u m c o u l d t a k e i n t o t h e b l o o d s p a c e m o l e c u l e s w i t h a l a r g e r 

s i z e t h a n t h e i o n s o f s e a w a t e r , t h e d y e a m a r a n t h a n d t h e 

c a r b o h y d r a t e i n u l i n w e r e d i s s o l v e d i n e x p e r i m e n t a l s a l i n i t i e s . 

W h e n A . s c u t u m s h o w e d a n i n c r e a s e i n v o l u m e , i t w a s e v i d e n t 

t h a t d y e f r o m t h e e x p e r i m e n t a l s a l i n i t y e n t e r e d t h e b l o o d 

s y s t e m o f t h e a n i m a l . P a r t C o f T a b l e 13 g i v e s t h e a v e r a g e 

d y e c o n c e n t r a t i o n o f t h e b l o o d a t e a c h s a l i n i t y a n d t i m e 

p e r i o d . T o a s c e r t a i n i f t h e c o n c e n t r a t i o n o f d y e i n t h e b l o o d 

i n c r e a s e d l i n e a r l y w i t h t h e i n c r e a s e i n v o l u m e o f a n a n i m a l , 

t h e b l o o d c o n c e n t r a t i o n o f a m a r a n t h w a s r e g r e s s e d o n p e r c e n t 

v o l u m e i n c r e a s e f o r 50, 100, a n d 1257, s e a w a t e r . T h e s l o p e s : 

50%-0.000022, N S ; l00%-0.000055, N S ; a n d l257o-0.000003, N S 

s h o w e d t h a t f o r e a c h s a l i n i t y t h e r e w a s n o l i n e a r r e l a t i o n ' 

b e t w e e n t h e p e r c e n t w a t e r t a k e n u p a n d t h e b l o o d c o n c e n t r a t i o n 

o f a m a r a n t h . A n i n s p e c t i o n o f T a b l e 13 h o w e v e r , i n d i c a t e s a n 

o v e r a l l r e l a t i o n b e t w e e n b l o o d c o n c e n t r a t i o n o f a m a r a n t h a n d 

i n c r e a s e i n v o l u m e . A t 100 a n d 1257, s e a w a t e r , t h e s o f t b o d y 

p a r t s i n c r e a s e d b y 1007,, i n d i c a t i n g t h e v o l u m e o f w a t e r t a k e n 
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up was e q u a l t o t h e s t a r t i n g volume o f t h e a n i m a l s . The dye 

c o n c e n t r a t i o n o f b l o o d a t 100 and 125% sea w a t e r was approx­

i m a t e l y one h a l f t h a t o f t h e e x p e r i m e n t a l sea water (0.025g/l). 

For 50% sea w a t e r , the p e r c e n t i n c r e a s e was a p p r o x i m a t e l y 

50% of t h e s t a r t i n g volume. The dye c o n c e n t r a t i o n o f a n i m a l s 

showing a 50% i n c r e a s e i n volume was a p p r o x i m a t e l y one f o u r t h 

t h a t o f t h e e x p e r i m e n t a l sea w a t e r . For 50, 100, and 125% 

sea water t h e n , i t appears t h a t t h e i n c r e a s e i n water c o n t e n t 

o f s o f t body p a r t s was f a c i l i t a t e d by t a k i n g i n a volume o f 

water as w e l l as the dye amaranth. The r e s u l t i n g b l o o d con­

c e n t r a t i o n o f dye was due t o t h e d i l u t i n g e f f e c t o f t h e water 

c o n t e n t o f t h e s t a r t i n g volume. I t was not p o s s i b l e t o 

a n a l y s e more c r i t i c a l l y the r e l a t i o n s h i p between water and 

dye u p t a k e , because t h e i n t r a c e l l u l a r c o n c e n t r a t i o n o f am­

a r a n t h was not known. 

Uptake o f i n u l i n : I t has been e s t a b l i s h e d t h a t A. scutum 

can i n c r e a s e t h e volume o f s o f t body p a r t s a t a g i v e n s a l i n i t y 

by uptake o f t h e e x p e r i m e n t a l sea w a t e r . As w e l l , a n i m a l s 

t a k e up t h e dye amaranth i n an approximate p r o p o r t i o n t o t h e 

amount o f water t a k e n up. To d e t e r m i n e i f t h i s l i m p e t c o u l d 

a l s o t a k e up t h e m o l e c u l e i n u l i n from e x p e r i m e n t a l s a l i n i t i e s 

t he f o l l o w i n g e x p e r i m e n t was p e r f o r m e d . The s t a r t i n g volumes 

o f 30 A. scutum from 100% sea water were measured and t h e 

a n i m a l s p l a c e d i n 100% sea water w i t h i n u l i n c o n c e n t r a t i o n s 



o f 4 g / 1 . T e n a n i m a l s w e r e r e m o v e d a f t e r 6 h r a n d t h e v o l u m e 

a n d b l o o d i n u l i n c o n c e n t r a t i o n s d e t e r m i n e d . T h e r e m a i n i n g 20 

a n i m a l s w e r e r e m o v e d a f t e r 24 h r a n d t h e v o l u m e a n d b l o o d 

i n u l i n c o n c e n t r a t i o n m e a s u r e d . A s w e l l , 10 a n i m a l s w e r e 

t r e a t e d i n t h e s a m e w a y i n e a c h o f 50 a n d 125% s e a w a t e r , t h e 

t i m e p e r i o d o f i m m e r s i o n b e i n g 24 h r . T h e r e s u l t s o f t h i s 

e x p e r i m e n t a r e g i v e n i n T a b l e 14. I n b o t h 50 a n d l257o s e a 

w a t e r t h e i n c r e a s e i n v o l u m e d u e t o u p t a k e o f s e a w a t e r r e s u l t e d 

i n a b l o o d i n u l i n c o n c e n t r a t i o n t h a t w a s g r e a t e r t h a n o n e h a l f 

t h e c o n c e n t r a t i o n o f i n u l i n i n t h e e x p e r i m e n t a l s a l i n t i y . I n 

100% s e a w a t e r , a f t e r a n i n c r e a s e i n v o l u m e o f j u s t o v e r 100%, 

t h e b l o o d c o n c e n t r a t i o n o f i n u l i n w a s a r o u n d 2.8 g/1 c o m p a r e d 

w i t h 4 g/1 i n t h e e x p e r i m e n t a l s a l i n i t y . A t 100% s e a w a t e r , 

i f t h e s t a r t i n g v o l u m e w a s c o n s i d e r e d a s a w a t e r s p a c e , t h e 

d o u b l i n g o f t h e v o l u m e b y u p t a k e o f w a t e r a n d 4 g/1 i n u l i n 

w o u l d r e s u l t i n a f i n a l b l o o d i n u l i n c o n c e n t r a t i o n o f 2.0 g / 1 . 

H o w e v e r , s i n c e t h e i n u l i n p r o b a b l y d i d n o t p e n e t r a t e i n t r a -

c e l l u l a r l y , i t w o u l d b e e x p e c t e d ( a n d c o n f i r m e d i n T a b l e 14) 

t h a t d i l u t i o n b y b o d y f l u i d s w o u l d r e s u l t i n a b l o o d i n u l i n 

c o n c e n t r a t i o n o f g r e a t e r t h a n o n e h a l f t h a t o f s e a w a t e r . 

