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I. I N T R O D U C T I O N

T w o  species o f sh rim ps a re  very  com m on  in  the  N o rth  S ea : Crangon 
crangon an d  Crangon allmanni. T h e ir  d is trib u tio n , how ever, is d ifferen t. 
T h e  g re a te r  p a r t  o f  C. crangon m ig ra tes to  coasta l a n d  in la n d  w aters, 
such  as th e  W a d d e n  Sea, in  sp rin g , an d  b ack  ag a in  tow ards th e  N o rth  
Sea in  ea rly  w in te r, w h ile  C. allmanni rem ain s in  deep er w aters all th e  
y ea r ro u n d , th o u g h  it  m ay  m ove sligh tly  n e a re r  to  th e  coast in  w in te r—  
a d irec tio n  oppo site  to  th a t  o f C. crangon ( V e r w e y , 1957).

B r o e k e m a  (1942) fo u n d  a  co rre la tio n  b e tw een  m ig ra tio n  a n d  re g u ­
la tio n  o f  th e  e lec tro ly te  co n c e n tra tio n  in  th e  b lood o f  C. crangon. F ro m  
h er d a ta  V e r w e y  (1957) d e riv ed  th e  hypothesis th a t  the  species m i­
g ra tes to w ard s sa lin ities w here  i t  can  keep the  d ifference  betw een  its 
in te rn a l osm otic  pressure— d e p e n d e n t on  te m p e ra tu re — a n d  th a t  o f 
th e  su rro u n d in g  w a te r  a t  a  co n s ta n t value.

T h is  led  to  th ree  questions w h ich  form  th e  th em e  o f  th e  u n d erly in g  
resea rch : (7) in  w h ich  w ay do th e  en v iro n m en ta l factors sa lin ity  an d  
te m p e ra tu re  in fluence  th e  in te rn a l  osm otic c o n cen tra tio n  o f  C. crangon, 
(2 ) h o w  does th e  in te rn a l re g u la tio n  o f th e  re la ted , b u t  n o n -m ig ra to ry  
species v a ry  a t  various sa lin ities an d  tem p era tu res , an d  (3 ) w hich  
m echanism s p lay  a  p a r t  in  th e  osm otic regu la tion .

W a te r  a n d  so lub le  m a tte r  m ay  en te r or leave a n  a n im a l body  in 
v a rious w ays. I n  cru stacean s th e  exchange be tw een  th e  an im al an d  
its e n v iro n m e n t is lim ited  by  th e  presence o f a  re la tive ly  im p erm eab le  
exoskeleton. V ario u s re g u la tio n  processes m ay  affect o th e r exchange 
possibilities, e.g. by  the  k idneys, th e  gills o r th e  g u t. N on-electro lytes, 
such  as am ino  acids, glucose, lip ids, o f  w hich  th e  ex cre ted  a m o u n t is 
neg lig ib le , m ay  also in fluence  th e  in te rn a l co n cen tra tio n . T h e  in te rn a l 
c o n c e n tra tio n  o f  c ru stacean s m ay  thus be d ifferen tly  affected  u n d e r  
v a ry in g  c ircum stances. I n  som e cases i t  rem ains isosm otic w ith  the  
m e d iu m  a t  various salin ities, o r  it  m ain ta in s a co n s ta n t d ifference: 
“ co n fo rm ity ” . In  o th e r species th e  in te rn a l c o n cen tra tio n  m ay  rem ain
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m o re  o r less co n stan t th o u g h  sa lin ity  o f  th e  m ed iu m  varies: “re g u la ­
t io n ” ( L o c k w o o d , 1962; P o t t s  &  P a r r y , 1964).

In  th e  p resen t research  th e  in te rn a l osm otic  c o n cen tra tio n  as w ell as 
th e  c o n cen tra tio n  o f electro ly tes a n d  n on-e lec tro ly tes , a t  various te m ­
p e ra tu re s  an d  salin ities, w ere  d e te rm in ed  in  b o th  species o f shrim ps. In  
a d d itio n  th e  tra n sp o rt o f  th e  dissolved substances u n d e r  v a ry in g  cir­
cum stances was investiga ted . T h is in c lu d ed  th e  tra n sp o rt o f w a te r  an d  
e lectro ly tes v ia  th e  u rin e  a n d  th e  e x tra -re n a l tra n sp o rt o f electrolytes 
from  th e  an im al to  its en v iro n m en t, a n d  th e  tra n sp o rt o f w ater, 
e lectro ly tes an d  non-electro ly tes b e tw een  tissues an d  blood.

A cknow ledgem ents.— T o  Professor D r. A. P u n t  (L a b o ra to ry  o f A n im al 
Physiology, A m ste rd am  U niversity ) I  w a n t to express m y  sincere 
th an k s  for his s tim u la tin g  in te rest a n d  v a lu a b le  advice d u rin g  th e  
course o f th is research . I am  also very  g ra te fu l to D r. R . E. W eb er 
(N e th e rlan d s  In s titu te  for Sea R esearch , T exel) for m an y  in structive  
discussions an d  help . F u r th e r  I  am  in d e b te d  to D r. J .  V erw ey (form er 
d ire c to r  o f  o u r In s titu te ) for his advices a n d  his in te re s t in  th e  subject.

I  en joyed  th e  co o p era tio n  o f  m a n y  colleagues in  o u r lab o ra to ry  o f 
w hom  I m en tio n  especially  D rs. J .  W . de Blok, w ho  adv iced  m e on  the  
com position  o f th e  m an u sc rip t, M r. H . H ob b elin k , w ho p re p a re d  the  
d iag ram s, M r. E. P a u p tit  a n d  M r. G . W . d e  K ra a y , w ho w ere alw ays 
w illing  to help  w ith  th e  experim en ts. M r. J .  J .  A. v a n  W eereld  helped  
to  overcom e tech n ica l co m plica tions an d  M iss S. M . v an  d er B aan  
tra n s la te d  th e  m an u sc rip t in to  E nglish . T h e ir  k in d  co o p era tio n  is 
w a rm ly  acknow ledged.

I I .  M A T E R I A L

T h e  resea rch  was ca rried  o u t w ith  tw o sh rim p  species : Crangon crangon 
(L .) a n d  Crangon allmanni K in a h a n . C. crangon w as c a u g h t o ff th e  island  
o f  T ex e l all y ea r  ro u n d , in  w a te r  o f w h ich  salin ities v a ried  b e tw een  
26 %0 a n d  33 %0. In  su m m er th is species is com m on in  th e  W a d d e n  Sea 
a n d  in  coastal w aters  o f th e  S o u th e rn  B ight. I n  w in te r  th e  an im als 
m ig ra te  to d eep er w a te r  o f  a  h ig h er sa lin ity  ( H a v i n g a , 1930; B r o e k e - 
m a , 1942; L l o y d  &  Y o n g e , 1947). C. allmanni w as co llected  in  th e  sp ring  
o f  1969 an d  1970, in  th e  N o rth  S ea  betw een  T exe l an d  H eligo land . 
T h e  species is com m on  in  d eep er w a te r, b u t la te  in  w in te r it  is also 
fo u n d  in  w aters n ea re r  to  th e  coast.

C. crangon is eu ry h a lin e  as w ell as eu ry th e rm , b u t  i t  c an  s ta n d  low er 
sa lin ities b e tte r  w h en  th e  te m p e ra tu re  is h igh , a n d  h ig h er salinities 
w h en  th e  te m p e ra tu re  is low  (B r o e k e m a , 1942; see also H a e f n e r , 
1969). O n  th e  o th e r h a n d  C. allmanni is found  in  a  reg io n  w here the
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ran g e  o f  v a ria tio n  in  sa lin ity  is n a rro w  (32 to 3 4 %0 S), a n d  w here 
tem p era tu res  are  re la tive ly  low  (4 to 12 °C ).

M ale  an d  non-ovigerous fem ale  specim ens w ere used in  the  ex­
perim en ts.

A d a p ta tio n  to  various salin ities b e tw een  5%0 a n d  40 %0 a n d  to th ree  
tem p era tu res  (a b o u t 5 °C , 15 °G and  21 °C) w as ca rried  o u t in 
sm all glass a q u a ria  (30 X 22 X  23 cm ) p ro v id ed  w ith  a  b o tto m  filter 
o f  shell g rit covered  w ith  sand . C ircu la tio n  as w ell as gaseous equ ili­
b riu m  a n d  m icrob ia l c lean in g  o f  th e  a q u a r iu m  w a te r  was o b ta in ed  by 
p lac in g  a  diffuser b lock in  th e  g r it  and  covering  i t  w ith  an  inverted  
funnel. L ow ered sa lin ities w ere  o b ta in ed  b y  m ix ing  seaw ate r w ith  
tap w a te r . T h e  local ta p w a te r  d id  n o t c o n ta in  m e ta l ions in  harm fu l 
co n cen tra tions. T o  o b ta in  h ig h e r salin ities th a n  th a t  o f th e  availab le  
seaw ater, sa lt from  ev ap o ra ted  seaw ate r w as a d d ed  (D r. R itte rs  
S üdsa lz ). T h is a d d e d  “S ü d sa lz” con ta in s re la tive ly  less ca lcium , since 
d u rin g  ev ap o ra tio n  p a r t  o f  th is ca lc ium  is p re c ip ita te d  irreversib ly . 
C alc iu m  affects th e  p e rm e a b ility  o f  an im a l m em b ran es  ( P a n t i n , 1931a, 
1931b; K i t c h e n e r , 1957), how ever, it  will be  su p p lem en ted  from  the  
shell g r it  covering  th e  b o ttom .

A d a p ta tio n  o f th e  an im als to h ig h e r o r low er salin ities was perfo rm ed  
in  d a ily  steps o f 5%0 S a t th e  m ost. T w ice a  w eek th e  an im als w ere fed 
w ith  Tubifex  o r ch o p p ed  fish. I n  th e  case o f  C. crangon. m o rta lity  was 
low , except a t  th e  h ighest te m p e ra tu re  (21 °C) an d , for all tem ­
p e ra tu re s  s tu d ied , a t  th e  low est sa lin ity  (5%0 S). I n  C. allmanni m or­
ta lity  w as h igh  a t  21 °C ; a t  th is te m p e ra tu re  salinities below  ab o u t 
25 %0 w ere  le th a l (page 282).

I I I .  O S M O T I C  C O N C E N T R A T I O N  O F  T H E  B L O O D

1. I N T R O D U C T I O N

Several au th o rs  (B r o e k e m a , 1942; F l ü g e l , 1960, 1963; G r im m , 1969) 
found  th a t  C. crangon possesses o sm oregu la to ry  pow ers. A t low  salinities 
th e  b lood  was h y p erosm otic  to  th e  m ed ium , a t  h igh  salinities it  was 
hypo-osm otic. T h e  d iag ram s rep re sen tin g  the  changes in  th e  osm otic 
co n cen tra tio n  o f th e  b lood  (A¿) as a function  o f th a t  o f th e  m ed ium  
(Ag) a re , how ever, r a th e r  d iv e rg en t. In  o rd er to  check w h e th e r those 
differences w ere d u e  to  d ifferences in  th e  an im als used o r to  th e  dif­
fe re n t m easu rin g  tech n iq u es th is re la tio n  was d e te rm in ed  anew  (W e­
b e r  &  S p a a r g a r e n , 1970). I t  a p p e a re d  th a t  th e  differences could  be 
seen as physio logical a d a p ta tio n s  to  th e  te m p e ra tu re  an d  salin ity  
cond itions o f th e  areas in  w h ich  th e  an im als w ere  collected. C o m p ara-
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tiv e  research  in d ica ted  th a t  an  in fluence o f  te m p e ra tu re  on osm otic 
co n c e n tra tio n , s im ila r to th a t  found  in  C. crangon, w as also found  in  
ex p erim en ts  w ith  o th e r crustaceans, w h e re  it  cou ld  be ex p la in ed  as a 
s im ila r  a d a p ta tio n . A n  extensive d iscussion  o f the  possible ecological 
im p lica tio n s o f  th e  A*/Ae reg u la tio n  p a t te r n  a n d  th e  in fluence  of 
te m p e ra tu re  on  this is to  be found  in  th e  a b o v e  p ap er.

In  C. allmanni G r im m  (1969) found  a  h ig h  degree o f “con fo rm ity55 a t 
10 °C , th e  b lood  co n cen tra tio n  b e in g  p ra c tic a lly  isosm otic to the  
m e d iu m  a t  all salinities. S u p p lem en ta ry  observations w ere  need ed  to 
d e te rm in e  w h e th e r this n o n -estu a rin e  species does also show  an  in ­
flu en ce  o f  te m p e ra tu re  on  osm otic b lood  co n c e n tra tio n  an d  w h e th e r 
o u r  an im als  a n d  those used by  G r im m — o b ta in e d  from  th e  M a rin e  
S ta tio n , M illp o rt, Isle  o f  G u m b rae— re p re se n t physio logically  d ifferen t 
s tra in s.

W h en  m easu rin g  th e  osm otic c o n c e n tra tio n  o f  b lood  it  is necessary  
to  know  w h e th e r a d a p ta tio n  to a  g iven  sa lin ity  has been  com plete . 
I n  ex p erim en ts  w ith  C. crangon in  w h ich  th e  an im als w ere tran sfe rred  
from  34 %0 S to  24 %0 S a t  a  te m p e ra tu re  o f  10°C, G r im m  (1969: 14,15) 
fo u n d  th a t  th e  osm otic, ch lo ride  a n d  so d iu m  co n cen tra tio n s o f  b lood 
a n d  u rin e  decreased  a t a  very  slow ra te . T h is does n o t ag ree  w ith  
o th e r  observations. In  sim ilar exp erim en ts  w ith  C. crangon B r o e k e m a  
(1942) fo u n d  a  ra p id  decrease in  b lood  co n d u c tiv ity  d u rin g  th e  first 
5 h ou rs, follow ed by a  slow decrease in  b lo o d  co n d u c tiv ity  over the  
n e x t 35 h ours. In  Carcinus maenas M a r g a r í a  (1931) an d  S h a w  (1961a) 
also fo u n d  a  ra p id  decrease o f respectively  osm otic co n c e n tra tio n  an d  
so d iu m  c o n cen tra tio n  in  th e  b lood . G r o s s  (1957) fo u n d  a  ra p id  osm otic 
a d a p ta t io n  even in  sem i-terrestria l a n d  te rre s tr ia l decapods. F o r this 
rea so n  observations on  th e  ra te  o f  sa lin ity  a d a p ta tio n  in  th e  an im als to 
b e  u sed  in  th e  experim en ts w ere  ca rried  o u t before s ta r tin g  th e  d e ­
te rm in a tio n s  on  b lood  osm otic co n cen tra tio n s.

2 . m e t h o d s

As a  m easu re  for th e  osm otic co n c e n tra tio n  th e  freezing  p o in t dep res­
sion o f  th e  b lood  was d e te rm in ed  w ith  th e  a id  o f  a  K n a u e r  sem i-m icro 
osm om eter. T o  this end  b lood  w as rem oved  from  th e  p e rica rd ia l 
c av ity  by p e n e tra tin g  th e  m e m b ra n e  be tw een  c a ra p a ce  a n d  first a b ­
d o m in a l segm en t w ith  a finely d ra w n  o u t c a lib ra te d  glass cap illa ry . 
T h e  a m o u n t o f  a b o u t 20 gl thus o b ta in ed , d ilu te d  w ith  50 g l o f  d istilled  
w a te r , p e rm itte d  th e  d e te rm in a tio n  o f  th e  osm otic co n c e n tra tio n  of 
th e  b lood  o f  in d iv id u a l anim als.
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3. R E S U L T S  A N D  D I S C U S S I O N

a. C hanges in  th e  b lood  co n c e n tra tio n

W h en  m easu rin g  th e  changes in  b lo o d  co n c e n tra tio n  after transferring  
C. crangon from  30 %0 S to  15%0 S  it  a p p e a re d  th a t  the  ra te  o f a d a p ­
ta tio n  w as strongly  d ep e n d e n t on  te m p e ra tu re . T h e  “h a lf-tim e” values 
for acco m o d atio n  o f A i w ere 10.2, 2 .4  an d  1.2 h o u rs  a t  tem p era tu res  
o f 4  to 6 °C , 15 °C an d  21 °C , respectively .

A  closer ex am in a tio n  o f  G r i m m ’s (1969: 13, Fig. 2) observations 
rev ea led  th a t  th e  b lood c o n c e n tra tio n s  before th e  an im als w ere  tran s­
fe rred  to  low er salin ity  w ere  too lo w  to  rep resen t co m p le te  a d a p ta tio n  
to  a  sa lin ity  o f  3 4 %0 S. T h ere fo re  i t  seem s p lau sib le  th a t  th e  co n trad ic ­
tio n  b e tw een  G r im m ’s results a n d  those o b ta in e d  h ere  an d  elsew here 
m ay  be exp la ined  by  assum ing  th a t  G r im m ’s an im als h a d  n o t been 
a d a p te d  to 34 %0 S, b u t  to a  low er salin ity .

M easu rem en ts  concern ing  th e  r a te  o f ch an g e  in  b lood  co n cen tra tion  
u n d e r  th e  influence o f te m p e ra tu re  have n o t been  described  previously. 
Som e in d ica tions have been  found  (page  317) th a t  this ch an g e  proceeds 
a t  a  m u c h  slow er ra te  th a n  sa lin ity  a d a p ta tio n , b u t  th a t  it  is com pleted  
w ith in  5 days. M easu rem en ts o f  th e  osm otic values o f  th e  b lood  of 
an im als a d a p te d  for lo n g er p e rio d s  to  a  g iven  sa lin ity  d id  n o t differ 
sign ifican tly  from  those o f  an im a ls  a d a p te d  for 5 days.

T h e  ch an g e  in b lood  co n c e n tra tio n  after a  ch an g e  in  sa lin ity  o f  the 
m e d iu m  is an  im p o rta n t fac to r in  th e  ecology o f a  species ( G r o s s , 1957 ; 
K i n n e , 1964b, 1964c). G enera lly , m a r in e  species show  a  q u ick er a d a p ­
ta tio n  ra te  th a n  estu arin e  species. A m ong  o th e r factors perm eab ility  
p lays a  ro le  (pages 299 a n d  313). In  acco rd an ce  w ith  this general 
ten d en cy  G r im m  (1969: 11-16) fo u n d  a  ra p id  ch an g e  in  th e  blood 
co n cen tra tio n  o f C . allmanni w h en  th e  sa lin ity  o f th e  m ed iu m  decreased  : 
a  p ra c tic a lly  com plete  a d a p ta tio n  h a d  been  reach ed  w ith in  4 hours.

T h e  above d a ta  led  us to assum e th a t  in  all fu r th e r  experim ents an  
a d a p ta tio n  period  o f  a t  least 5 days w ould  be sufficien t for com plete 
a d a p ta tio n , b o th  for C. crangon a n d  for C. allmanni.

b. O sm otic  c o n c e n tra tio n  in  the  b lood o f  C. crangon

A t vario u s tem p era tu res  th e  re la tio n  betw een  osm otic  co n cen tra tio n  
in  th e  haem o ly m p h  a n d  sa lin ity  in  th e  m ed ium  shows p rac tica lly  the 
sam e re la tio n  (Fig. 1). Below a b o u t 15 %0 S an d  above a b o u t 30 %0 S 
th e re  is a  considerab le  “c o n fo rm ity ” . B etw een those  values the  blood 
c o n cen tra tio n  exhibits a  c e r ta in  a m o u n t o f  “re g u la tio n ” . T h e  salin ity  
a t  w h ich  m ax im al reg u la tio n  occu rs (w here th e  slope o f  the  curve is
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m in im al) decreases, how ever, w ith  h ig h er te m p e ra tu re s . T h e  figures 
for th e  b lood  c o n cen tra tio n  an d  the  isosm otic  p o in t do also show  an  
inverse re la tio n  w ith  th e  tem p era tu re .

T h ese  results ag ree  very  w ell w ith  d a ta  on  sh rim p s o f sim ila r o rig in  
w h ich  B r o e k e m a  (1942) o b ta in ed  from  c o n d u c tiv ity  m easu rem en ts. 
T h e re  a re  obvious differences, how ever, w ith  the  re la tio n s F l ü g e l  
(1963) a n d  G r im m  (1969) d e te rm in ed  for th is  species w ith  an im als 
co llected  from  th e  B altic  an d  from  C lack m an n an sh ire , S co tlan d , 
respective ly  ( W e b e r  &  S p a a r g a r e n , 1970).

T h e  sh ifting  o f  th e  reg u la tio n  ran g e  to lo w er sa lin ities a t  h ig h er 
te m p e ra tu re s  m ay  be co rre la ted  w ith  th e  m o re  brack ish  w a te r  o f  th e  
coast a n d  th e  W a d d e n  Sea in  su m m er (B r o e k e m a , 1942). F u rth e rm o re  
it  a p p e a re d  th a t  th e  c o m b in a tio n  o f h ig h  te m p e ra tu re s  a n d  h ig h  sa ­
lin ities o f  th e  m e d iu m  an d , on th e  o th e r h a n d , o f low  tem p era tu res  
to g e th e r  w ith  low  salinities, resu lted  in  m a x im a l m o rta lity  (cf. H a e f - 
n e r , 1969). T h is  m ay  be co rre la ted  w ith  th e  fac t th a t  u n d e r  those 
c ircu m stan ces th e  b lood  co n cen tra tio n  differs m ax im ally  from  the  
v a lu e  a t  w h ich  A¿ is best regu la ted .

A |,° C

4-G"Ç

Fig . 1. O sm o tic  c o n c e n tra tio n  o f th e  b lo o d  o f C. crangon as a  fu n c tio n  o f  osm otic  
c o n c e n tra tio n  o f th e  m ed iu m  a t  3 tem p era tu res . ® 4 - 6  °C , E  15 °G , A 21 °G ; th e  

v e rtica l lines show  th e  ra n g e  o f va lues found.

c. O sm o tic  co n c e n tra tio n  in  th e  b lood  o f C. allmanni

I n  C. allmanni th e  re la tio n  b e tw een  osm otic co n c e n tra tio n  in  th e  b lood  
a n d  sa lin ity  o f  th e  m ed iu m  shows a  very  h igh  degree  o f “con fo rm ity ” . 
A t all sa lin ities th e  b lood  c o n cen tra tio n  is p rac tica lly  isosm otic to th e
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m ed iu m . A t low salinities, h o w ev er, a  v e ry  s lig h t h y p erto n ic ity  is 
fo u n d , a t  h ig h er salinities a  s lig h t h y p o to n ic ity , w h ich  is m ost obvious 
a t  21 °C .

A t th e  tem p era tu res  a t  w hich  th e  species is n o rm ally  found  th e re  is 
no te m p e ra tu re  effect. T h e  b lo o d  co n cen tra tio n s d e te rm in ed  a t  15 °C 
do  n o t d iffer significantly  from  th e  values m easu red  a t  5 to 7 °C.

In  th is  species no d ifference in  o sm otic  response is found  in  c o m p a ri­
son w ith  th e  an im als used by  G r i m m . T h e  h ig h  degree  o f  conform ity  is in 
a cco rd an ce  w ith  w h a t is to be ex p ec ted  for a  sten o h a lin e , m arin e  species 
( L o c k w o o d , 1 9 6 3 ) .

A t 21 °C C. allmanni c a n n o t s ta n d  salinities below  25 %0. A t 5 to  7 °G 
sa lin ities as low  as a b o u t 10%o c a n  still be to le ra ted . T h e  observations 
on m o rta lity  yield th e  reverse p ic tu re  o f those o b ta in e d  w ith  C. crangon, 
w h ere  low er salinities are  b e tte r  to le ra te d  a t  h ig h e r tem p era tu res . T h is 
agrees w ith  th e  difference in  d is tr ib u tio n  : in  w in te r  C. allmanni m ay  be 
also fo u n d  n ea re r  to the  coast, w h ile  on  th e  o th e r h a n d  C. crangon 
m ig ra tes  to d eep er w ater.

Fig.2. O sm otic concentration o f the b lood  of C. allmanni as a  function o f osmotic 
concentration  o f the m edium  a t 3 tem peratures. O  5-7  °C, □  15 °C, A  21 JC ; the 

vertical lines show th e  range of values found.

2-5 A„*0
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IV . W A T E R  C O N T E N T

1.  I N T R O D U C T I O N

W h en ev er th e  in te rn a l c o n c e n tra tio n  o f  an  an im a l is h y p erto n ic  to the 
su rro u n d in g  m ed ium , w a te r  w ill e n te r  the  body by osmosis, conversely
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a n  an im al w ill loose w a te r  in  a  h y p erto n ic  m edium . T h u s changes in  
th e  in te rn a l a m o u n t o f  w a te r  m ay  o c c u r  w h ich  in fluence osm otic 
c o n cen tra tio n  o f  th e  h aem olym ph . O n  th e  o th e r h a n d  c rustaceans 
possess a  to u g h  exoskeleton, cap ab le  o f  lim itin g  w a te r  u p tak e  in  a  
h ypo to n ic  m ed iu m  by  ex ertin g  tu rg o r p ressure . T h e re  is also th e  pos­
sib ility  o f an  ac tive  reg u la tio n  o f w a te r  c o n te n t by  e.g. d rin k in g  an d  
u rin e  excretion .

T h e  above considera tions led  to  the  investiga tion  w h e th e r any  
effective re g u la tio n  o f  th e  a m o u n t o f w a te r  o ccu rred  u n d e r  various 
c ircum stances. T o  th is end  the  w a te r  c o n te n t was d e te rm in ed  in 
specim ens o f  C. crangon, a d a p te d  to various salinities a n d  tem p era tu res .

A t th e  sam e tim e , th e  effect o f a  ch a n g e  in  to ta l w a te r  c o n te n t on 
osm otic c o n cen tra tio n  o f th e  b lood  could  b e  stud ied .

In  v a ry in g  ex te rn a l cond itions the  b lood  o f  C. allmanni rem ains 
p rac tica lly  isosm otic to  th e  m ed ium , p ro b a b ly  m erely  by th e  u p tak e  
an d  loss o f salts. F o r  this reason  changes in  th e  w a te r  co n ten t a re  less 
likely to occu r in  th is species.

2. R E S U L T S  A N D  I N T E R P R E T A T I O N

T h e  values o b ta in e d  for th e  w a te r  c o n te n t o f an im als a d a p te d  to  the  
sam e te m p e ra tu re  a n d  sa lin ity  w ere  w idely  d ivergen t (Fig. 3). N o 
co rre la tio n  w ith  th e  size o f  th e  a n im a l co u ld  be found . P ro b ab ly  the  
d ivergencies a re  th e  o u tcom e o f th e  in accu racy  in  th e  d e te rm in a tio n s  
o f th e  w et w eights. Besides, th e  a m o u n t o f  b lood  th a t  c a n  b e  d raw n  
from  various sh rim ps m ay  differ to such a n  ex ten t th a t  th ey  seem  to 
in d ica te  th e  ex istence o f  a  considerab le  in d iv id u a l v a ria tio n , p e rh ap s 
connected  w ith  th e  m o u ltin g  cycle ( R o b e r t s o n , 1960).