A s w i t h t h e a m a r a n t h d a t a , t h e c o n c e n t r a t i o n o f b l o o d 

i n u l i n w a s r e g r e s s e d o n t h e p e r c e n t a g e i n c r e a s e f o r a n i m a l s 

i n 100% s e a w a t e r . T h e r e s u l t i n g s l o p e , b = 0 . 0 0 l 5 , w a s n o t 

s i g n i f i c a n t l y d i f f e r e n t f r o m z e r o . 
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TABLE 14 

Blood i n u l i n c o n c e n t r a t i o n ( g / l ) a f t e r A . scutum had shown an 
inc rease i n volume of so f t body p a r t s by t a k i n g up sea water 
from the e x t e r n a l s a l i n i t y . Each exper imenta l s a l i n i t y con­
t a i n e d an i n u l i n c o n c e n t r a t i o n of 4 g / l . 

s a l i n i t y °L i nc rease n i n u l i n cone. n 

50 57.7 10 2.40 10 
100 113.8 30 2.85 29 
125 74.1 10 2.97 10 
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E f f e c t o f l i g a t i o n o f t h e h e a d : T o d e t e r m i n e i f t h e s o u r c e 

o f w a t e r u p t a k e i n A . s c u t u m w a s f r o m t h e m o u t h a r e a , t h e 

s t a r t i n g v o l u m e o f a n i m a l s f r o m 100% s e a w a t e r w a s r e c o r d e d , 

a n d t h e n e c k ( p o s t e r i o r t o t h e t e n t a c l e s ) , w a s l i g a t e d w i t h 

l i n e n t h r e a d . T e n l i g a t e d a n i m a l s w e r e p l a c e d i n 100% s e a 

w a t e r f o r 24 h r a n d t h e v o l u m e r e c o r d e d . T h e a v e r a g e i n c r e a s e 

i n v o l u m e o f t h e 10 a n i m a l s w a s o n l y 0.22 m l w h i c h c o r r e s p o n d e d 

t o a n i n c r e a s e o f 10%. T h e p r o c e d u r e w a s r e p e a t e d o n a s e c o n d 

10 a n i m a l s a n d t h e a v e r a g e v o l u m e c h a n g e a f t e r 6 h r w a s 0.19 

m l ( a n i n c r e a s e i n v o l u m e o f <10%). T h e l i g a t i o n s o f t h e s e 

a n i m a l s w e r e t h e n r e m o v e d a n d t h e a n i m a l s w e r e l e f t a f u r t h e r 

24 h r i n 100% s e a w a t e r . T h e r e w a s n o c h a n g e i n v o l u m e o f 

t h e s e a n i m a l s a f t e r t h e l i g a t i o n s w e r e r e m o v e d . f o r t h e 24 h r 

p e r i o d . L i g a t i o n o f t h e h e a d t h e n a b o l i s h e d t h e w a t e r u p t a k e 

r e s p o n s e . A s w e l l , a n i m a l s t h a t h a d t h e l i g a t i o n r e m o v e d 

w e r e a l s o u n a b l e t o d e m o n s t r a t e a w a t e r u p t a k e r e s p o n s e . 

S i n c e i t a p p e a r e d t h a t t h e w a t e r m i g h t b e t a k e n u p a r o u n d 

t h e m o u t h a r e a , h i s t o l o g i c a l c r o s s s e c t i o n s o f t h e h e a d , c u t 

a t b e t w e e n 10 a n d 15ja w e r e e x a m i n e d . N o p o r e s o r c h a n n e l s 

i n t o t h e b l o o d s p a c e t h r o u g h w h i c h t h e l a r g e q u a n t i t i e s o f 

w a t e r i n v o l v e d i n t h e w a t e r u p t a k e r e s p o n s e c o u l d p a s s w e r e 

o b s e r v e d . I t i s p r o p o s e d t h a t t h e s e a w a t e r i s t a k e n u p b y 

t h e g u t o r r a d u l a s a c a n d t h e n p a s s e d i n t o b l o o d s p a c e s . H o w ­

e v e r , n o d i r e c t e v i d e n c e i s a v a i l a b l e t o s u p p o r t t h i s h y p o t h e s i s . 
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DISCUSSION 

I o n i c R e g u l a t i o n of Blood Ions 

I o n i c r e g u l a t i o n of body f l u i d s has been def ined by 

Robertson (1949) as " . . . t h e maintenance i n a body f l u i d o f 

concen t r a t i ons of ions d i f f e r i n g from those o f a p a s s i v e 

e q u i l i b r i u m w i t h the e x t e r n a l m e d i u m . . . " . Thus, an a n a l y s i s 

of a b lood sample i s compared w i t h a second tha t has been 

d i a l y s e d aga ins t the exper imenta l s a l i n i t y i n which the 

animal was immersed. D i f f e r e n c e s between the d i a l y s e d and 

u n d i a l y s e d b lood sample represen t a g rad i en t due to i o n i c 

r e g u l a t i o n . D i f f e r ences between the d i a l y s a t e and sea water 

represen t a pa s s ive e q u i l i b r i u m due to Donnan e q u i l i b r i u m . 

Wi th the b lood o f A . scutum, d i a l y s i s experiments showed no 

c o n c e n t r a t i o n d i f f e r e n c e s due to Donnan e q u i l i b r i u m ; thus , 

g rad ien t s de sc r ibed between b lood and sea water were c o n s i d ­

ered to be i o n i c r e g u l a t i o n . 

F i e l d samples: The data on the b lood c o n c e n t r a t i o n of 

+ - ++ ++ 
Na , C l , Ca , and Mg of Acmaea scutum from an environment 

w i t h cons tant s a l i n i t y of 100% sea water showed tha t there 

was no i o n i c r e g u l a t i o n of these i o n s . These r e s u l t s are 

s i m i l a r to data presented for other Gastropod mol luscs by 

Robertson (1964), except t ha t the four spec ies de sc r ibed by 

Robertson showed s l i g h t r e g u l a t i o n of one or more o f the ions 



N a , C a , o r M g 

B l o o d K + o f A . s c u t u m , h o w e v e r , s h o w e d a s m a l l b u t s i g n i f 

i c a n t c o n c e n t r a t i o n g r a d i e n t b e t w e e n b l o o d a n d s e a w a t e r . 

T h i s i o n i c r e g u l a t i o n o f b l o o d K*~ a g r e e s w i t h f i n d i n g s o n 

o t h e r G a s t r o p o d m o l l u s c s . R o b e r t s o n (1964) s h o w e d b l o o d - s e a 

w a t e r r a t i o s f o r K + r a n g i n g f r o m 1.14 f o r t h e P r o s o b r a n c h 

N e p t u n e a a n t i g u a t o 1.42 f o r t h e P r o s o b r a n c h B u c c i n u m u n d a t u m . 

T h e v a l u e o b t a i n e d f o r A . s c u t u m f r o m 100% s e a w a t e r w a s 1.17. 

T h e d e g r e e o f i o n i c r e g u l a t i o n o f A . s c u t u m w a s s i m i l a r 

t o o t h e r G a s t r o p o d m o l l u s c s i n t h a t K~*~ w a s t h e p r i m a r y i o n t o 

b e r e g u l a t e d . A . s c u t u m i s , h o w e v e r , l o w e s t o n t h e s c a l e o f 

a b i l i t y t o r e g u l a t e i o n i c a l l y i n G a s t r o p o d s s t u d i e d t h u s f a r 

i n t h a t t h e r e w a s n o r e g u l a t i o n o f N a , C l , C a , o r M g 

E f f e c t o f c h a n g e i n e x p e r i m e n t a l s a l i n i t y : T h e r e s p o n s e 

o f b l o o d i o n s o f A . s c u t u m t o c h a n g e s i n e x t e r n a l s a l i n i t y 

w a s s i m i l a r t o t h e r e s p o n s e o f t o t a l o s m o t i c p r e s s u r e o f A c m a e  

l i m a t u l a a s d e s c r i b e d b y S e g a l a n d D e h n e l (1962). O v e r a 

r a n g e o f 25 t o 150% s e a w a t e r , A . l i m a t u l a s h o w e d n o r e g u l a - . 

t i o n o f t h e t o t a l o s m o t i c p r e s s u r e o f t h e b l o o d . I n t h i s 

s t u d y A . s c u t u m s h o w e d n o r e g u l a t i o n o f t h e i o n s N a " * " , C l , o r 

M g o v e r a r a n g e o f 50 t o 125% s e a w a t e r . T h i s l a c k o f 

i o n i c r e g u l a t i o n i n e x p e r i m e n t a l s a l i n i t i e s w a s f o u n d f o r 

a n i m a l s f r o m b o t h a n e n v i r o n m e n t o f c o n s t a n t 100% s e a w a t e r 

a n d a n e s t u a r i n e e n v i r o n m e n t . 