T h e  d ifference in  m ean  w a te r  con ten ts o f  an im als a d a p te d  to  low 
(a b o u t 10%o) a n d  to  h igh  salinities (a b o u t 40 %0) is, how ever, signifi­
c a n t:  p  <  0 .01, S tu d e n t's  test w ith  Bessel co rrec tion . B r o e k e m a  (1942: 
9 2 -95 ) fou n d  no ch an g e  in  w e igh t in  C. crangon w h en  tran sferred  to 
low er o r h ig h e r salin ities, w h ich  m ig h t p o in t to a  very  efficient w a te r  
reg u la tio n . O u r  d a ta  a re  also in  ag reem en t w ith  an  efficient w a te r  
reg u la tio n , th o u g h  in  ex trem e cond itions som e ch an g e  in  w a te r  co n ten t 
m ay  be found.

T h e  salin ities a t  w h ich  m ax im al w a te r reg u la tio n  takes p lace  are 
a b o u t th e  sam e as those a t  w h ich  A* is reg u la ted  m ax im ally . T h e  curves 
in  Fig. 3 (low er d ia g ra m ) rep re sen t th e  m ost likely relations betw een  
w a te r  co n ten t a n d  sa lin ity  a t  3 tem p era tu res . W h en  considering  the 
w a te r  co n ten t w e find  th a t  a t h ig h e r tem p era tu res  th e  sa lin ity  tra jec t 
a t w h ich  m ax im al re g u la tio n  occurs shifts to  low er salinities.

T h e re  exists an  inverse re la tio n  betw een  w a te r  c o n te n t a n d  salin ity .
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T h e  re la tio n  be tw een  b lood  c o n cen tra tio n  a n d  salin ity , how ever, is 
d irec t. T h e  effect o f  te m p e ra tu re  o n  w a te r  c o n te n t a n d  b lood  concen­
tra tio n  in  th e  reg u la tio n  ran g e  is also the  reverse. T h is suggests th a t  the

%  water content

à .__

— ..is.
4 -6  °C

Ó 05  1,0 1.5 2.0 2.5

%  water content 

80-1
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Ó 0.5 10 1.5 2.0 2.5 „ûfli o

Fig.3. W ater con ten t o f C. crangon a t various salinities of the m edium  and  a t 3 tem ­
peratures. T h e  symbols ind icate  average values, the vertical lines the standard  
deviations. T he figures show th e  num ber o f  measurements. In  these an d  all following 
diagram s th e  symbols give the values as determ ined ; the broken lines the most likely 
in terpre tation  o f the  relation . In  the lower d iagram  the curves of the upper diagram s 

are show n together for be tte r com parison of their m utual positions.
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changes in  A¿ u n d e r  in fluence  o f sa lin ity  a n d  te m p e ra tu re  m ay  be 
b ro u g h t a b o u t to  a  ce rta in  ex ten t by  changes in  th e  w a te r  co n ten t. T h e  
effect o f  changes in  w a te r  c o n te n t on  b lood  c o n cen tra tio n  m ay  be 
ca lc u la ted  by a  sim ple fo rm ula .

T h e  m olecules an d  ions in  an  a n im a l m ay  be d iv ided  in to  th ree  
g ro u p s : (1) w a te r  m olecules (JV m oles), (2 ) m olecules an d  ions 
dissolved in  w a te r  (n m oles) an d  (5) o th e r  m olecules and. ions. T h e  
w a te r  c o n te n t ( W )  o f th e  a n im a l— the  w e ig h t o f th e  w a te r  m olecules 
as a  p e rcen tag e  o f  th e  to ta l w e igh t— m ay  be rep re sen ted  by:

W  =  M , / f N ' M H 2 °  T T  X 100 N ‘M h 2o +  n- a +  b

w h ere  M h 2o deno tes th e  m o lecu la r w e igh t o f  w a te r ;  zz, th e  w eigh ted  
m e a n  o f  th e  m o lecu la r w eights o f  th e  dissolved substances; an d  b the  
w e ig h t o f th e  o th e r m olecules a n d  ions.

T h e  freezing  p o in t o f  a  so lu tio n  m ay  be rep re sen ted  by  A =  c-n/JV
(c be ing  a  co n stan t; G l a s s t o n e  &  L e w i s , 1965: 241). S ince p ro b a b ly
no  osm otic d iffe ren tia tio n  can  exist w ith in  the  b o d y  (page 319;
F l o r k i n  & S c h o f f e n i e l s , 1969) we m ay  also say : A* =  c-n/JV. By
su b s titu tin g  JV in  th e  fo rm u la  for w a te r  co n ten t a n d  in tro d u c in g  k  for
_ n -a  +  b

th e  c o n s ta n t   w e a rriv e  a t:
c -n -M h 2o

w= 100M i +  1
T h is  fo rm u la  served to  ca lcu la te  th e  changes in  w a te r  co n ten t u n d e r 
th e  in fluence  o f  sa lin ity  an d  te m p e ra tu re  respectively , a n d  th e ir  effects 
o n  in te rn a l concen tra tio n .

T h e  first c a lcu la tio n  co n cern ed  the  w a te r  con ten ts necessary to  ex­
p la in  th e  ran g e  o f  b lood co n cen tra tio n  as m easu red  in  various sa lin i­
ties, assum ing  th a t  no changes o ccu rred  in  the  a m o u n t o f dissolved 
substances. H e re  th e  fac to r k  cou ld  b e  ca lcu la ted  by  in serting  the  
values for Aí a n d  W , as m easu red  in  th e  isosm otic p o in t (a t 4  to 6 °C 
as 1.48 °C  an d  73 .3%  respectively).

W h e n  the  experim en ta lly  d e te rm in ed  w a te r  co n ten ts are  co m p ared  
w ith  th e  ca lcu la ted  results (Fig. 4) it  ap p ea rs  th a t  genera lly  th e  changes 
in  w a te r  co n ten t in  C. crangon a re  too  sm all to  cause th e  differences in  
Ai. I n  a  h y p erto n ic  m ed iu m  th e  increase  in  b lood co n cen tra tio n  w ill 
even  be m ain ly  b ro u g h t a b o u t b y  an  increase  in  dissolved substances. 
I n  a  h y p o to n ic  m ed ium , how ever, th e  decrease in  in te rn a l co n cen ­
tra t io n  w ith  a  low ered  sa lin ity  is on ly  p a r tly  caused  by  a  decrease of 
dissolved substances. H ere  th e  increase  in  w a te r  c o n te n t is a  m a in  fac to r 
in  th e  decrease o f  the  b lood  co n cen tra tio n .



286 D.  H.  S P A A R G A R E N

In  a  second ca lcu la tio n  th e  values for A$ in  th e  re la tio n  betw een  
blood co n cen tra tio n  an d  sa lin ity  w ere  co rrec ted  for differences in  w a te r 
con ten ts. I t  ap p ears  th a t  th e  cu rves for d iffe ren t tem p era tu res  (not 
show n h e re )— especially  a t  low er sa lin ities— ap p ro ach , b u t  do n o t

I 6 >
21*

t
0.0 05 1.0 15

Fig.4. T h e  relation  betw een w ater con ten t of C. crangon and  salinity as derived 
theoretically and  as determ ined. I ,  m easured  values; I I ,  w ater contents calculated if 
no net transport of dissolved substances should occur w hen passing from  one salinity 
to ano ther; I I I ,  w ater contents if  no n e t transport o f w ater should occur. T em pera­
tu re  4 -6  °C. T he figures next to the symbols show the num ber of m easurem ents.

overlap  each  o th er. T h e  conclusion  is th a t  the  effect o f te m p era tu re  on 
in te rn a l co n cen tra tio n  is n o t w ho lly  d u e  to th e  influence o f te m p e ra tu re  
on  w a te r  con ten t. W h e n  th e  te m p e ra tu re  changes th e re  m u st be som e 
change in  th e  a m o u n t o f  dissolved substances. F u rth e r  ind ica tions to 
this effect a re  discussed in  C h a p te r  V I I .

V. W A T E R  R E G U L A T I O N

1. I N T R O D U C T I O N

In  th e  ran g e  o f sa lin ity  w here  reg u la tio n  of in te rn a l co n cen tra tio n  is 
m ax im al, th e  d ifference  b e tw een  A« a n d  Ae is v ariab le . A  g rea te r 
difference does n o t re su lt in  a  n e t  u p tak e  or loss o f w ater. S ince a t  th e  
above m en tio n ed  sa lin ities th e  w a te r  co n ten t is p rac tica lly  co n stan t, 
w hile it  varies a t  ex trem e salin ities, w here  the  difference betw een  A¿ 
a n d  Ae is less v a ria b le , it is c lea r th a t  w a te r reg u la tio n  does indeed  
occur.
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I n  a  h y p o to n ic  m ed ium , reg u la tio n  m ean s th a t  th e  w a te r  en te rin g  
th e  b o d y  has to be rem oved. I t  ap p ears  th a t  in  c rustaceans th e  ab ility  
to  excre te  w a te r  w ith  u rin e  hypo to n ic  to  b lo o d , is confined  to  a  few 
fresh w a te r  species, such as Procambarus clarkii ( L ie n e m a n , 1938), 
Astacus fluviatilis { B r y a n , 1960a), Gammarus duebeni, G. pulex ( L o c k w o o d , 
1961), a n d  Orconectes virilis ( R i e g e l , 1961). O th e r  cru stacean s from  
fresh a n d  b rack ish  w a te r p ro d u ce  u rin e  w h ich  is p rac tica lly  isosm otic 
to  th e  b lood , e.g. Potamon edule ( D u v a l , 1925), Eriocheir sinensis ( S c h o l - 
l e s , 1933), Carcinus maenas ( N a g e l , 1934), Palaemonetes varians ( P a n - 
n i k a r , 1941), an d  Palaemonetes antennarius ( P a r r y , 1957).

Besides th e  p ro d u c tio n  o f u rin e  th e re  is th e  possibility  o f  a n  active 
e x tra -re n a l w a te r  excretion . A  suggestion  to  this effect w as o b ta in ed  
w ith  Potamon edule, w here  th e  re la tive ly  low  u rin e  p ro d u c tio n  m ig h t be 
th e  re su lt o f  an  ex trem ely  low  p erm eab ility  o r an  ex tra -ren a l w a te r  
ex c re tio n  ( P o t t s  &  P a r r y , 1964: 174).

W ith  w a te r  reg u la tio n  in  a  h y p e rto n ic  m ed iu m  w ate r m u st be 
ac tive ly  tak en  u p  from  the  m ed iu m . I n  v a rio u s c rustaceans b o th  oral 
a n d  a n a l in tak e  o f  seaw ater has been  d em o n s tra te d  (F ox , 1953; D a l l , 
1966). A b so rp tio n  o f  w a te r a n d  sa lt m ay  tak e  p lace  in  th e  g u t. S alt 
ex c re tio n  m ay  b e  effected by th e  gills, e.g. in  Artemia salina ( C r o g h a n , 
1958a, 1958b, 1958c) an d  Ocypode albicans ( G r e e n , H a r s c h , B a r r  &  
P r o s s e r , 1959; F l e m is t e r , 1959) or, as co u ld  be d em o n stra ted  for the  
la t te r  species, by p ro d u c tio n  o f  h y p erto n ic  u rin e  ( F l e m is t e r  &  F l e ­
m i s t e r , 1951).

In  m ost a q u a tic  crustaceans th e  u rin e  is isosm otic to  th e  b lood , even 
in  a  h y p e rto n ic  m ed ium . T h is  is th e  case w ith  Pachygrapsus grassipes 
( J o n e s , 1941; P r o s s e r , G r e e n  &  C h o w , 1955), Palaemon serratus 
( P a r r y , 1954), a n d  Palaemonetes varians ( P a r r y , 1955). In  a  h y p erto n ic  
m e d iu m  the  p ro d u c tio n  o f u rin e  isosm otic to th e  b lood m eans an  ex tra  
loss o f  w a te r.

A p a r t  from  these possibilities o f  u p ta k e  o f  seaw ate r cou p led  w ith  
ex tra -re n a l an d  ren a l excre tion  o f  the  salts, th e re  a re  also som e in d i­
ca tio n s for th e  occu rren ce  o f active w a te r  ab so rp tio n . T h is cou ld  take  
p lace  by  m eans o f th e  gu t, e.g. in  Uca pugnax ( G r e e n  et al., 1959) an d  
Metapenaeus bennettae ( D a l l , 1966), th e  gills ( G r e e n  et al., 1959) or 
th e  p e r ic a rd ia l sacs (B l is s , 1963), w hich  also o ccu r in  som e a q u a tic  
c ru stacean s , e.g. in  Gecarcinus lateralis (B l is s , W a n g  &  M a r t i n e z , 
1966).

As to  th e  w a te r  reg u la tio n  o f C. crangon, b o th  in  a  h y p o to n ic  a n d  in  a 
h y p e rto n ic  m ed iu m , p ro d u c tio n  a n d  c o n cen tra tio n  o f u rin e  m ay  p lay  
a  ro le, a p a r t  from  possible ac tive  ex tra -re n a l w a te r  excre tion  o r an  
ac tive  ab so rp tio n  o f  w a te r. G r im m  (1969) a lread y  found th a t  th e  con ­
c e n tra tio n  o f  th e  u rin e  o f  C. crangon, ju s t  as w ith  C. allmanni an d  m an y
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o th e r cru stacean s , w as isosm otic to  the  b lood . I n  th e  p re sen t research  
th e  effect o f  th e  a m o u n t o f th e  u rin e  a t  v a rio u s  salin ities a n d  te m p e ra ­
tu res is ex am in ed  m ore  closely.