Blood K. values however,, were greater than sea water K 

values over a range of s a l i n i t i e s from 50 to 125% sea water. 

The greatest concentration gradient between blood and experi­

mental s a l i n i t y was found for limpets in 50% sea water. This 

increase in gradient of blood K*" from 100 to 50% sea water 

agrees with r e s u l t s for blood K~*~ of Mytilus ed u l i s . Potts 

(1954) found the K + blood-sea water gradient to be 1.18 in 

100% sea water (A. scutum was 1.17 in 100% sea water). In 

50% sea water the K + blood-sea water r a t i o for Mytilus, calcu 

lated from Potts (1954), was 1.42 compared with 1.87 and 1.6l 

for A. scutum in 50% sea water. 

Ion Concentrations of Urine 

+ - ++ 
Na , C_l , Ca , and Mg . Since the blood concentration 

of Na , Cl , Ca , and Mg'' did not d i f f e r from sea water 

over a range of s a l i n i t i e s from 50 to 125% sea water, i t 

would be expected that the concentration of these ions in 

urine would be the same as the blood concentration. The 

r e s u l t s of urine analysis bear t h i s out; in experimental s a l ­

i n i t i e s of 50, 75, and 125% sea water, the equilibrated urine 
_l_ _ | | | | 

and blood concentrations of Na , Cl , Ca , and Mg were the 

same. 
+ + 

K : The concentration gradient of K observed between 

blood and sea water was abolished between urine and sea water 

That i s , the concentration of urine K~*~ was the same as the se 



water K c o n c e n t r a t i o n . I t appears tha t there i s a reabsorp-

t i o n o f K*" ions by the k idney . 

The o n l y other marine mol luscs on which u r i n e a n a l y s i s 

data are a v a i l a b l e are the Cephalopods. Data fo r the squ id , 

Sepia o f f i c i n a l i s , and the octopus, Eledone c i r r o s a , are 

summarized by Robertson (1964, p 290). Cephalopods showed a 

much grea te r degree o f i o n i c r e g u l a t i o n o f body f l u i d s com­

pared w i t h marine Gastropods the re fo re comparison of r e n a l 

f u n c t i o n i n i o n i c r e g u l a t i o n must be made c a u t i o u s l y . How­

ever , l i k e both Sepia and Eledone, the k idney of Acmaea 
+ 

appeared to reabsorb K . 

U r i n e - b l o o d g rad i en t du r ing e q u i l i b r i u m : A . scutum p l a c e d 

from 100% to 50% sea water showed a u r i n e - b l o o d c o n c e n t r a t i o n 

g rad i en t fo r N a + and C l up to 24 hr immersion. For both 

ions the u r i n e c o n c e n t r a t i o n was g rea te r than the b lood con­

c e n t r a t i o n . These data may be i n t e r p r e t e d i n a t l e a s t two 

ways. When the l impe t s were p l a c e d i n lowered s a l i n i t i e s , 

the k idney may have secre ted N a + and C l to promote the 

e q u i l i b r a t i o n of the b lood w i t h the e x t e r n a l s a l i n i t y . Or, 

the c o n c e n t r a t i o n d i f f e r e n c e may have been due to a t ime l a g 

i n the format ion o f the u r i n e , t ha t i s , the u r i n e a t sampling 

may have been formed at a p rev ious time when the b lood con­

c e n t r a t i o n was g r e a t e r . The suppor t ing data fo r these s t a t e ­

ments, however, are not c o n c l u s i v e . Th i s u r i n e - b l o o d g rad i en t 
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can o n l y be o f f e r ed as an o b s e r v a t i o n r e q u i r i n g more c o n c l u s ­

ive da t a . 

Muscle Ions 

I t has been e s t a b l i s h e d tha t there was no r e g u l a t i o n of 
_l_ _ | | | [ _l_ 

Na , C l , Ca , and Mg and o n l y a s l i g h t r e g u l a t i o n of K 

i n the b lood of A . scutum. Any i o n i c g rad ien t s then, between 

c e l l s of the bounding membranes and the e x t e r n a l sea water 

were b a s i c a l l y the same as i o n i c g r ad i en t s between b lood and 

c e l l s o f the foot muscle . 

Muscle t i s s u e i on v a l u e s : The sum of the concen t r a t ions + — + | | 
of Na , C l , K , Ca , and M g ' ' of whole muscle t i s s u e was 

lower than the sum of the same ions o f the b lood at a l l s a l i n ­

i t i e s t e s t ed (50, 75, 100, and 125% sea w a t e r ) . S p e c i f i c a l l y + — | | 
Na , C l , Ca , and M g ' ' t i s s u e va lues were much lower than 

r e s p e c t i v e b lood va lue s , w h i l e , t o t a l muscle K*" was much 

h igher than b lood K + . The inc reased muscle K + was o f f s e t by 
_l_ _ | | 

the much reduced Na , C l , and Mg concen t r a t ions which 

r e s u l t e d i n the muscle t i s s u e hav ing a lower sum o f i on 

concen t r a t i ons compared w i t h b l o o d . 

Th i s lower c o n c e n t r a t i o n o f t o t a l muscle ions compared 

w i t h b lood i s a c h a r a c t e r i s t i c o f a l l t i s s u e s , and has been 

desc r ibed fo r o ther mol luscs by Krogh (1939), Fox (1941), 

Hayes and P e l l u e t (1947), P o t t s (1958), and Robertson (1965). 

The c o n c l u s i o n drawn from the r e l a t i v e d i f f e r e n c e s i n concentra-



t i o n b e t w e e n t i s s u e a n d b l o o d i o n s i s t h a t , r e l a t i v e t o b l o o d 

c o n c e n t r a t i o n , t h e i n t r a c e l l u l a r c o n c e n t r a t i o n o f N a " * " , C l , 

I | | | _l_ 

C a , a n d M g i s l o w w h i l e K i s v e r y h i g h . H o w e v e r , q u a n t i ­

f i c a t i o n o f i n t r a c e l l u l a r i o n c o n c e n t r a t i o n r e q u i r e s a n e s ­

t i m a t e o f t h e e x t r a c e l l u l a r s p a c e a n d c o n s e q u e n t l y a m e a s u r e 

o f t h e i o n i c v a l u e s o f t h i s e x t r a c e l l u l a r f l u i d . 

E x t r a c e l l u l a r s p a c e o f f o o t m u s c l e s T h e e x t r a c e l l u l a r 

v o l u m e o f A . s c u t u m f o o t m u s c l e w a s e s t i m a t e d b y m e a s u r i n g 

t h e i n u l i n s p a c e o f t h e m u s c l e t i s s u e . T h e p e r c e n t a g e m u s c l e 

t i s s u e e s t i m a t e d t o b e e x t r a c e l l u l a r s p a c e r a n g e d f r o m 17% i n 

50% s e a w a t e r t o 31% i n 125% s e a w a t e r . T h e l a r g e d i f f e r e n c e 

b e t w e e n 50 a n d 125% s e a w a t e r i n d i c a t e d a s i g n i f i c a n t c h a n g e 

i n c e l l u l a r v o l u m e . b e t w e e n t h e t w o s a l i n i t i e s . P o t t s (1958) 

f o u n d t h e e x t r a c e l l u l a r s p a c e o f v a r i o u s m u s c l e o f M y t i l u s 

i n 100% s e a w a t e r t o v a r y f r o m 19.3% f o r t h e f a s t a d d u c t o r 

t o 29.5% f o r t h e b y s s u s r e t r a c t o r . C o m p a r i n g t h e b y s s u s 

r e t r a c t o r t o A . s c u t u m f o o t m u s c l e , b o t h c o n s i d e r e d " s l o w " 

m u s c l e s , t h e v a l u e s o f e x t r a c e l l u l a r s p a c e f o r 100% s e a w a t e r 

w e r e s i m i l a r , 29.5 a n d 25.9% r e s p e c t i v e l y . A t 50% s e a w a t e r 

h o w e v e r , t h e d i f f e r e n c e s b e t w e e n b y s s u s r e t r a c t o r a n d A . 

s c u t u m f o o t m u s c l e w e r e g r e a t , 25.3% c o m p a r e d w i t h 16.7%. 

T h i s i n d i c a t e s t h a t f o o t m u s c l e c e l l s o f A c m a e a s c u t u m s h o w e d 

a g r e a t e r v o l u m e c h a n g e i n 50% s e a w a t e r t h a n d i d b y s s u s 

r e t r a c t o r c e l l s o f M y t i l u s . 
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T h e e x t r a c e l l u l a r v o l u m e o f m u s c l e t i s s u e m a y a l s o b e 

e s t i m a t e d u s i n g a n e q u a t i o n a s s u m i n g t h a t a l l c h l o r i d e i s 

e x t r a c e l l u l a r ( M a n e r y , 1954). U s i n g t h i s e q u a t i o n i t w a s 

f o u n d t h a t a t 100 a n d 125% s e a w a t e r t h e c h l o r i d e s p a c e w a s 

s i m i l a r t o t h e i n u l i n s p a c e . I n 50 a n d 75% s e a w a t e r h o w e v e r , 

e s t i m a t e s o f c h l o r i d e s p a c e w e r e m u c h h i g h e r t h a n e s t i m a t e s 

d e r i v e d f r o m i n u l i n s p a c e . 

T h e d i s c r e p a n c y i n t h e t w o e s t i m a t e s m i g h t b e d u e t o t h e 

f o l l o w i n g : i n t h e c a s e o f t h e M a n e r y e q u a t i o n t h e a s s u m p t i o n 

t h a t a l l m u s c l e c h l o r i d e i s e x t r a c e l l u l a r i s p r o b a b l y i n ­

c o r r e c t . C o n w a y (1957) a n d C o t l o v e a n d H o g b e n (1962) h a v e 

p r o v i d e d e v i d e n c e t h a t C l i s d i s t r i b u t e d i n t r a c e l l u l a r l y i n 

v e r t e b r a t e m u s c l e s . A s w e l l , D e f f n e r a n d H a f t e r (i960) 

f o u n d a C l c o n c e n t r a t i o n i n s q u i d ( L o l i g o p e a l e i i ) n e r v e 

a x o p l a s m o f 168,6 m E q / K g w a t e r . A l t h o u g h e x t r a p o l a t i o n f r o m 

t h e a b o v e f i n d i n g s t o A c m a e a f o o t m u s c l e m u s t b e a c c e p t e d 

w i t h c a u t i o n , t h e i n u l i n s p a c e w a s f e l t t o b e t h e b e t t e r 

e s t i m a t e o f e x t r a c e l l u l a r s p a c e . 

I n t r a c e l l u l a r i o n e s t i m a t e s a t 100% s e a w a t e r s A t 100% 

s e a ^ a t e r t h e m u s c l e c e l l s o f A . s c u t u m c o n t a i n e d a K~*~ c o n c e n ­

t r a t i o n (162 m E q / K g c e l l w a t e r ) t h a t w a s m u c h g r e a t e r t h a n 

_e | | | | 
a n y o t h e r i o n m e a s u r e d . N a w a s 46, C a 40 a n d M g 23 

m E q / K g c e l l w a t e r . A l l o f t h e s e v a l u e s w e r e s i g n i f i c a n t l y 

d i f f e r e n t f r o m z e r o . T h e i n t r a c e l l u l a r C l c o n c e n t r a t i o n 



w a s n o t s i g n i f i c a n t l y d i f f e r e n t f r o m z e r o . C o m p a r e d t o t h e 

b l o o d c o n c e n t r a t i o n o f a l l i o n s m e a s u r e d , c e l l u l a r K~*~ w a s 

+ — | | 
m u c h g r e a t e r , C a ' a b o u t t h e s a m e , a n d N a , C l , a n d M g 

m u c h l o w e r . 

P o t t s (1958), i n m e a s u r i n g t h e c e l l u l a r c o n c e n t r a t i o n o f 

i o n s i n M y t i l u s , f o u n d d i f f e r e n c e s w i t h t h e k i n d o f m u s c l e 

u s e d . F o r c o m p a r i s o n w i t h A . s c u t u m f o o t m u s c l e , d a t a f r o m 

t h e b y s s u s r e t r a c t o r m u s c l e o f M y t i l u s w a s u s e d . A s w e l l , 

c o m p a r i s o n w a s m a d e w i t h t h e m a n t l e m u s c l e o f S e p i a a s 

d e s c r i b e d b y R o b e r t s o n (1956). T h e i n t r a c e l l u l a r i o n d a t a 

f o r t h e t h r e e a n i m a l s w e r e s i m i l a r . K*" h a d t h e h i g h e s t 

i n t r a c e l l u l a r c o n c e n t r a t i o n ( M y t i l u s , 153; A c m a e a , 162; a n d 

S e p i a , 189 m E q / K g c e l l w a t e r ) . N a + a n d C l c o n c e n t r a t i o n s 

w e r e m u c h l o w e r t h a n c e l l u l a r K~*" v a l u e s o r c o r r e s p o n d i n g Na~*~ 

b l o o d v a l u e s . T h e c e l l u l a r c o n c e n t r a t i o n o f M g w a s s i m i l a r 

i n A c m a e a a n d S e p i a a n d a g r e e d w i t h t h e M g c o n c e n t r a t i o n 

o f t h e f a s t a d d u c t o r c e l l s o f M y t i l u s . H o w e v e r , t h e r e w e r e 

s o m e d i f f e r e n c e s : t h e c e l l u l a r Na"*" c o n t e n t o f M y t i l u s b y s s u s 

r e t r a c t o r w a s h i g h e r t h a n t h e c e l l u l a r Na"*" o f A c m a e a a n d 

S e p d a (95 c o m p a r e d w i t h 46 a n d 31 m E q / K g c e l l w a t e r ) . L i k e ­

w i s e , t h e m u s c l e c e l l s o f M y t i l u s a n d S e p i a c o n t a i n e d s i g n i f ­

i c a n t c o n c e n t r a t i o n s o f C l w h e r e a s A c m a e a c e l l s d i d n o t . 

T h e c e l l u l a r C a c o n t e n t o f A c m a e a w a s h i g h e r t h a n S e p i a 

m a n t l e m u s c l e a n d t h e f a s t a d d u c t o r o f M y t i l u s . T h e s e d i f f -
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e r e n c e s w e r e n o t l a r g e a n d d i d n o t a l t e r t h e f a c t t h a t t h e 

f o o t m u s c l e c e l l s o f A. s c u t u m h a d i o n i c c o n c e n t r a t i o n s 

s i m i l a r t o t h o s e f o u n d i n c e l l s o f m o s t o t h e r a n i m a l s . T h a t 

+ — + | | 
i s ; t h e i n t r a c e l l u l a r c o n c e n t r a t i o n s o f Na , C l , K , C a , 

a n d Mg w e r e m u c h d i f f e r e n t t h a n t h e f l u i d s u r r o u n d i n g 

t h e c e l l s ; t h e i n t r a c e l l u l a r K~*~ c o n c e n t r a t i o n w a s g r e a t e r 

t h a n a n y o t h e r i o n ; a n d N a + a n d . C l h a d l o w i n t r a c e l l u l a r 

c o n c e n t r a t i o n s . 

E f f e c t o f s a l i n i t y c h a n g e o n c e l l i o n c o n c e n t r a t i o n s : 

T h e o n l y i o r s t o s h o w a c o n s i s t e n t i n t r a c e l l u l a r c o n c e n t r a ­

t i o n c h a n g e o v e r a r a n g e o f e x p e r i m e n t a l s a l i n i t i e s f r o m 50 

t o 125% s e a w a t e r w e r e K a n d C a . F r o m 100 t o 50% s e a 

w a t e r t h e i n t r a c e l l u l a r c o n c e n t r a t i o n o f b o t h i o n s d e c r e a s e d 

b y a f a c t o r g r e a t e r t h a n o n e h a l f . A s w e l l , a n i n c r e a s e i n 

e x t e r n a l s a l i n i t y f r o m 100 t o 125% s e a w a t e r r e s u l t e d i n a 

s m a l l e r p r o p o r t i o n a t e i n c r e a s e f o r b o t h i o n s t h a n t h e 

d e c r e a s e i n c o n c e n t r a t i o n n o t e d f r o m 100 t o 75% s e a w a t e r . 