2. M E T H O D S

F o r th e  d e te rm in a tio n  o f  u rin e  p ro d u c tio n  in  cru stacean s various 
tech n iq u es hav e  been  described : m easu rin g  changes in  w e ig h t after 
b lock ing  th e  n ep h ro p o res  (see a.o. H e r m a n n , 1931; S c h o l l e s , 1933; 
P a r r y ,  1955; B r y a n , 1960; K a m e m o t o , K a t o  &  T u c k e r , 1966), 
p erio d ica lly  rem o v in g  th e  b la d d e r co n ten ts  by  suction  ( L i e n e m a n , 
1938; M a l u f , 1941b; R i e g e l , 1961), c a th e te riz in g  the  nephropores 
( P a r r y , 1955 ; K a m e m o t o  &  O n o ,  1968), a n d  in jec tion  o f  dyes ( P a r r y , 
1955). A ll these m ethods h a d  a  lim ited  exactness an d  en ta iled  a  con ­
sid e rab le  a m o u n t o f  h a n d lin g  o f th e  an im als.

T h e  m e th o d  used  in  th is s tu d y  is based  on  th e  p rin c ip le  th a t  by 
in tak e  a n d  ex c re tio n  o f w a te r  an d  electro ly tes an  an im a l affects the  
co m position  o f  th e  su rro u n d in g  m ed ium . I n  a  closed vo lum e o f  liqu id  
these changes co u ld  be m easu red  by m eans o f a  sensitive co n tinuous 
reco rd in g  o f  th e  elec tric  con d u c tan ce .

F ig. 5 gives a  schem e o f th e  ex p erim en ta l se t-up . T h e  a n im a l is p u t 
in  a  m e a su rin g  cell (a). T h is cell consists o f  a  glass tu b e  w h ich  by 
m eans o f  tw o glass-to-glass connections form s a  c ircu it w ith  a  m icro ­
c o n d u c tiv ity  cell. M oist a ir, b ro u g h t in  th ro u g h  a  long  in jec tio n  needle  
(s), c ircu la tes  a n d  aera tes th e  w a te r  filling  th e  m easu rin g  cell. T h e  
to ta l a m o u n t o f  w a te r  c ircu la tin g  p as t th e  an im a l varies b e tw een  11 
an d  12 m l, i.e. 10 to  30 tim es th e  vo lum e o f  th e  an im al. T h e  c o n d u c ti­
v ity  e lec tro d e  (b) is co n n ec ted  to  a  d ire c t-re ad in g  co n d u c tiv ity  m ea ­
su rin g  b rid g e  (f) w here  resistance an d  c ap ac itan ce  a re  m easu red  
ag a in s t a  re fe rence  resistance (g) a n d  reference  c a p ac itan ce  (h ). By 
w ay o f  an  a t te n u a to r  a n d  zero  depression a p p a ra tu s  th e  d ifference  in 
c o n d u c tiv ity  is reg iste red  by  a  m u lti-p o in t rec o rd e r (1).

Fig.5. Set-up for m easuring u rine p roduction ; a , general schem e; b, detail of m ea­
suring cell. In d ica ted  a re  : a , cham ber for the anim al ; b , conductivity  m easuring cell 
(P H IL IP S , type PW  9513); c, therm ostated  w ater b a th ; d , gas wash bo ttle  w ith 
distilled w ater for sa tu ra ting  the a ir for aeration  o f th e  m easuring cell w ith  w ater 
vapou r; e, tem peratu re  insulating cover p la te ; f, conductivity m eter (P H IL IP S , type 
P R  9501/01); g, resistance box, 10Q to  21 K f i;  h , decade capacitor, 0 to 20 n F ; i, 
tem pera tu re  reference: vacuum  ja r  w ith ice cubes; j ,  a ttenua to r and  zero depression 
ap p ara tu s; k , d ig ital read -ou t; 1, m ultipo in t recorder (P H IL IP S , type P R  3500); 
m , sw itch for changing over betw een conductivity and  differential conductiv ity  
m easurem ent; n , voltage stabilizer; q , glass-to-glass connection; r, w aterproof 

housing fo r electrode connections; s, injection needle.
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S ensitiv ity  to  te m p e ra tu re .— T h e  c o n d u c tiv ity  o f seaw a te r is strongly  
d e p e n d e n t on  te m p e ra tu re  ( te m p e ra tu re  coefficient o f  seaw a te r: 2 -3 %  
p e r °C , B r u n s , 1962). T h e  sensitiv ity  o f  th e  in s tru m e n t w as chosen a t  2 %  
co n d u c tiv ity  difference for full sca le  deflection  o f  th e  reco rd er. T h is 
en ta iled  th e  m a in ten an ce  o f a  v e ry  stab le  te m p e ra tu re , o b ta in ed  by 
k eep in g  th e  m easu rin g  cell in  a w a te r  ta n k  w h ich  w as k ep t in  a  th e r­
m o sta ted  w a te r  b a th  in  w hich flu c tu a tio n s  in  te m p e ra tu re  d id  no t 
exceed 0.01 °C.

T es tin g .— T h e  changes in  co n d u c tiv ity , m easu red  w h en  a n  an im a l was 
p resen t, m ay  be expressed in  term s o f  pm ol N aC l equ ivalen ts, a lthough  
a n  increase  in  co n duc tiv ity  will n o t b e  caused  b y  th e  loss o f N aC l only.

C hanges in  co n ductiv ity  o f th e  m e d iu m  m ay  be caused  by  exchange 
diffusion. W a te r  abso rp tio n  o r w a te r  excre tion  w ill a lso -th o u g h  to  a 
sm all e x te n t-a ffec t th e  co n d uc tiv ity . I f  th e  ch an g e  in  conductiv ity  
p roceeds g rad u a lly  th e  influence o f  th e  above m en tio n ed  processes in  
th e  m easu rem en ts  c a n n o t be se p a ra te d . I n  the  qu ick  process o f  u rin e  
d ischarge , how ever, th e  effect o f  th e  slow processes can  be d isregarded . 
T h e  scale cou ld  be ca lib ra ted  by th e o re tic a l c a lcu la tio n . T h e  values 
thus fo u n d  agree  w ith  those m easu red  w h en  N aC l so lu tions o f know n 
co n cen tra tio n s  w ere added .

D ed u c tio n  o f  th e  ca lib ra tio n .— A ssum e an  u rin a tin g  an im a l adds # m l 
u rin e  w ith  a  co n cen tra tio n  eq u a llin g  y  pm ol N a C l-m l-1, to  b m l o f the 
m ed iu m  w ith  a  salin ity  o f S0/ 0 an d  a  te m p e ra tu re  o f  t °C. T h e  concen­

tra t io n  o f  th e  m ed iu m  w ith  a  c o n d u c tiv ity  % * m ay  also be expressed

as C0 gm ol N a C l-m l“1 ( W o l f , 1966: tab le  5a). T h e  ch an g e  in  con­
c e n tra tio n  o f  b m l, C0 pm ol N a C l-m l-1 after a d d itio n  o f  x  m l, y  gm ol 
N a C l-m l-1 m ay  th e n  be rep re sen ted  as:

W ith in  a  lim ited  ran g e  o f c o n cen tra tio n , co n duc tiv ity  a n d  co n cen tra ­
tion  m ay  be considered  as d irec tly  p ro p o rtio n a l:

In  th is fo rm u la  th e  fac to r K t,c  d e te rm in es  the  changes in  co n ductiv ity  
o c c u rrin g  a t  a  g iven  ch an g e  in  co n cen tra tio n . In  th e  experim en ts it

dC  =
b-C0 +  x -y

or ( 1)

d x f =  K t ,c -d C (2 )
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v aried  b e tw een  0 .74 a n d  0.99. U sually  the  sensitiv ity  w as ad justed  in 
such  a  w ay  th a t  2 %  ch an g e  in  co n d u c tiv ity  re su lted  in  fu ll scale 
deflection  (scale deflec tion , A U  =  250 m m ) o f th e  reco rd e r:

A u  =  (3)

0.02 X I

S u b stitu tio n  o f  (1) a n d  (2) in  (3) gives:

y -  Co
ï  +  1A t / =  250 ' K t, c -—   (4)

0.02 X ;

I n  th is fo rm u la  A t /  is the  deflection  in  m m ; K t ,c , th e  fac to r for sen­
sitiv ity  o f  th e  m e te r  to  changes in  c o n cen tra tio n  in  m * D -1 *cm -1 p e r 
¡amol N aC l •m l-1 ; y ,  u r in e  c o n cen tra tio n  in  ^.mol N a C l-m l-1 ; C0, in i­
t ia l  co n c e n tra tio n  o f  th e  m e d iu m  in  ¡amol N a C l-m l-1 ; b, vo lu m e o f

th e  m ed iu m  in  m l; x ,  u r in e  vo lum e in  m l; x  J , co n d u c tiv ity  o f  the

m easu rin g  liq u id  a t  t  °C  a t  zero  tim e  in  m ' f l - 1 ,cm _1 =  reference 
conductiv ity .

W ith  the  a id  o f  th is fo rm u la  th e  changes in  co n d u c tiv ity  a t  various 
salin ities an d  te m p e ra tu re s  cou ld  be co n v erted  in to  vo lum e a n d  con ­
c e n tra tio n  o f  th e  u r in e  (pages 296 a n d  303).

3. R E S U L T S  A N D  I N T E R P R E T A T I O N

A.  W A T E R  R E G U L A T I O N  I N  C.  C R A N G O N

a. G en era l rem arks

T h e  p ro d u c tio n  o f u r in e  b y  C. crangon was m easu red  w ith  an im als 
a d a p te d  to v a rious salin ties a n d  tem p era tu res . D u rin g  th e  m easu re ­
m ents th e  an im als w ere  k ep t in  w a te r  from  the  a q u a r iu m  in  w h ich  th ey  
h a d  been  k ep t fo r co n sid e rab le  tim e . A d d itio n a l experim en ts hav e  
been  c a rried  o u t in  w h ich  th e  an im als s tu d ied  w ere sud d en ly  tran sfe rred  
to  a  low er salin ity .

In  a  h y p o to n ic  m ed iu m  th e  co n d u c tiv ity  reg is tra tio n  is se rra ted  
(Fig. 6 a ). T h e  p e rio d ica l q u ic k  increase  in  co n d u c tiv ity  o f th e  m ed iu m  
is caused  by  u r in e  d ischarge . T h e  increase  in  co n d u c tiv ity  occurs in  
less th a n  one m in u te . I n  th is tim e  n o n e  o r only a  few points a re  p lo tted  
on  th e  reg is tra tio n . T h e  increase  in  co n d u c tiv ity  is follow ed by  a  slow 
decrease, d u e  to  a n  ac tive  u p ta k e  o f electro lytes fro m  th e  m ed ium .
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Fig.6. Exam ples o f conductivity  changes registered for C. crangon (on a  different 
scale for the ind iv idual registrations) ; a, conductivity changes in  a  hypo-osmotic 
m edium , salinity o f m edium  (Sm) the sam e as to which the anim al h ad  been adap ted  
(Sm =  Sa =  7%o S) ; b , conductivity  in  a  hyperosmotic m edium  (Sm =  S a — 36.3 %0) ; 
c, conductiv ity  changes after transfer to  lower salinity in  a  hypo-osm otic m edium  
(Sa =  12.1 %0, Sm =  7.3%0) ; d , as c (S a =  20.7%o, S m =  11.1 %0) ; e, as c (Sa =  
20.7%o, Sm =  11.1 %o) ; f, as c (Sa =  12.1 %0, S m =  7.3%0). T em peratu re  21 °C.
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T h ese  charac teristics a re  n o t fo u n d  in  a  h y p e rto n ic  m ed iu m  (Fig. 
6 b ), w here  over a  long  tim e no  changes in  co n d u c tiv ity  o f  th e  m ed ium  
c a n  be reco rd ed . T h is  m eans th a t  e ith e r  th e  p ro d u c tio n  o f  u rin e  is now  
m u ch  red u ced  o r  th a t  th e  co n d u c tiv ity  o f u r in e  a n d  m ed iu m  is the  
sam e, w h ereb y  a d d itio n  o f u r in e  to  th e  m ed iu m  c a n n o t be detected . I f  
th e  u r in e  in  a  h y p erto n ic  m e d iu m  has th e  sam e co n d u c tiv ity  as th e  m e­
d iu m  th en  i t  w ou ld  be h y p e rto n ic  to  th e  b lood . T h is  w ould  be an  
a d v a n ta g e  for th e  w a te r  re g u la tio n  a t  the  h ig h er salin ities, b u t the  
m easu rem en ts  a re  n o t conclusive in  th is respect.

W h en  a n  an im al is tran sfe rred  sud d en ly  to  a  low er salin ity  the  
m e d iu m  will show  a  n e t increase  o f  e lec tro ly te , lost from  the  an im al. 
T h is  loss m ay  be p a r tly  co m p en sa ted  by  a n  active u p ta k e  (Fig. 6c). 
S om etim es the  ex tra -ren a l loss com pensates th e  ac tive  u p ta k e : elec­
tro ly te  loss occurs pu re ly  v ia  th e  u r in e  (Fig. 6d). In  a d d itio n  to  ren a l 
loss a  n e t ex tra -ren a l loss o f  e lectro ly tes m ay  o ccu r (Fig. 6e). T h e  
changes in  u rin e  co n cen tra tio n , freq u en cy  o f  u rin e  d isch arg e  an d  n e t 
loss in  a  g iven  perio d  o f  tim e  co rresp o n d  to changes in  in te rn a l con ­
c en tra tio n . A fter som e tim e ac tiv e  u p ta k e  m ay  surpass ex tra -ren a l loss 
(Fig. 6 f), p ro b ab ly  by a  decrease in  th e  la tte r , re la ted  to  a  decrease in 
th e  in te rn a l co n cen tra tio n  a fte r som e tim e  o f n e t e lec tro ly te  loss.