+ — | | 
T h e c e l l u l a r c o n c e n t r a t i o n o f Na , C l , a n d Mg d i d n o t 

s h o w a n y c o n s i s t e n t c h a n g e a t 50, 75, 100, a n d 125% s e a 

w a t e r . F o r a l l s a l i n i t i e s , c e l l u l a r N a + a n d C l w e r e l e s s 

t h a n 47 m E q / K g c e l l w a t e r a n d , i n some c a s e s , t h e v a l u e s 
I | 

w e r e n o t s i g n i f i c a n t f r o m z e r o . C e l l u l a r Mg s h o w e d a 

c o n c e n t r a t i o n o f 18 t o 23 m E q / K g c e l l w a t e r o v e r t h e 

r a n g e o f e x p e r i m e n t a l s a l i n i t i e s . P o t t s (1958) g i v e s 
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data for the e f f e c t o f 50% sea water on c e l l u l a r concen t ra ­

t i o n s of v a r i o u s muscle t i s s u e s . o f M y t i l u s . He found tha t 

c e l l u l a r K*" of the f a s t and slow adductors and the byssus 

r e t r a c t o r muscle showed a decrease i n c o n c e n t r a t i o n of l e s s 

than one h a l f from 100 to 50% sea wate r . For example, the 

byssus r e t r a c t o r muscle c e l l s had a K~** c o n c e n t r a t i o n of 153 

mEq/Kg c e l l water i n 100% sea water and 112 mEq/Kg c e l l water 

i n 50% sea water . On the other hand, the c e l l u l a r concen t ra ­

t i o n s of Na"*" and C l o f M y t i l u s muscle c e l l s showed a decrease 

from 100 t o 50% sea water tha t was grea te r than one h a l f . 

Al though d i f f e r e n c e s e x i s t e d i n the response o f i n t r a c e l l u l a r 

ions to changes i n e x t e r n a l s a l i n i t y fo r Acmaea and M y t i l u s 

muscle i t i s ev iden t tha t inc reased and decreased exper imenta l 

s a l i n i t i e s r e s u l t e d i n changes i n c e l l u l a r concen t r a t i ons of 

i o n s . 

+ 
I f c e l l u l a r K were i n i o n i c e q u i l i b r i u m w i t h n o n d i f f u s -

+ 
l b l e o rgan ic i o n s , and Na were extruded by a c t i v e p rocesses , 

then i t might be expected tha t i n t r a c e l l u l a r K*" and e x t r a ­

c e l l u l a r C l would be i n Donnan e q u i l i b r i u m . That i s , 
(K~*") ( C I ~ ) + 

i = o = r . The K and C l r a t i o s for each s a l i n i t y 
O 1 

are g iven i n Table 15. The va r i ance o f each r a t i o was c a l c u ­

l a t e d as shown i n Yates (i960, p 198), and the p=0.0l c o n f i ­

dence i n t e r v a l s , expressed as ±3 s tandard d e v i a t i o n u n i t s , 
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TABLE 15 

R a t i o s of c o n c e n t r a t i o n of K~*~ and C l i n s i d e and ou t s ide f i b e r s 
of A . scutum foot muscle . 

K. C l 

s a l i n i t y K C l .. x 

50 

75 

100 

125 

6.2 ± 1 . 4 

9.9 ± 2 . 1 

13.7 ± 2 . 6 

1 1 . 7 - ± 1 . 7 

9.1 ± 1 0 . 8 

7.9 ± 1 9 . 8 

17.2 ±26 .7 

20.0 ± 3 8 . 7 
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are also given. The values for the K*" and C l r a t i o s at each 

s a l i n i t y were quite d i f f e r e n t i n d i c a t i n g that the d i s t r i b u t i o n 

of these two ions did not f i t a Donnan equilibrium. However, 

the large v a r i a t i o n in the Cl r a t i o s expressed by the c o n f i ­

dence inter v a l s did not permit any conclusions. For other 

molluscs, (Sepia and Eledone, Robertson, 1956; and Mytilus, 

Potts, 1958),the K + and C l values of muscle tissue were not 

in Donnan equilibrium. 

Water Balance 

Permeability to water and s a l t s : Changes in external 

s a l i n i t y resulted in s i g n i f i c a n t changes in water content of 

whole animal, muscle tissue, and muscle c e l l water. Decreases 

in experimental s a l i n i t y resulted in increases in tissue water 

content. The question then a r i s e s : are changes in water 

content due to passage of water alone across membranes or, 

instead, by passage of water and ions? Data from many invert­

ebrate animals indicate that both ions and water are exchanged 

when animals are exposed to changes in s a l i n i t y (Prosser and 

Brown, 1961; Potts and Parry, 1964). Many workers have 

proposed formulae in order to estimate the contribution that 

ions play i n e q u i l i b r a t i o n of water content to new s a l i n i t i e s 

(Hukuda, 1932; Adolph, 1937; Gross, 1954; and Karandeeva, 

1965). However, these formulae are but i n d i r e c t estimations 

of the role ions play in permeability studies and do not 
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impart information that i s as useful as that obtained by 

measuring ion fluxes with radioisotopes (as in the work done 

with Na + on Mytilus edulis, Potts, 1959). No data on ion 

fluxes are available for A. scutum; however, i t i s evident 

that t h i s animal i s similar to other animals studied in that 

membranes are permeable to s a l t ions as well as water. Es­

timates of i n t r a c e l l u l a r water showed that from 100 to 50% 

sea water there was an increase in c e l l water from 65.5 to 

79.3%. If the c e l l was semipermeable and allowed only water 

to pass through the membrane the e f f e c t of decreasing the 

s a l i n i t y by one ha l f would r e s u l t in the c e l l water space 

doubling and in a c e l l water volume of greater than 100%. 

Volume regulation s Even though i t i s evident that muscle 

c e l l membranes of A. scutum were permeable to sa l t s as well 

as water, l i t t l e volume regulation of c e l l u l a r or whole 

animal water existed. As mentioned, the i n t r a c e l l u l a r water 

content showed a large change in hydration with change in 

s a l i n i t y ranging from 51.1% in 125, 65.57» in 100, and 79.3%. 

in 50% sea water. The difference in per cent c e l l water 

between 100 and 50% sea water for A. scutum was much greater 

than that found in Mytilus edulis - 70.5% c e l l water in 100 

and 74.7% c e l l water in 50% sea water (calculated from Potts, 

1958). 

Whole animal water content also showed l i t t l e regulation 
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i n e x p e r i m e n t a l s a l i n i t i e s a t t i m e p e r i o d s o f i m m e r s i o n o f 

l e s s t h a n 24 h r . B e t w e e n 1.5 t o 3 h r i m m e r s i o n , w a t e r c o n t e n t 

i n c r e a s e d i n 50 a n d 75% s e a w a t e r a n d d e c r e a s e d i n 125% s e a 

w a t e r . T h e v a l u e s o f w a t e r c o n t e n t i n t h e s e s a l i n i t i e s 

r e m a i n e d r e l a t i v e l y c o n s t a n t b e t w e e n 3 a n d 24 h r i m m e r s i o n . 

S i m i l a r r e s u l t s h a v e b e e n f o u n d f o r t h e G a s t r o p o d s O n c h i d i u m 

( D a k i n a n d E d m o n d s , 1931) a n d A p l y s i a ( v a n W e e l , 1957). 