W h en  an  an im a l h a d  d ied  a  g ra d u a l increase o r decrease o f  co n d u c­
tiv ity  in  the  m ed iu m  was fou n d  in  respectively  a  hypo to n ic  an d  a 
h y p e rto n ic  m ed iu m . T h is m ay  be exp la ined  in  term s o f a  g ra d u a l 
eq u a liz in g  o f  th e  in te rn a l a n d  m ed iu m  co n cen tra tio n s. W ith  the  
d isch arg e  o f sa lt from  a  d ead  an im a l in  a  h y p o to n ic  m ed iu m  th e re  
a p p e a re d  to be a n  obvious b re a k  in  th e  co n d u ctiv ity  cu rv e  w ith  the  
tim e . T h is suggests th a t  th e  e lectro ly tes in  th e  body  a re  confined to 
p laces w here exchange w ith  th e  m ed iu m  proceeds a t  d iffe ren t ra tes. In  
th is  research  th is p h en o m en o n  h as no t b een  in v estiga ted  an y  fu rth er.

b. F req u en cy  o f u rin a tio n

T h e  m easu rem en ts  give a  very  good im pression  o f  th e  freq u en cy  o f  
u r in e  d ischarge . D u rin g  th e  ex p e rim en t the  an im als re m a in  u n ­
d is tu rb e d  in  th e  cell. S ince th e  cell has to  be te m p e ra tu re  eq u ilib ra ted , 
observations d u rin g  the  first h o u r  a re  left ou t o f  co n sidera tion . M ost 
observations las ted  for m ore  th a n  48 hours. In  tw o cases th e  frequency  
o f  u r in a tio n  o f a n  an im al co u ld  be checked  over a  w ho le  w eek. E ven  
in  these long periods— in  w h ich  th e  a n im a l d id  n o t g e t an y  food— no 
changes in  th e  rh y th m  o f  u r in a tio n  could  be found.

T h o u g h  gen era lly  cru stacean s are  sa id  to  be very  sensitive to  
h a n d lin g  the  effect h ere  w as m in im al. H ow ever, i t  w as possible to  
d is tu rb  th e  re g u la r  rh y th m  by  ta p p in g  on  th e  cell. In  th a t  case a
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sign ifican t co rre la tio n  could  be found  b e tw een  th e  perio d  betw een  
successive u rin e  d ischarges— in d u c e d  by  ta p p in g  on th e  cell— an d  the  
vo lum e o f th e  u rin e  (F ig . 7).

oi •
a  ¿io

F ig .7. U r in e  vo lum e o f  C. crangon a f te r  a t  d iffe ren t tim es ex p erim en ta lly  in d u ced  
d ischarges. P lo tte d  a re  th e  re la tiv e  u r in e  volum es as a  fu n c tio n  o f tim e  be tw een  tw o 

successive u r in e  d ischarges.

A g ra d u a l ch an g e  o f u r in a tio n  frequency  w as found  in  a  few ex­
p erim en ts in  w hich  th e  an im als w ere  tran sfe rred  to  a  low er salinity . 
G enera lly  a  h ig h er in itia l freq u en cy  w as fo u n d  w h ich  decreased  
g rad u a lly  (Fig. 6e). In  som e cases, how ever, an  increase  in  frequency  
was found  w ith  an im als w hich  becam e  m o rib u n d  as a  re su lt of the  
q u ick  decrease in  salin ity . M o re  extensive m easu rem en ts on  the  re ­
sponse to  changes in  sa lin ity  h av e  n o t been  c a rried  ou t.

N o sign ifican t in d iv id u a l d ifferences in  u r in a tio n  freq u en cy  have 
b een  found  b e tw een  an im als a d a p te d  to the  sam e te m p e ra tu re  and  
salin ity , n o t even w h en  th ey  w ere  o f  g rea tly  d iffering  sizes.

T h e  frequency  o f  u r in a tio n  is d ep e n d e n t on  te m p e ra tu re  and  sa ­
lin ity  (Fig. 8).

A t low  salinities th e  freq u en cy  o f  u rin a tio n  reaches a  c e r ta in  m ax i­
m u m , a t  h ig h er sa lin ities th e re  is a  decrease u p  to th e  isosm otic point. 
A t 21 °C a  sligh t decrease is fo u n d  w ith  the  low est salinities. P a r r y  
(1955), in  h e r  re sea rch  on Palaemonetes varians in  h y p o to n ic  salinities, 
fo u n d  a  sim ilar decrease o f  u r in e  p ro d u c tio n  tow ard s th e  isosm otic 
p o in t. A  m ax im u m  in  th e  low er salinities is n o t fo u n d  he re . S i-i a w  
(1961a) found  th e  sam e for Carcinus maenas.

In  the  ran g e  o f  salin ities a t  w h ich  m ax im al re g u la tio n  o f th e  in te rn a l 
co n cen tra tio n  a n d  w a te r  c o n te n t is found, th e  freq u en cy  o f  u rine  
d ischarge  increases w ith  d ecreasin g  salinity . T h is  re la tio n  exists a t  
5 °G as well as a t  21 °C : th e  sh ift o f  th e  reg u la tio n  ran g e  in  w hich
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A i a n d  w a te r  c o n te n t a re  reg u la ted  (Figs 1 an d  3) is co rre la ted  w ith  a 
sh ift o f  th e  salin ities a t  w hich th e  rh y th m  o f  u r in e  d isch arg e  changes.

A t low er salinities, w here conform ity  o f  A i a n d  increase  o f w a te r 
c o n te n t w ere found , th e  freq u en cy  o f  u r in e  d ischarge  is p rac tica lly  
co n s ta n t, a n d  a t  its m ax im al va lue . T h a t  a t  low er sa lin ities no m ax im al

frequency of urination 
hr "I

10

0 05 IOO

Fig.8. U rination  frequency of C. crangon a t various salinities and  two tem peratures. 
R epresented  are  average values and  standard  deviations. T h e  figures next to  the 
symbols indicate the num ber of observations. Px and  P 2 represent the isosmotic 

points a t (# )  5 °C  and  (A.) 21 °G.

u r in e  p ro d u c tio n  was found  w ith  Palaemonetes varians ( P a r r y , 1955) 
a n d  Carcinus maenas ( S h a w , 1961a) m ay  be d u e  to  th e  fac t th a t  w ith  
th e  sa lin ities used  in the  experim en ts th e re  is h a rd ly  an y  conform ity  
b e tw een  b lood  c o n cen tra tio n  a n d  sa lin ity  o f th e  m ed iu m . T h is is 
a p p a re n t ,  w h en  th e  above d a ta  on  u rin e  p ro d u c tio n  a re  co m p ared  
w ith  th e  re la tio n  A*/Ae as d e te rm in ed  for P. varians by P a n n i k a r  (1941) 
a n d  fo r C. maenas by  various au th o rs  ( N a g e l , 1934; B e t h e , v o n  H o l s t  
&  H u f f , 1935; H u f f , 1936; W e b b , 1940; S h a w , 1961a). T h e  a t ta in ­
m e n t o f  a  m ax im al u rin a tin g  freq u en cy  o r  a  decrease  o f  th is frequency  
a t  low  salin ities m ay  lim it th e  re n a l loss o f e lectro ly tes (page  303).

I n  h y p e rto n ic  salinities no su d d en  changes in  co n d u c tiv ity  o f  the 
m e d iu m  w ere found . I f  u n d e r these circum stances th e  u rin e  is also 
isosm otic  to th e  b lood  this in d ica tes th a t  no u rin e  w as p ro d u ced  here . 
T h e re  a re  sligh t ind ica tions, how ever, th a t  u n d e r  these co n d itions the  
u r in e  h a d  a  so m ew h at h ig h er co n d u c tiv ity  th a n  b lood  (page 304). 
Since a t  h ig h  salinities th e  in te rn a l co n cen tra tio n  does n o t differ 
g re a tly  w ith  th e  co n cen tra tio n  o f  th e  m ed iu m  it m ig h t be possible
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th a t  in  such  circum stances the  d isch arg e  o f  u rin e  is n o t de tec tab le  by 
o u r m ethod . F rom  th e  increase  in  w e igh t o f  an im als (P. varians) w ith  
b locked  nephropores, P a r r y  (1955) concludes to  a  sligh t u rin e  p ro ­
d u c tio n  in  hy p erto n ic  salinities. O n  th e  o th e r h a n d  th is conclusion is 
n o t su p p o rted  by observations on  th e  size a n d  th e  con trac tio n s o f the  
“ ep igastric” sac. T h e  p ro d u c tio n  o f u rin e  in  a  h y p e rto n ic  m ed ium  
rem ains an  unsolved p ro b lem . E x cre tio n  o f  isosm otic u rin e  a t  h igh  
salinities is inconsisten t w ith  w a te r  reg u la tio n , b u t i t  m ay  function  in 
ion ic  regu la tion .

c. A verage vo lum e o f  th e  excreted  u rin e

I f  th e  co n cen tra tio n  o f  the  u rin e  is know n, th e  a m o u n t m ay  be derived 
from  th e  change in  co n d u c tiv ity  associated  w ith  th e  p ro d u c tio n  of 
u rin e  (page  291). A ssum ing  th a t  in  C. crangon—ju s t as in  m ost m arin e  
cru stacean s— the u rin e  is isosm otic to th e  b lood , th e  average  volum e of 
d isch arg ed  u rin e  in  an im als o f  vario u s sizes w as ca lcu la ted . I t  ap p eared  
th a t  a  lin e a r  re la tio n  exists b e tw een  th e  size o f  th e  an im a l an d  the 
average  volum e o f th e  u rin e  ex cre ted  a t  a  tim e : Vu —  9.86 w (V u — 
u rin e  vo lum e in  p i; w =  w eigh t o f  th e  an im al in  g ram s). T h e  vo lum e 
o f  th e  u rin e  d ischarged  p e r tim e  is ap p ro x im a te ly  1.07%  o f  the 
body  vo lum e. T h is average  vo lu m e o f  d ischarged  u r in e  is p robab ly  
low er th a n  th e  m ax im al vo lu m e o f  th e  b lad d ers , since it  m ay  h a p p e n  
th a t  d ischarge  takes p lace  before  th e  b lad d ers  a re  com plete ly  filled 
(page 294), an d  also since th e re  m ig h t be som e v a r ia tio n  in  the  am o u n t 
o f d ischarge . T h e  v a ria tio n  is, how ever, only  sligh t in  u n d istu rb ed  
an im als (Fig. 6a). I n  th e  tw o Crangon species (size n o t specified) 
G r im m  ( 1969) found  for th e  v o lu m e  o f  th e  b lad d ers  va lues ran g in g  from  
0.4 to  15pl. T hese  values a re  o f  th e  sam e o rd e r as m ig h t be derived  
from  th e  above re la tion .

d. R e n a l w a te r  loss

T h e  w a te r  loss v ia  th e  u rin e  w as d e te rm in e d  by  th e  freq u en cy  o f urine  
d ischarges an d  th e  vo lum e o f  th e  d ischarges. T a b le  I  gives the  values 
o b ta in ed  for u rine  p ro d u c tio n  o f  C. crangon a fter a d a p ta tio n  to various 
salinities a t  5 °C a n d  21 °C.

A d ire c t com parison  w ith  th e  values found  by  various au th o rs  (page 
289) for u rin e  p ro d u c tio n  in  v a rious organism s is h a n d ic a p p e d  by the  
differences in  osm otic co n c e n tra tio n  betw een  b lood  a n d  m ed ium , in  
te m p e ra tu re  an d  in  su rface  to  v o lu m e  ra tio  in  th e  various anim als.

F ro m  th e  values in  o u r m easu rem en ts  for freq u en cy  o f  u rin e  dis­
charge , b lood  co n cen tra tio n  an d  w a te r  co n ten t a t  vario u s tem p era tu res
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T A B L E  I

U rin e  d isc h arg e  a n d  re n a l e lectro ly te  loss o f C. crangon a t tw o  te m p e ra tu re s  a n d
v ario u s salin ities.

Temperature
°C

Salinity
°//oo

Urine discharge 
[Ll-g^-hr*1

Renal electrolyte loss 
\imol NaCl • g -1 • hr-1

5 5.7 7.3 1.61
7.0 11.2 2.67

10.1 5.6 1.46
13.5 5.3 1.70
19.6 5.1 1.99
25.5 1.7 0.71

21 3.8 15.3 3.67
7.0 16.8 4.55
7.9 15.0 4.12

11.1 21.1 6.55
12.7 14.4 4.63
16.1 11.8 3.94
19.9 6.8 2.31

a n d  salin ities th e  follow ing re la tions w ere  a lread y  a p p a re n t:  (7) in  the  
sa lin ity  ra n g e  in  w h ich  A* an d  w a te r  co n ten t a re  re g u la te d  m ax im ally  
th e  freq u en cy  o f  u r in e  discharges, a n d  th u s  o f th e  u rin e  p ro d u c tio n , 
increases in  lo w ered  salin ity , (2) a t  low er salin ities À¿ is a p p ro ach in g  
co n fo rm ity  a n d  th e  w a te r  co n ten t increases, w hile  u rin e  p ro d u c tio n  is 
k ep t co n s ta n tly  a t  a  m ax im al ra te . T hese  co rre la tions h a v e  b e e n  found  
a t  a te m p e ra tu re  o f  5 °C as w ell as o f 21 °C . I t  suggests th a t  in  the  
ran g e  o f  m a x im a l reg u la tio n  th e  w a te r  w h ich  en ters  a t  a n  increasing  
ra te  as sa lin ity  in  th e  m ed iu m  decreases, c a n  be ex cre ted  b y  a  p ro p o r­
tio n a lly  in c reas in g  p ro d u c tio n  o f u rin e . As long as th e  freq u en cy  of 
u r in a tio n  c a n  keep  u p  w ith  th e  low ering sa lin ity  th e  w a te r  co n ten t 
rem ain s co n stan t. A t low er salin ities, excre tion  no  lo n g er suffices an d  
th e  w a te r  c o n te n t increases. I n  hyposm otic  salin ities this increase  in  
w a te r  c o n te n t p lays an  im p o r ta n t ro le in  th e  decrease o f  b lood  con ­
c e n tra tio n  (p ag e  285).

W ith  a  passive w a te r  in flux  by  osmosis th e  a m o u n t o f  w a te r  en te rin g  
th e  b o d y — p e rm e a b ility  be ing  eq u a l— is p ro p o rtio n a l to  th e  d ifference 
b e tw een  osm otic  p ressu re  in  th e  a n im a l (m ) a n d  th a t  o f  seaw ater 
(7Te). F o r  th e  re la tio n  be tw een  osm otic pressure  in  seaw ate r an d  
c h lo rin ity  M i y a k e  (1939) gives th e  em p irica l fo rm u la : n t  =  1.240 Cl 
+  0 .00454 Cl t (7xt in  a tm , Cl in  %0, ¿ in  °C ). C h lo rin ity  m ay  be derived  
from  sa lin ity  b y  th e  fo rm u la : £  =  0.030 +  1.8050(37. B etw een  A 
a n d  Cl M i y a k e  gives th e  re la tio n  A =  0.102710 Cl.



298 D.  H.  S P A A R G A R E N

In  F ig . 9 u rin e  p ro d u c tio n  h a s  been  p lo tte d  ag a in s t 7 1 — n e. I t  
ap p ea rs  th a t,  as th e  d ifference b e tw een  A * a n d  Ae gets b igger— at 
low er sa lin ities th a n  a t  w hich  A¿ a n d  w a te r  c o n te n t a re  re g u la te d — the  
values for u rin e  p ro d u c tio n  h av e  n o t in c reased  p ro p o rtio n a lly . T h e re  
are  th re e  possible causes: ( f )  d ecrease  o f p e rm e a b ility  for w a te r a t 
low er salin ities, (2) increase o f in te rn a l  h y d ro sta tic  p ressure  a n d  (3 ) 
a  m o re  th a n  p ro p o rtio n a lly  in c reas in g  ex tra -re n a l w a te r  excretion .

urine production,/d,hr'1. g '1 22

20

18

16

14

12

production,ju l.h r'1, g*1

20'

18

16-
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12-

10-
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2

o-
7 o 2 3 4 5 6 7 8

AIT, atm. ATT, atm.

Fig.9. U rine  production  of C. crangon a s a  function o f  th e  difference in  osmotic 
pressure betw een blood and  m edium . T h e  draw n line gives the  hypothetical in ­
crease in u rine  p roduction  if no increase in  w ater content should occur, a, a t 5 °C

(•)>  b, a t  21 °C (A).

A t low  salin ities th e  w a te r  c o n te n t o f  C. crangon increases. As there  is 
a  h a rd  exoskeleton th e  vo lum e o f  th e  an im al can  on ly  increase  to a 
lim ited  ex ten t. T h e  in tak e  o f  w a te r  w ill resu lt in  a  c e r ta in  in te rn a l 
pressure . T h e  a m o u n t o f tu rg o r  m a y  be assum ed to  d ep en d  on the  
in crease  o f  w a te r  co n ten t over t h a t  a t  th e  isosm otic p o in t, o r:

TZh —  C A W ( 1).

I n  th is fo rm u la  nn  is th e  in te rn a l  h y d ro sta tic  p ressure in  a tm , c is a  
p ro p o rtio n a lity  co n stan t in  a tm - % “1. F o r a  sim ple osm otic process the  
re la tio n  be tw een  w a te r  influx, p e rm e a b ility  an d  d ifference in  osm otic 
p ressu re  m ay  be w ritte n  as :
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i  =  p  (m  — Ttft — n e) (2),

in  w hich i is th e  n e t in flux  in  [xi. • g -1 • h r -1, p  is p e rm e a b ility  in
jxl • a tm -1 • g -1 • h r -1. S u b stitu tio n  o f  (1) in  (2) an d  d iv id ing  by Atc =
n { — -rie gives :

Atc
=  p  — c- j

A W  
Atc (3).

B oth  a t  5 °C  a n d  a t  21 °C a  lin ea r  re la tio n  seem s to exist be tw een

(F lg-th e  q u o tie n t o f  u r in e  p ro d u c tio n  a n d  Atc an d  th e  q u o tie n t
Atc

10). T h is  m eans th a t  for a  g iven  te m p e ra tu re  the  values o f  c a n d  p  a re  
co n stan t. A t 5 °C  these values are  low er th a n  a t  21 °C : c5 =  0.33 
a tm -% “1, c21 =  1.19 a tm -% -1, a n d  j65 =  2.20 g l-a tm -1- g - 1- h r - 1 and  
p 2i =  3-88 txl-atm - 1 -g -1 - h r _1.

.jul- h r-'.g -1.  alni.-' unno production 
AIT

7

■¿/Ú. hr-1. g-‘ . aim.-'

Q2 0.4 0.6 0 8  1.0 1.2 1.4

\  V

0.2 0.4 0.6 0.8 ID

Fig. 10. T he relation  betw een urine p roduction  and  increase in w ater content in 
C. crangon, corrected  for differences in  osmotic pressure betw een blood and  m edium , 

a , a t 5 °C  (© ); b , a t 21 °C (a ) .

T h u s  the  p e rm e a b ility  does no t d ep en d  o n  th e  sa lin ity  o f th e  m e­
d iu m , an d  th e re fo re  i t  c a n n o t be th e  cause o f  th e  re la tiv e ly  low  u rin e  
p ro d u c tio n  a t  low  salin ities. I t  a p p e a re d  from  experim ents in  w hich  
th e  u p ta k e  o f  t r i t ia te d  w a te r  w as d e te rm in ed  th a t  th e  b rack ish  w a te r  
c rustaceans Carcinus maenas a n d  Palaemonetes varians do n o t e ith e r show  
an y  changes in  w a te r  p e rm eab ility  a t  d ifferen t salinities o f th e  m ed iu m  
( R u d y , 1 9 6 7 ) .

In  only  a  few  cases th e  u r in e  p ro d u c tio n  was d e te rm in ed  a t  d ifferen t 
tem p era tu res . H e v e s y , H g f e r  &  K r o g h  ( 1 9 3 5 )  fo u n d  a  m ark ed
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increase  in  u rin e  p ro d u c tio n  a t  h ig h e r te m p e ra tu re s  in  th e  frog, Rana 
temporaria. F o r Petromyzon W i k g r e n  (1953) also found  a  su b stan tia l 
increase. T h e  te m p e ra tu re  effect m ay  be expressed  in  th e  Q,10 value. 
I f  V1 a n d  V 2 are  th e  ra tes a t  w h ich  th e  process goes on  a t  tem p era tu res  
tx an d  t2 °G respectively , th en  Q̂ 10 m ay  be d eriv ed  from  :

log  Quo =  t 10 f  (log Vx -  log  V2)

T h e  observations o f  H e v e s y , H o f e r  &  K r o g h  a n d  W i k g r e n  yielded 
a  £ 10 v a lu e  o f  a b o u t 2. S h a w ’s (1955a) d a ta  on  th e  p e rm eab ility  for 
heavy  w a te r  o f Sialis lutaria show  a  Q,10 v a lu e  o f  a b o u t 3. F ro m  the  
values for w a te r  p e rm eab ility  o b ta in ed  h e re  a t  tw o tem p era tu res , it 
follows th a t  £¿10 =  1.36 w hich  is low er th a n  th e  values p u b lish ed  by the  
o th e r au th o rs . Processes e n ta ilin g  ca ta liz a tio n  by  enzym es usually  
hav e  Qu0 values o f  a b o u t 2 to  3, physica l processes, such  as diffusion and  
viscosity, h av e  a  Q¿0 v a lu e  n o t m u c h  in  excess o f  1. T h e  ab o v e  value 
found  fo r Q,10 suggests th a t  the  w a te r  in flux  is b ro u g h t a b o u t by  a 
sim ple physica l process. T h is  suggestion  is su p p o rted  by  th e  fac t th a t  
u rin e  p ro d u c tio n  m ay  be describ ed  by  th e  fo rm u la  (3) d eriv ed  for 
osm otic processes (Fig. 10).

T h e  p ro b ab le  lin ea rity  in  the  re la tio n  o f Fig. 10 suggests th a t  u rine  
p ro d u c tio n  is p ro p o rtio n a l to w a te r  influx. F ro m  th e  d a ta  o b ta in ed  no 
conclusions can  be derived  on th e  existence o f a  possible n e t ex tra- 
ren a l w a te r  excretion . A ctive w a te r  tran sp o rt, how ever, is an  u n u su a l 
p h en o m en o n  in  c ru stacean s (cf. P o t t s  &  P a r r y , 1964: 40). As a  ru le  
it  is assum ed  th a t  u rin e  p ro d u c tio n  equals n e t w a te r  influx.

T h e  in te rn a l h y d ro s ta tic  p ressure  w h ich  in  th is case causes a red u c ­
tion  o f  w a te r  influx , m ay  also re su lt in  a h ig h er u rin e  p ro d u c tio n  
(B e a d l e , 1 9 3 7 ) .  T h e  increase  in  w a te r  co n ten t an d  in te rn a l hyd ro sta tic  
pressure  w h ich  does n o t re su lt in  a  h ig h er frequency  o f u r in a tio n  points 
to  an  ac tive  re g u la tio n  o f u rin e  p ro d u c tio n .

T h e  u rin e  o f C. crangon is p rac tica lly  isosm otic to  th e  b lood . T his 
m eans th a t  w ith  u r in e  p ro d u c tio n  in  a  hypo-osm otic  m ed iu m  elec­
tro ly tes a re  lost. T h is  loss o f  ions is p ro b a b ly  selective. A nalyses o f 
sep era te  ions in th e  u rin e  o f  m a rin e  decapods usually  in d ic a te  th a t  
co n cen tra tio n s o f m o n o v a len t ions a re  re la tively  sim ilar to  th e ir  con ­
c e n tra tio n  in  th e  b lood . D iv a le n t ions— calcium , m agnesium  an d  
su lp h a te— are  u sua lly  selectively ex cre ted  or abso rb ed  in  th e  a n te n n a l 
g lan d  (see a.o . P a n t i n , 1 9 3 1 c ; R o b e r t s o n , 1939; R i e g e l  &  L o c k ­
w o o d , 1961). T h e  m o n o v a len t ions lost w ith  th e  u rin e  w ill h av e  to be 
ac tive ly  reg a in ed . T h is  io n  loss w o u ld  m ake p ro d u c tio n  o f  u rin e  in a 
h y p o to n ic  m ed iu m  a  d isad v an tag e  to the  an im al. H ere , how ever, the  
u rin e  is m a in ly  o f  im p o rtan ce  for reg u la tio n  o f th e  w a te r  co n ten t. A t
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sa lin ities w here Aí an d  w a te r  co n ten t show  m ax im al reg u la tio n  the  
re n a l an d  ex tra -ren a l loss o f electro ly tes m ay  be reg a in ed  by active 
up tak e .

A t low er salinities no fu r th e r  increase  in u rin e  p ro d u c tio n  is fo u n d ; 
a  sm all decrease even occurs a t  21 °G. T h is  is o f  consequence for the  
re stric tio n  o f re n a l and  e x tra -re n a l e lectro ly te  loss u n d e r  these c ir­
cum stances.

As a t  low er salin ities th e re  is no longer an  increase  in  u rin e  p ro d u c ­
tio n  th e  w a te r  co n ten t increases. T h e n  th e  osm otic w a te r  influx is 
re d u c e d  by th e  h y d ro sta tic  p ressu re  d u e  to  th e  increased  w a te r  co n ten t. 
In  th is  w ay th e  re n a l e lec tro ly te  loss is lim ited .

T h e  increase in  w a te r  c o n te n t is a n  im p o r ta n t fac to r in  th e  decrease 
o f  osm otic co n cen tra tio n  in  th e  b lood . T h e  effects o f  th e  decrease of 
b lood  co n cen tra tio n  a re  th ree fo ld : (7) as At gets low er th e  d ifference 
b e tw een  A¿ an d  Ae a t  low er salin ities will n o t longer increase  w hich  
ag a in  restricts w a te r  influx  a n d  th e re b y  electro ly te  loss by  w ay o f the  
u rin e , (2) th e  c o n cen tra tio n  o f  th e  u rin e  gets low er, an d  (3) as A¿ gets 
low er the  ex tra -ren a l loss o f e lectro ly tes w ill also be restric ted  (C h a p te r  
V I ).

I t  is clear, therefo re , th a t  re g u la tio n  o f u rin e  p ro d u c tio n  is o f p r i­
m a ry  im p o rtan ce  to osm oregu la tion . O n  th e  one h a n d , u rin e  p ro d u c ­
tio n  has to be ad ju s ted  to osm otic in flux  o f w a te r, so th a t  no  d ilu tio n  o f 
bo d y  fluids is caused  by th e  in ta k e  o f  w a te r ;  on  th e  o th e r h an d , u rin e  
p ro d u c tio n  has to  be red u ced  a t  low er salin ties, w h en  th e  ac tive  u p tak e  
o f  electro ly tes c a n  no  longer co m p en sa te  ren a l an d  ex tra -re n a l losses.