F i e l d d a t a f o r A . s c u t u m a l s o i n d i c a t e v e r y l i t t l e , i f 

a n y , v o l u m e c o n t r o l . A n i m a l s , c o l l e c t e d p e r i o d i c a l l y f r o m a 

b r a c k i s h w a t e r e n v i r o n m e n t w i t h s a l i n i t y r a n g i n g f r o m 89 t o 

19% s e a w a t e r ( F i g 8 ) , s h o w e d a l i n e a r r e l a t i o n s h i p b e t w e e n 

t o t a l b o d y w a t e r a n d e n v i r o n m e n t a l s a l i n i t y . T h u s , o v e r a 

w i d e r a n g e o f s a l i n i t i e s , w a t e r c o n t e n t l i n e a r l y i n c r e a s e d 

w i t h d e c r e a s e i n s a l i n i t y i n d i c a t i n g n o v o l u m e c o n t r o l . 

D a t a o n t o t a l w a t e r c o n t e n t f o r i m m e r s i o n o f A . s c u t u m 

i n e x p e r i m e n t a l s a l i n i t i e s f o r p e r i o d s g r e a t e r t h a n 24 h r 

w e r e n o t e n t i r e l y c o n s i s t a n t w i t h t h e i d e a o f l a c k o f v o l u m e 

c o n t r o l . F o r a n i m a l s f r o m a m a r i n e e n v i r o n m e n t (100% s a l i n i t y ) 

t h e r e w a s n o i n d i c a t i o n o f r e t u r n t o b a s e l i n e w a t e r c o n t e n t 

a t o n e w e e k i m m e r s i o n ( F i g 6). H o w e v e r , f o r a n i m a l s c o l l e c t e d 

f r o m t h e e s t u a r i n e e n v i r o n m e n t , t h e w a t e r c o n t e n t f o r 50 a n d 

125% s e a w a t e r s h o w e d a t e n d e n c y t o r e t u r n t o b a s e l i n e v a l u e s 

b y 48 h r ( F i g 6). O v e r a p e r i o d f r o m 2 t o 100 d a y s , w a t e r 

c o n t e n t o f e s t u a r i n e a n i m a l s a t 50 a n d 125% s e a w a t e r w a s n o t 
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s i g n i f i c a n t l y d i f f e r e n t . I t i s p o s s i b l e t h a t , i n p r o l o n g e d 

e x p o s u r e t o s a l i n i t y s t r e s s , a n i m a l s f r o m t h e e s t u a r i n e h a b ­

i t a t a r e a b l e t o r e g u l a t e v o l u m e t o s o m e d e g r e e . 

I n c o n s i d e r i n g t h e r e s p o n s e o f t o t a l w a t e r c o n t e n t t o 

s a l i n i t y s t r e s s , a f u r t h e r d i f f e r e n c e b e t w e e n e s t u a r i n e a n d 

m a r i n e a n i m a l s i s f o u n d b y c o m p a r i n g t h e m a g n i t u d e o f v o l u m e 

c h a n g e f o r 50 a n d 125% s e a w a t e r f o r t i m e p e r i o d s u p t o 48 h r 

i m m e r s i o n ( F i g 6). T h e d i f f e r e n c e b e t w e e n 50 a n d 125% s e a 

w a t e r f o r e s t u a r i n e a n i m a l s w a s a p p r o x i m a t e l y 5% w h e r e a s f o r 

m a r i n e a n i m a l s t h e d i f f e r e n c e w a s a r o u n d 8%. A g a i n i t i s 

p o s s i b l e t h a t e s t u a r i n e a n i m a l s w e r e b e t t e r a d a p t e d i n r e s p o n d ­

i n g t o c h a n g e s i n e n v i r o n m e n t a l s a l i n i t y . 

S e a s o n a l V a r i a t i o n 

D a t a o n t o t a l m u s c l e N a , C l , K , C a , a n d M g a s w e l l 

a s w h o l e a n i m a l a n d m u s c l e w a t e r c o n t e n t , c o l l e c t e d o v e r a 

y e a r ' s p e r i o d f r o m a n e n v i r o n m e n t o f c o n s t a n t 100% s e a w a t e r , 

s h o w e d t h a t t h e c o n c e n t r a t i o n o f t h e s e i o n s v a r i e d s i g n i f ­

i c a n t l y w i t h t i m e . R e s u l t s a l s o s h o w e d t h a t t h e v a r i a t i o n i n 

w h o l e w a t e r c o n t e n t w a s n o t d u e t o r e l a t i v e c h a n g e s i n t h e 

a m o u n t o f d i f f e r e n t t i s s u e s w i t h s e a s o n , o r s i m p l y t o c h a n g e s 

i n w a t e r c o n t e n t o f m u s c l e . S e a s o n a l m e a s u r e m e n t s o f e x t r a ­

c e l l u l a r s p a c e w e r e n o t m a d e , s o i t c a n n o t b e s h o w n c o n c l u s ­

i v e l y w h e t h e r t h e v a r i a t i o n w a s d u e t o c h a n g e s i n i n t r a c e l l u l a r 

i o n a n d w a t e r c o n c e n t r a t i o n s o r c h a n g e s i n t h e e x t r a c e l l u l a r 

s p a c e „ 
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I n d i r e c t e v i d e n c e i s a v a i l a b l e o n t h e n a t u r e o f t h e 

s e a s o n a l v a r i a t i o n . M e a s u r e m e n t s o f t o t a l m u s c l e K~*~ i s a 

r e a s o n a b l e e s t i m a t e o f t h e i n t r a c e l l u l a r c o n c e n t r a t i o n o f t h i s 

i o n . T h i s i s d u e t o t h e s m a l l c o n t r i b u t i o n m a d e t o t h e t o t a l 

m u s c l e K~*~ b y t h e b l o o d c o m p o n e n t . T h e c u r v e o f m u s c l e K~*~ 

( F i g 9) f o r s e a s o n a l m e a s u r e m e n t s s h o w e d a m u c h s m a l l e r v a r i a ­

t i o n t h a n N a + , C l , o r H ^ O . T h i s i n d i c a t e d a f a i r l y s t a b l e 

i n t r a c e l l u l a r c o n c e n t r a t i o n o f a t l e a s t K~*". T h e p r o b a b l e 

s o u r c e o f v a r i a t i o n w a s t h e n t h e c h a n g e w i t h s e a s o n o f t h e 

e x t r a c e l l u l a r s p a c e . A l t h o u g h i t h a s n o t b e e n d o c u m e n t e d i n 

A c m a e a , i t i s p r o b a b l e t h a t t h e f o o t m u s c l e a c t s a s a s i t e 

o f s t o r a g e o f m e t a b o l i c p r o d u c t s . G i e s e a n d A r a k i (1962) a n d 

T u c k e r a n d G i e s e ( 1962) h a v e s h o w n t h a t t h e f o o t t i s s u e o f 

t h e m o l l u s c s K a t h e r i n a , M o p a l i a , a n d . C r y p t o c h i t o n h a d c o n s i d ­

e r a b l e q u a n t i t i e s o f l i p i d , p r o t e i n , a n d g l y c o g e n . I n t h e s e 

a n i m a l s t h e r e i s s o m e v a r i a t i o n s e a s o n a l l y i n t h e c o n c e n t r a ­

t i o n o f t h e s e p r o d u c t s a l t h o u g h c o r r e l a t i o n o f v a r i a t i o n i n 

c o n c e n t r a t i o n w i t h b r e e d i n g c o n d i t i o n w a s n o t d e f i n i t i v e . I t 

i s p o s s i b l e t h a t i n A . s c u t u m t h e s e a s o n a l v a r i a t i o n o f t o t a l 

m u s c l e i o n s a n d w a t e r i s d u e t o c h a n g i n g l e v e l s o f s t o r e d 

m e t a b o l i c p r o d u c t s r e s u l t i n g i n c h a n g e s o f e x t r a c e l l u l a r 

s p a c e . 