I t  is likely th a t  th e  p ro d u c tio n  o f  u rin e  is governed  by  horm ones. 
U rin e  p ro d u c tio n  increases w h en  th e  eyestalks a re  lig a tu re d  in  
Eriocheir sinensis ( d e  L e e r s n y d e r , 1967), Procambarus clarkii ( K a m e ­
m o t o  &  O n o ,  1968) an d  Metapograpsus mesor ( K a t o  &  K a m e m o t o , 
1969). H ere , how ever, th e  resu lts a re  in te rp re te d  as th e  consequence o f 
a n  increased  w a te r  influx. T h o m p s o n  (1967) m en tions an  increase in 
p e rm eab ility  for tr i t ia te d  w a te r  afte r rem oval o f  th e  eyestalks o f the  
freshw ater c rab  Pseudothelpusa jouyi. M a n t e l  (1967) suggested  a  n eu ro ­
en d o crin e  co n tro l on  w a te r  tra n sp o r t  in  th e  fo regu t o f  Gecarcinus 
lateralis. T h e  p resen t d a ta , like those o f R u d y  (1967), how ever, do no t 
p o in t to  any  differences in  p e rm e a b ility  for w a te r  in  various salinities. 
F o r  C. crangon a  reg u la tio n  by  w ay  o f  th e  a n te n n a l g lan d  has to be 
assum ed.

B. W A T E R  R E G U L A T I O N  I N  C.  A L L M A N N I

C o n tra ry  to C. crangon, C. allmanni does n o t possess an  effective osm ore­
g u la tio n  m echan ism , b u t still i t  is to  be expected  th a t  in  th is species the
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w ate r co n ten t is m o re  co n stan t th a n  in  C. crangon. D e te rm in a tio n s by 
G r im m  (1969) gave resu lts th a t  d id  no t d iffer sign ifican tly  w ith  various 
salinities (75.3 i  0 .5 %  in  110%  seaw ater, 74.9 i  0 .7%  in  100%  
seaw ater, 76.5 T  0 .3%  in  8 0 %  seaw a te r; te m p e ra tu re  10 °C ). T hese 
values are  o f the  sam e o rd e r as th e  values a t  w h ich  C. crangon regulates 
its w a te r  co n ten t. I t  is re g re tte d  th a t  m ore  ex trem e cond itions h av e  no t 
been tested . P ro b ab ly  th e  s tab ility  is re la te d  w ith  th e  h ig h er p e r­
m eab ility  for electro ly tes (page 313) w h ich  en tails th a t  no  difference 
betw een  in te rn a l a n d  m ed iu m  co n cen tra tio n  can  be m a in ta in ed .

W h en  C. allmanni w as sub jec ted  to th e  sam e experim ents as C. crangon 
(C h ap te r  V -3-A ), in  a ll th e  65 hours th a t  a  m easu rem en t las ted  the 
ty p ica l changes in  co n d u c tiv ity  o f th e  m e d iu m  w ere  never found , no t 
even w h en  th e  sensitiv ity  o f  the  a p p a ra tu s  h a d  been  increased  20 tim es. 
D ifferen t m ed iu m  salin ities w ere tested . I n  C. allmanni th e  u rin e  is also 
isosm otic to  the  b lood  an d , since th e  b lood  is p rac tica lly  isosm otic to 
the  m ed ium , excre tion  o f  u r in e  w ill in fluence th e  co n d u c tiv ity  o f  the  
m ed iu m  far less. S till i t  does no t seem  p lau sib le  to  a ttr ib u te  th e  absence 
o f  co n ductiv ity  leaps to  th e  possib ility  o f  th e  u rin e  a n d  m e d iu m  being  
exactly  sim ilar in  co n d u c tiv ity . S ince th e  u rin e  is expected  to  p lay  a 
ro le in  ion ic  reg u la tio n  sm all d ifferences w ere  expected . Besides, as 
th e re  is p rac tica lly  no  d ifference be tw een  in te rn a l co n cen tra tio n  an d  
co n cen tra tio n  in  th e  m ed iu m , th e  freq u en cy  o f u rin a tio n  m ig h t very  
w ell be  extrem ely  low .

T h a t  C. allmanni does in  effect p ro d u ce  u rin e  was a p p a re n t w hen  it 
w as sudden ly  tran sferred  to  a  low er sa lin ity . In  a  n u m b e r o f experi­
m ents 1 m l o f  m easu rin g  liq u id  w as sucked u p  (by p u ttin g  a n  in jec tion  
needle  th ro u g h  th e  v e n t tu b e ) a n d  rep laced  by  d istilled  w a te r , w hile 
m easuring  was in  progress. A fter a  sh a rp  d ro p  in  th e  co n d u c tiv ity  d u e  to 
th e  m ix ing  w ith  d istilled  w a te r  a  slow  con tinuous increase set in  w h ich  
lasted  for ab o u t one h o u r. D u rin g  this p e rio d  o f  slowly increasing  
conductiv ity , in  th ree  cases one single su d d en  increase in  co n d u c tiv ity  
was found , w hich  cou ld  be a t tr ib u te d  to  the  p ro d u c tio n  o f  urine . 
F ro m  th e  observation  th a t  one o r in  m ost cases no  co n d u c tiv ity  leap  
was found  after lo w ering  the  sa lin ity  o f th e  m ed iu m  i t  m ay  be con ­
c luded  th a t  in  C. allmanni th e  a d a p ta tio n  o f the  b lood  co n cen tra tio n  to 
changes in  sa lin ity  o f  th e  m ed iu m  proceeds very  rap id ly . T h is  suggests 
a  h igh  p e rm eab ility  {cf. p ag e  280).

V I . E L E C T R O L Y T E  B A L A N C E

In  a  hypo-osm otic  m e d iu m  C. crangon loses a  c e rta in  a m o u n t o f  elec­
tro ly tes v ia  th e  p e rio d ica l excre tion  o f u rin e . In  a d d itio n  considerab le  
am oun ts o f  electro lytes a re  lost by  d iffusion th ro u g h  th e  b o d y ’s surface,
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especially  th ro u g h  the  re sp ira to ry  ep ith e liu m . In  a  hyperosm otic  
m e d iu m  the  loss o f  electrolytes w ill p a r tly  tak e  p lace  by  a  con tinuously  
ac tive  secre tion .

I n  an im als a d a p te d  to a  given sa lin ity  th eser ena l a n d  ex tra -ren a l 
losses w ill be com pensated  by  a  passive u p ta k e  (diffusion) a n d , w hen  
th e  m e d iu m  is hypo-osm otic, b y  a n  ac tiv e  u p tak e  o f  electro ly tes. In  
C. allmanni th e  ren a l loss o f electro lytes is p ro b a b ly  only  sligh t, ju s t  as 
th e  ac tiv e  in tak e  an d  secretion  o f  e lectro ly tes.

I n  th is c h a p te r  th e  various m eans o f u p ta k e  as w ell as loss o f  elec­
tro ly tes a re  d e a lt w ith  for each  species, to g e th e r w ith  th e ir  re la tio n  to 
te m p e ra tu re  a n d  sa lin ity  o f  th e  m ed iu m .

A. R E N A L  E L E C T R O L Y T E  LOSS

T h e  u rin e  o f m a rin e  crustaceans seem s to be fo rm ed  in  th e  an ten n a l 
g la n d  as a  p ro te in -free  u ltra f iltra te  o f th e  b lood  ( P i c k e n , 1936; 
R i e g e l  &  K i r s c h n e r , 1960; W e b e r , 1971; cf. M a l u f , 1941a, 1941b, 
1941c). B oth  C.crangon an d  C. allmanni y ie ld ed  th e  sam e values in  blood 
a n d  u r in e  for th e  freezing p o in t depression , th e  N a- a n d  th e  C l con­
ce n tra tio n s  ( G r im m , 1969). T h o u g h  u r in e  m ay  p ro b a b ly  p lay  a  p a r t  in 
e lec tro ly te  re g u la tio n  (page 300) N a  an d  C l a re  n o t regu la ted .

T h e  results o f  the  p resen t research  con firm ed  th a t  in  C. crangon the 
u r in e  rem ain s p rac tica lly  isosm otic to th e  b lood  a t  various salinities 
a n d  tem p era tu res . T h e  electro ly te  co n c e n tra tio n  o f  the  u rin e  could  be 
d e riv ed  by su b s titu tin g  th e  m ean  ch an g e  in  co n d u c tiv ity  o f  the  
m e d iu m  an d  th e  estim ate  o f  the  v o lu m e  o f  th e  excre ted  u rin e  in  for­
m u la  (4) o f  p ag e  291. T hese ca lcu la tio n s w ere  derived  from  a  n u m b e r 
o f  observations o f an im als a d a p te d  to  various c ircum stances, w hich 
w ere  in d e p e n d e n t o f  the observations used  for the  ca lcu la tio n  o f  the  
av e rag e  vo lum e o f  the  excreted  u rin e . N o c lear differences betw een  
u r in e  e lec tro ly te  co n cen tra tio n  (A u) a n d  osm otic c o n cen tra tio n  o f  the  
b lo o d  w ere  fou n d  (Fig. 11). T h ere fo re  th e  effect o f  te m p e ra tu re  on  in ­
te rn a l osm otic co n cen tra tio n  (Fig. 1) c a n n o t be d u e  to  an  in fluence  o f 
te m p e ra tu re  on  the  osm olarity  o f  th e  u rine . A t h ig h er tem p era tu res , 
how ever, a  s ligh t ten d en cy  w as fou n d  for th e  u rin e  co n cen tra tio n s to 
be sligh tly  low er a t  low er b lood  co n cen tra tio n s. T h e  low est v a lu e  o f 
u rin e  c o n cen tra tio n , how ever, is s till h ig h e r th a n  th e  c o n cen tra tio n  o f 
th e  m ed iu m . I t  is possible th a t  th is  d ifference, th o u g h  on ly  sligh t, still 
he lps to  red u ce  re n a l loss o f  electro lytes. T h o u g h  th e  p ro d u c tio n  o f 
u rin e  a n d  its effect on  w a te r re g u la tio n  a re  essential to  osm oregu la tion  
a n d  m a y  p lay  a  p a r t  in  reg u la tio n  o f  m ain ly  d iv a len t ions, th e  dis­
c h a rg e  o f  u rin e  is still d isadvan tageous to  th e  electro ly te  ba lance .

F ro m  u rin e  p ro d u c tio n  a n d  u rin e  c o n cen tra tio n  a t  various salinities
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an d  tw o tem p era tu res  th e  ren a l e lectro ly te  loss in  C. crangon u n d e r  
various conditions could  be estim a ted  (T a b le  I , page  297).

O n  th e  average  th e  values for re n a l e lec tro ly te  loss a re  h ig h e r th a n  
s im ilar values w ith  freshw ater cru stacean s , a.o. Eriocheir sinensis: 
0.42 (xM G T g -1>h r _1 ( S c h o l l e s , 1933); Astacus fluviatilis: 0.021 
¡xM N a * g _1*hr-1 ( B r y a n , 1960a) ; Potamon niloticus: 0 .005 to  0.06 ¡xM 
N a - g _1- h r_1 ( S h a w , 1959). O n ly  for Palaemonetes antemarius values o f 
th e  sam e o rd e r have been  fo u n d : 4 .40  ¡xM N a * g -1 *hr-1 ( P a r r y , 1957, 
1961).

â.jt'C

1.5

IO
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0

Fig. 11. O sm otic concentration of urine o f  C. crangon a t various blood concentration 
and  two tem pera tu res; •  4 -6  °C, A 21 °C.

B. E X T R A - R E N A L  E L E C T R O L Y T E  L O S S

1.  I N T R O D U C T I O N

Besides ren a l loss electro lytes m ay  leave th e  body  by diffusion an d  by 
ac tive  ex tra -ren a l excretion . As a  ru le  th e  ex tra -ren a l loss is considera­
b ly  g re a te r  th a n  the  re n a l loss.

M ost d a ta  on ex tra -ren a l loss o f  electro ly tes h av e  been  o b ta in ed  w ith  
brackish- an d  fresh w a te r  species w h ich  h av e  been  p laced , w ith  blocked 
o r  o p en  nephropores, in  d istilled  w a te r . A fter som e tim e  th e  N a, K  or 
C l c o n cen tra tio n  in  th is w a te r  w as d e te rm in ed . R ad io  isotopes have 
been  used in  som e cases. By th e  la t te r  m eth o d  th e  efflux could  also be 
d e te rm in ed  in  seaw ater o f  vario u s salinities.
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T h e  values for ex tra -ren a l e lectro ly te  loss d o  also show  som e re la tio n  
to  th e  en v iro n m en t. T h e y  a re  genera lly  lo w er in  freshw ater an im als, 
h ig h e r in  b rack ish  w a te r  an d  m arin e  species. F o r  in stance  Astacus 
fluvia tilis: 0.37 ¡xM N a  • g -1 • h r -1 (B r y a n , 1960a), Eriocheir sinensis: 
1.7 [xM N a - g ^ - h r -1 ( S h a w , 1961b), Carcinus maenas: 18 ¡xM N a - g -1 
•h r -1 ( S h a w , 1961a), C. crangon: 12.8 to 49.5  ¡xM N a - g “1- h r _1 in 
10 to 110%  sea w a te r  and  C. allmanni: 46.2 to  54.8 ¡xM N a - g -1 - h r _1 in 
80 to  110%  sea w a te r  ( G r im m , 1969).

Fig. 12. D iagram  o f the m easuring cell used for determ ination  of extra-renal elec­
trolyte loss in  a  solution of m anito l in  distilled w ater: a, cham ber for the an im al; 
b, conductiv ity  e lectrode; c, injection needle; d , glass-to-glass connection; e, level 

o f m easuring liquid ; f, w ater level in th e  therm ostat bath .

T h e  v a r ia tio n  fou n d  for an im als from  the  sam e en v iro n m en t m ay  be 
d u e  to  d ifferences in  pe rm eab ility , b lood  c o n cen tra tio n , te m p e ra tu re  
a n d  su rface  to  vo lu m e ra tio  in  th e  d ifferen t species.

T h e  a im  o f  th e  experim en ts described  in  th e  follow ing pages was to 
trace  th e  in fluence  o f  te m p e ra tu re  an d  b lood  co n cen tra tio n  on ex tra - 
ren a l efflux in  th e  tw o  Crangon species.