W a t e r U p t a k e R e s p o n s e 

I m p l i c a t i o n t o h y d r o s t a t i c s k e l e t o n a n d f o o t e x p a n s i o n s A 



86 

hydrostatic skeleton has been defined by Chapman (1958) as 

"...a f l u i d mechanism which in one way or another provides a 

means by which c o n t r a c t i l e elements can be antagonized. " 

Hydrostatic skeletons in Eulamellibranch and Gastropod mollusc 

are of p a r t i c u l a r importance. As well as maintaining body 

form the hydrostatic skeleton in burrowing Eulamellibranchs 

functions in the expansion of the foot and siphons, and in 

many Gastropods i s used for expansion and r e t r a c t i o n of the 

foot from the s h e l l . In both these groups of molluscs, the 

development of concepts of the function of the hydrostatic 

skeleton has raised a controversy over the question of whether 

these molluscs were able to take up sea water into the blood 

space in order to f a c i l i t a t e the expansion of the foot. A 

b r i e f h i s t o r y of t h i s controversy i s supplied by Morris (1950) 

At the present time i t i s accepted that Eulamellibranchs 

have s u f f i c i e n t f l u i d in the c i r c u l a t o r y system to account 

for movement of the foot and siphons (Truemen, 1954; and 

Chapman and Newell, 1956). U n t i l the present, i t was also 

believed that a l l Gastropods, with the exception of the 

Naticidae, contained s u f f i c i e n t f l u i d in the c i r c u l a t o r y 

system to f u l l y extend the foot (Morris, 1950; Chapman, 1958; 

Brown and Turner, 1962; and Brown, 1964). Within the Naticida 

Morris (1950), working on the moon s n a i l Uber (Polinices) 

strangei, presented data which indicated that the expansion 
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o f t h e f o o t w a s d u e i n p a r t t o u p t a k e o f s e a w a t e r i n t o 

a q u i f e r o u s c a v i t i e s i n t h e f o o t . T h e m e c h a n i s m o f w a t e r u p ­

t a k e i n t o t h e a q u i f e r o u s d u c t s w a s n o t k n o w n . A s w e l l , 

a l t h o u g h i t w a s b e l i e v e d t h e a q u i f e r o u s d u c t s w e r e s e p a r a t e 

f r o m t h e c i r c u l a t o r y s y s t e m , t h e e v i d e n c e w a s n o t d e f i n i t i v e . 

T h e r e m u s t n o w b e a d d e d t o t h e l i t e r a t u r e a d e f i n i t i v e 

c a s e o f a G a s t r o p o d t h a t c a n t a k e u p s e a w a t e r i n t o t h e c i r c ­

u l a t o r y s y s t e m f r o m t h e e x t e r n a l e n v i r o n m e n t . E v i d e n c e 

p r o v i d e d i n t h i s s t u d y d e m o n s t r a t e s c o n c l u s i v e l y t h a t A c m a e a  

s c u t u m w a s c a p a b l e o f t a k i n g i n t o t h e c i r c u l a t o r y s y s t e m 

l a r g e q u a n t i t i e s o f s e a w a t e r . A n A . s c u t u m t h a t h a d e x c e s s 

w a t e r r e m o v e d b y g e n t l e p r e s s u r e c o u l d , b e t w e e n 1.5 a n d 6 h r , 

t a k e u p a v o l u m e o f s e a w a t e r a p p r o x i m a t e l y e q u a l t o t h e 

s t a r t i n g v o l u m e o f t h e s o f t b o d y p a r t s o f t h e a n i m a l . 

A l t h o u g h n o d a t a a r e a v a i l a b l e i t i s p r o b a b l e t h a t t h e 

l a r g e c h a n g e i n b o d y f l u i d i n A . s c u t u m h a s a p r o n o u n c e d 

e f f e c t o n t h e f u n c t i o n i n g o f t h e h y d r o s t a t i c s k e l e t o n . T h e 

i m p o r t a n c e o f t h e c o r r e c t v o l u m e o f f l u i d f o r t h e p r o p e r 

f u n c t i o n i n g o f t h e h y d r o s t a t i c s k e l e t o n h a s b e e n s h o w n f o r t h e 

P o l y c h a e t e A r e n i c o l a ( C h a p m a n a n d N e w e l l , 1947) a n d f o r t h e 

a n e m o n e M e t r i d i u m ( B a t h a m a n d P a n t i n , 1950). 

H y p o t h e s i s o f m e c h a n i s m o f w a t e r u p t a k e r e s p o n s e t A 

p o s s i b l e e x p l a n a t i o n o f t h e m e c h a n i s m o f w a t e r u p t a k e i n 

A c m a e a s c u t u m c a n b e p r o p o s e d . L i m p e t s l i g a t e d i n t h e n e c k 
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r e g i o n f a i l e d t o s h o w t h e w a t e r u p t a k e r e s p o n s e . H o w e v e r , 

i t m u s t b e n o t e d t h a t a n i m a l s t h a t h a d t h e l i g a t i o n r e m o v e d 

f a i l e d t o d e m o n s t r a t e t h e w a t e r u p t a k e r e s p o n s e . I t i s p r o b ­

a b l e t h a t l i g a t i o n d e s t r o y e d e i t h e r a n e r v o u s c o n t r o l o f t h e 

w a t e r u p t a k e r e s p o n s e o r m e m b r a n e s t r u c t u r e s i n v o l v e d w i t h 

t h e u p t a k e . I f t h e w a t e r u p t a k e r e s p o n s e w a s a b o l i s h e d b y 

r u p t u r e o f a m e m b r a n e s t r u c t u r e t h e n t h e f o l l o w i n g m a y o c c u r . 

H i s t o l o g i c a l e x a m i n a t i o n h a s s h o w n t h a t t h e o n l y v i s i b l e 

o p e n i n g i n t h e m o u t h a r e a w a s t h a t w h i c h l e a d s t o t h e g u t a n d 

r a d u l a s a c . S e a w a t e r m i g h t b e p u m p e d i n t o t h e i n t e s t i n e a n d 

a c r o s s t h e g u t m e m b r a n e , o r i t m i g h t b e p u m p e d i n t o t h e r a d u l a 

s a c a n d a c r o s s t h e r a d u l a s a c m e m b r a n e . I n t h i s h y p o t h e s i s , 

e n t r y t h r o u g h t h e r a d u l a s a c i s f a v o u r e d f o r t h e f o l l o w i n g 

r e a s o n s . T h e e n d o t h e l i u m o f t h e g u t w a s m u c h t h i c k e r t h a n 

t h e e p i t h e l i u m o f t h e r a d u l a s a c . M o r e o v e r , A c m a e a s c u t u m 

h a d a b l o o d v e s s e l t h a t e n c i r c l e d t h e r a d u l a s a c i n t h e n e c k 

a r e a . T h i s b l o o d v e s s e l b r o k e a w a y f r o m t h e r a d u l a s a c p o s t ­

e r i o r l y a n d r a n d i r e c t l y t o t h e h e a r t . T h i s v e s s e l i n A c m a e a  

s c u t u m w a s s i m i l a r t o t h e r a d u l a r a r t e r y t h a t o c c u r s i n t h e 

l i m p e t P a t e l l a v u l g a t a ( G r a h a m , 1 9 6 4 ) . 

B a s e d o n t h e a s s u m p t i o n s a n d d a t a a b o v e t h e f o l l o w i n g 

h y p o t h e s i s o n t h e m e c h a n i s m o f w a t e r u p t a k e i s p r o p o s e d . S e a 

w a t e r i s p u m p e d b y t h e m o u t h a n d b u c c a l m a s s i n t o t h e r a d u l a 

s a c , a c r o s s t h e r a d u l a s a c m e m b r a n e a n d i n t o t h e r a d u l a a r t -
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ery. From the radula artery the sea water i s di s t r i b u t e d to 

the rest of the c i r c u l a t o r y system. It must be stressed that 

no d i r e c t evidence i s available to prove or disprove t h i s 

hypothesis. 

Whatever the mechanism of the water uptake response may 

be, the membrane surface across which the sea water passes 

into the c i r c u l a t o r y system i s characterized by a large min­

imum pore si z e . Data on A. scutum showed that the molecules 

i n u l i n and amaranth were taken up into the c i r c u l a t o r y system 

at approximately the same rate as the water molecules and 

sa l t ions of sea water. Inulin and amaranth have an effe c -
© o 

t i v e molecular r a d i i of 12 A and 7 A respectively, sizes 

that are much larger than the water molecule or s a l t ions. 

Blood Volume 

The blood volume of molluscs has been studied by Prosser 

and Weinstein (1950) and Martin et a l . (1958). Martin et a l . 

found a great v a r i a b i l i t y between species ranging from 79.3% 

for the Opistobranch , Aplysia, to 5.8% for the octopus, 

Octopus honcongenis.,As well, there was a great deal of v a r i a ­

t i o n within species. For example, the blood volume of the 

chiton Cryptochiton s t e l l e r i ranged from 33.1 to 59.4% for 

17 animals. This large i n t r a s p e c i f i c v a r i a t i o n was f e l t by 

Martin et. al_. to be a r e f l e c t i o n of "...the i n a b i l i t y of these 

animals to regulate t h e i r blood volume with a high degree of 



90 

s t a b i l i t y . . . " . Although no d i r e c t measurement of blood v o l ­

ume has been made on Acmaea scutum i t i s evident that the 

large quantities of sea water that can be taken into the c i r c ­

ulatory system from the external environment a f f e c t greatly 

the blood space of Acmaea scutum. It i s also evident that 

t h i s i n f l u x of sea water must a f f e c t greatly the function of 

the c i r c u l a t o r y system in the transfer pf metabolic products, 

the r o l e in r e s p i r a t i o n , and the role in excretion. 

Ecological Implications of Water Uptake Response 

At low tide, A. scutum i s often found d i r e c t l y exposed 

on rock surfaces. During t h i s exposure i t would be advanta- ' 

geous for the limpet to maintain under the s h e l l a volume of 

water that i s as large as possible. Adaptations to t h i s end 

have been described for the genus Acmaea. Shotwell (1950) 

showed for a number of species of Acmaea, including A. scutum, 

that smaller animals had r e l a t i v e l y larger s h e l l volumes 

compared with larger animals. Smaller animals were found to 

be d i s t r i b u t e d throughout the t i d a l zone, but larger animals 

were found only in the lower t i d a l zone. Segal (1956), work­

ing with Acmaea limatula, also found that animals in the high 

tide zone had a greater water holding capacity. Segal showed 

that the greater volume of the high s h e l l represents a larger 

e x t r a v i s c e r a l space in the animal; that i s , the space of the 

nuchal cavity and the volume between the foot and the s h e l l . 
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Segal and Dehnel (1962) gave data showing tha t A . l i m a t u l a 

which had the e x t r a v i s c e r a l water removed demonstrated a more 

r a p i d c o n c e n t r a t i o n o f t o t a l osmotic pressure of the b lood 

when d e s i c c a t e d , compared w i t h animals tha t had the e x t r a -

v i s c e r a l water i n t a c t . In Acmaea i t appears tha t the e x t r a -

v i s c e r a l water ac t s as an osmotic b u f f e r , and tha t animals 

showing the g rea t e s t exposure time have the l a r g e s t e x t r a -

v i s c e r a l wa te r . 

Segal (1956) a l s o found tha t A . l i m a t u l a from h i g h l e v e l s 

had s h e l l s t ha t were t h i c k e r and heav ie r than animals w i t h 

the same sof t body weight from lower l eve l s ; . He b e l i e v e d 

tha t the heav ie r s h e l l p l ayed a r o l e i n r educ ing the des­

i c c a t i n g e f f e c t of exposure. 

Data a v a i l a b l e fo r A . scutum g ive a fu r the r aspect to 

the adap ta t ion to d e s i c c a t i n g du r ing i n t e r t i d a l exposure. 

The a b i l i t y to take sea water i n t o the c i r c u l a t o r y system i s 

an important adap ta t ion i n tha t i t r e s u l t s i n a l a r g e r b lood 

volume to ac t as an osmotic b u f f e r . 
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SUMMARY 

_|- _ _|_ | | | | 

1. The values of Na , C l , K Ca , and Mg have 

been measured in the blood, ur ine , and muscle t i s sue of A. 

scutum over a range of s a l i n i t i e s from 50 to 125% sea water. 

2. Blood ion values were determined for limpets from a 

marine and estuarine environment. Only K~*~ showed a concentra­

t i o n gradient between blood and sea water. At a l l s a l i n i t i e s , 

blood K* values were higher than K~*~ values of sea water. 

3. Urine ion values were determined for A. scutum from 

a marine environment. After e q u i l i b r a t i o n to experimental 

s a l i n i t i e s there was no di f ference between urine and sea 

water ion values . 

4. During e q u i l i b r a t i o n to 50% sea water, urine values 

of Na"*" and C l at 50% sea water for time periods of immersion 

up to 12 hr were higher than blood values of these ions. 

5. For A. scutum f i e l d samples co l l ec t ed over an 18 

month per iod from an environment of constant s a l i n i t y , muscle 

ion concentrations changed s i g n i f i c a n t l y . As w e l l , muscle 

ion values changed s i g n i f i c a n t l y with changes in experimental 

s a l i n i t y . 

6. To determine i n t r a c e l l u l a r ion values of foot muscle, 

data on t o t a l muscle ion concentrations and e x t r a c e l l u l a r 

volume as represented by the i n u l i n space was used. E x t r a ­

c e l l u l a r space of foot muscle ranged from 16.7% in 50% sea 
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water to 31.0% in 1257. sea water. 

7. The i n t r a c e l l u l a r ion values of Na + and Cl were 
I | j j 

close to zero; Ca and Mg concentrations were lower than 

blood concentrations and K~*~ values were much higher than 

blood K~*~ values. With changes in external s a l i n i t y , i n t r a ­

c e l l u l a r K~*" concentrations changed s i g n i f i c a n t l y from 58.7 

mEq/Kg c e l l water in 50% sea water to 198.2 mEq/Kg c e l l water 

in 1257> sea water. 

8. Like muscle ion values, water content of whole 

animal and muscle tissue for f i e l d samples from an environment 

with constant s a l i n i t y showed s i g n i f i c a n t concentration 

changes over an 18 month period. 

9. Whole animal water content for A. scutum from both 

a marine and estuarine environment increased s i g n i f i c a n t l y 

with decrease in experimental s a l i n i t y . For marine animals 

there was no tendency for water content of animals in experi­

mental s a l i n i t y to return to base l i n e values in time periods 

of immersion up to one week. For estuarine animals, water 

content i n experimental s a l i n i t i e s returned to base l i n e 

values by 48 hr. 

10. Total body water content of f i e l d samples from an 

estuarine environment showed a l i n e a r response with changes 

in environmental s a l i n i t y i n d i c a t i n g poor volume control of 

water content. Total body water ranged from 89.07> at 187. sea 
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water t o 77.0% a t 82% sea w a t e r . 

11. E s t i m a t e s o f i n t r a c e l l u l a r w ater c o n t e n t o f f o o t 

muscle c e l l s o f A. scutum from a marine environment showed 

t h a t changes i n e x p e r i m e n t a l s a l i n i t y r e s u l t e d i n s i g n i f i c a n t 

changes i n c e l l u l a r water c o n t e n t . C e l l u l a r w ater c o n t e n t 

o f f o o t muscle ranged from 57.7% a t 125% sea water t o 79.3% 

a t 50% sea w a t e r . 

12. As w e l l as showing changes i n t o t a l body water a t 

e x p e r i m e n t a l s a l i n i t i e s A. scutum showed l a r g e changes i n 

water c o n t e n t o f s o f t body p a r t s a t a g i v e n c o n s t a n t s a l i n i t y . 

The changes i n water c o n t e n t a t a c o n s t a n t s a l i n i t y r e s u l t e d 

from sea water e n t e r i n g the b l o o d space from t h e e x t e r n a l 

e nvironment. 

13. D u r i n g t h i s w ater uptake response A. scutum c o u l d 

a l s o t a k e t h e m o l e c u l e s i n u l i n and amaranth i n t o the b l o o d 

space from the e x t e r n a l sea water when- t h e s e m o l e c u l e s were 

d i s s o l v e d i n e x p e r i m e n t a l s a l i n i t i e s . 
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