T h e  gross e x tra -re n a l e lectro ly te  loss w as d e te rm in e d  by con tinuously  
m easu rin g  e lec trica l co n d u ctiv ity  in  a  m an ito l so lu tion  to  w h ich  an  
a n im a l h a d  b een  transfe rred . T h e  so lu tion  o f  th e  n on -e lec tro ly te  
m a n ito l w as alw ays isosm otic to  the  seaw ater to  w h ich  th e  an im al h ad  
been  a d a p te d  ( T h u e t , M o t á is  &  M a e t z , 1968).

I n  th e  so lu tio n  o f  m a n ito l in d istilled  w a te r  th e  an im a l w ill lose 
electro lytes. U p ta k e  o f  electro lytes from  th is m ed iu m  is n eg lig ib le ;

A i r

2. M E T H O D
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even a fte r th e  an im a l h a d  been  in  th e  m e d iu m  for h a lf  an  h o u r the  
elec tro ly te  co n cen tra tio n  re m a in e d  ex trem ely  low . A t low  co n cen tra ­
tions th e  sensitiv ity  o f the  co n d u c tiv ity  m e te r for changes in  electro ly te  
co n c e n tra tio n  was h igh  enough to  d e te rm in e  th e  electro ly te  loss o f  an  
a n im a l by m easu ring  the  abso lu te  co n d u c tiv ity  o f th e  m ed ium . I n  this 
case th e  in fluence o f  changes in  te m p e ra tu re  is m u ch  less, so th a t  
m easu rem en ts  could  be carried  o u t  in  an  o p en  cell (Fig. 12), p laced  
d irec tly  in  a  th e rm o sta ted  w a te r  b a th . T e m p e ra tu re  e q u ilib riu m  is

conductivity. y jA -1 cm-1
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Fig. 13. E xam ple of a  long-term  reg istra tion  o f the conductivity  of a  m anito l solution 
to  w hich a  specim en of C. crangon is transferred . In  this case the increase is only due 
to ex tra-renal loss of electrolytes. T he an im al was adap ted  to  31.7 %0 S. T em perature

21 °C.

reach ed  qu ick ly— b u t less ac c u ra te ly  th a n  in  th e  se t-u p  o f  Fig. 5— 
w hich  favou red  the  d e te rm in a tio n  o f  e lectro ly te  loss soon after the  
a n im a l h a d  been  tran sferred  to  th e  m an ito l so lu tion . A fter th e  an im al 
h a d  b een  rin sed  in  the  m easu rin g  liqu id  an d  w iped  off, it  could  be 
tran sfe rred , w ith o u t an y  fu r th e r  h an d lin g , to  a  know n volum e of 
m an ito l so lu tio n  k e p t read y  in  th e  m easuring  cell.

Im m e d ia te ly  a fte r tran sfe r the  an im a l starts to  lose electro ly tes a t  a 
co n stan t ra te  (Fig. 13). A fter so m e tim e, d e p e n d e n t on  th e  size o f the
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an im al, a decrease o f e lec tro ly te  efflux is observed . M ost m easu rem en ts 
la s ted  20 to  30 m in u tes , a  p e rio d  in  w hich  no  sign ifican t decrease  in  th e  
a m o u n t o f efflux occu rred . T h e  an im al w as th e n  w eighed . T o  find  the  
gross efflux a  line  w as d ra w n  rep resen tin g  the  re la tio n  b e tw een  in ­
c reasing  co n d u c tiv ity  o f  th e  m easu ring  liq u id  and  tim e , an d  its slope 
w as d e te rm in ed  b e tw een  t  =  5 m in  a n d  t  =  15 m in . U rin e  d ischarge, 
w hich  seldom  o ccu rred  d u rin g  this sh o rt period , p roduces su d d en  
d isp lacem ents o f  th e  cu rve , b u t  does n o t a l te r  the slope (Fig. 14). T h is  
m e th o d  m ad e  i t  possible to  d istinguish  b e tw een  ex tra -ren a l a n d  ren a l 
loss w ith o u t h av in g  to  re so rt to  blocking th e  nephropores.
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Fig. 14. Exam ple o f a  registration o f the conductivity o f a  m anitol solution to  w hich 
a  specim en of C. crangon is transferred. Both a  g radual increase due to ex tra-renal 
loss of electrolytes and  a sudden increase due to u rine production can be seen. T he 
an im al was ad ap te d  to  11.0%o S. A nim al w eight 0.450 g. T em peratu re  21 °C.

T h e  electro ly te  efflux cou ld  b e  derived  from  th e  fo rm u la :

1 o A U  f  =   ‘ V 'Sw  A 7“

in  w h ich  is th e  gross e x tra -re n a l e lectro ly te  efflux in  p,M N a C T g -1 
• h r -1, w  th e  w e ig h t o f  th e  an im a l in  g ram s, V  th e  vo lu m e o f  the  
m easu rin g  liq u id  in  m l (in  these experim en ts 12.48 m l), S  th e  c a lib ra ­
tio n  in  fxM N a C l-m l-1 -sd -1 (fixed a t 8.86 X IO-3 jiM  N a C l-m l- 1 -sd -1
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a t  6 °C , a t  6.19 X  IO“3 p M  N a C l- m l“1-sd “1 a t  21 °C ), A U  the  
deflection  o f  th e  m e te r  in  scale divisions (sd), A T  th e  tim e in  hours.

3. R E S U L T S  A N D  I N T E R P R E T A T I O N

In  an im als  a d a p te d  to  various sa lin ities the  gross ex tra -ren a l efflux was 
d e te rm in ed , for C. crangon a t  6 °C  an d  21 °C , for C. allmanni only  a t 
6 °C. T h e  results w ith  C. crangon a re  p lo tted  ag a in st co n cen tra tio n  o f 
the  e lectro ly tes in  th e  b lood (Fig. 15).

$ ef), /AM NoCl.hH.g-!

25 ' /
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Ai,eleclrolyle’°c

Fig. 15. Efflux of electrolytes in C. crangon as a function o f electrolyte concentration 
in the blood. T h e  electrolyte concentration  of the blood is expressed as the  freezing- 

point depression o f seaw ater w ith th e  same conductivity. •  6 °C, A 21 °C.

I t  ap p e a rs  th a t  th e  in d iv id u a l v a ria tio n  in  ex tra -ren a l efflux is 
ra th e r  g rea t. A n im als o f  various sizes have been  used  for th e  experi­
m ents. T h e  gross efflux p er g ra m  was ca lcu la ted . L o c k w o o d  (1962) 
uses th e  te rm  “specific loss” w h ich  he defines as loss - h r -1 • g _2/3. T o
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find  o u t w h eth er the  e lec tro ly te  loss w as less v a riab le  if  re la ted  to th e  
surface o f  th e  an im a l th e  <E>ef f  values, co rrec ted  for differences in  blood 
c o n cen tra tio n , w ere  co rre la ted  w ith  w e ig h t a n d  (w e ig h t)-2/3. T h e  
co rre la tio n  coefficients a t  6 °C a n d  21 °G w ere  in  co rre la tio n  w ith  
w e igh t 0 .804 a n d  0.780 respectively  a n d  in  co rre la tio n  w ith  
(w e ig h t)-2/3 0.782 an d  0.766. T h o u g h  th e  d ifferences a re  sm all the  
co rre la tio n  w ith  w e ig h t fits b e tte r— for b o th  te m p e ra tu re s— th a n  w ith  
surface.

W ith  Eriocheir sinensis a  s im ila r g re a t v a r ia tio n  in  gross efflux has 
been  fo u n d ; p e r  c ra b  450 to  24 ¡xM N a - h r -1 ( K o c h  &  E v a n s , 1956).

T h e  gross efflux increases w ith  co n c e n tra tio n  o f  electro lytes in  the  
b l o o d  {cf. B r y a n , 1 9 6 0 c ) .

I n  a  hy p erto n ic  m ed iu m  p a r t  o f  th e  gross e lectro ly te  efflux takes 
p lace  actively. U sing  th e  m e th o d  described  h e re  this active excretion  
c a n n o t be d istingu ished  from  th e  passive ex tra -re n a l loss. In  an im als 
a d a p te d  to h y p erto n ic  m ed ia  o n  the  average  a  h ig h er q u o tie n t 

eiectr was found , b u t  th e  d ifferences m ay  n o t be sign ifican t. 
T h is  m ay  be due  to  th e  g re a t in d iv id u a l v a ria tio n , b u t  it  is also 
conceivab le  th a t  in  the  m an ito l so lu tion  w h ich  is poo r in  electro lytes, 
th e  ac tive  efflux stops quick ly . T h e  d a ta  o b ta in e d  c a n n o t give an  answ er 
to  th is question .

A t 6 °C an d  21 °C  th e  average  v a lu e  of th e  above m en tio n ed  q u o ­
tie n t Og/z/Aj, eiectr w as 4.97 (iM  N a C l 'g -1 *hr-1 *°C-1 (N  =  15) and  
12.96 ¡xM N a C T g _1- h r -1 *°C-1 (N  =  20) respectively. G r im m  (1969) 
m easu red  th e  ex tra -ren a l loss o f  N a  w ith  th e  a id  o f  isotope techn iques 
a n d  also found  a  positive co rre la tio n  w ith  b lood co n cen tra tio n . F ro m  
this th e  average va lu e  for O e///A ¿ can  be ca lc u la ted : 23.1 [xM 
N a - g -1 - h r -1 -°G -1 ( te m p e ra tu re  10 °C ).

T h e  v a lu e  for ex tra -re n a l efflux d eriv ed  from  G r im m ’s m easurem ents 
is considerab ly  h ig h er th a n  th e  v a lu e  found  he re . S im ila r differences 
w ere  found  w ith  C. allmanni: O e/ / / e i e c t r  =  9.38 ¡x M  N a C l-g -1 - h r -1 
• ° C -1 (own observations, te m p e ra tu re  6 °G ), <De///A* =  26.7 ¡xM 
N a -g -1 - h r -1 *°G-1 ( G r im m , te m p e ra tu re  10 °C ).

I t  is difficult to  co m p are  these figures, since G r im m ’s values concern  
th e  N a  efflux an d  ours the  to ta l e lectro ly te  efflux in  N aC l equ ivalen ts. 
1 fx M  N aC l eq u iv a len t co n ta in s less th a n  1 (x M  N a. T h is  streng thens 
th e  conclusion  th a t  G r im m ’s values a re  h ig h er for b o th  species. So does 
th e  fac t th a t  in  his case th e  efflux is re la ted  to b lood  osm olarity  a n d  no t 
to  th e  osm otic v a lu e  o f  th e  electro lytes in  the b lood  as in  this study .

T h e  differences b e tw een  th e  values for ex tra -ren a l efflux as found  
h ere  a n d  those g iven  by  G r im m  m ig h t be due  to a  d ifferen t o rig in  o f 
th e  ex p erim en ta l an im als {cf. W e b e r  &  S p a a r g a r e n , 1970). G r im m ’s 
an im als  cam e from  an  en v iro n m en t w here th e  average  sa lin ity  was
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h igher. T h is  is usually  associated  w ith  a  h ig h e r  p e rm eab ility  (page 
313). S ince, how ever, for C. allmanni no  d ifference  in  osm oregulation  
w as found  be tw een  th e  an im als u sed  for b o th  the  experim ents, despite  
d ifferences in  gross efflux, i t  seem s less p lau sib le  to  a ttr ib u te  the  d iffer­
ences found  for C. crangon to  d ifferences in  orig in .

F o r Astacus fluviatilis in d ica tio n s have b een  found  th a t  a  loss o f ions 
to  the  m ed iu m  occurs w h en  N a  w as ac tive ly  abso rbed . W h en  the  N a  
p um p  stops, as is th e  case in  d istilled  w a te r, th is leak in g  ceases an d  the  
ex tra -ren a l efflux is red u ced  (B r y a n , 1960b). In  C. allmanni th e  N a  
co n cen tra tio n  in  th e  h a em o ly m p h  is h ig h e r  th a n  in  th e  m ed iu m  
( G r im m , 1969: 18), ju s t  as in  C. crangon in  h y p o to n ic  m ed ia . T herefo re  
b o th  species m u st hav e  som e m echan ism  for ac tiv e  u p ta k e  o f  ions. T h e  
m echan ism  described  b y  B r y a n  for Astacus fluviatilis m ay  also exp la in  
the  low er efflux values in  th e  m a n ito l solutions. O n  th e  o th e r h a n d , the  
differences m ay  as w ell p o in t to a  considerab le  exchange diffusion.

T h e  influence o f te m p e ra tu re  on  th e  gross ex tra -ren a l efflux in  
C. crangon has a Q_10 o f  1.82. L ittle  is k n ow n  a b o u t th e  te m p e ra tu re  
in fluence on ex tra -ren a l efflux in  o th e r species. O n ly  in  Asellus aquati­
cus it  was found  th a t  th e  ex tra -re n a l e lectro ly te  loss was in d e p e n d e n t o f 
te m p e ra tu re  ( L o c k w o o d , 1960).

4 .  D I S C U S S I O N

a. T h e  re la tio n  b e tw een  re n a l an d  ex tra -re n a l e lectro ly te  loss

I n  C. crangon, ju s t  as in  m an y  c rustaceans, th e  gross ex tra -ren a l efflux 
surpasses th e  ren a l e lec tro ly te  loss (cj. S h a w , 1961a; P o t t s  &  P a r r y , 
1964b). In  a  h y p erosm otic  m ed iu m  th e  ren a l loss is p ro b ab ly  very  
sm all, a t  low er salin ities th e  electro ly te  loss v ia  th e  u rin e  increases to 
a b o u t 30%  o f  th e  to ta l e lec tro ly te  loss. T h is agrees w ith  th e  va lu e  o f 
24%  ca lcu la ted  by  S h a w  (1961b) from  his d e te rm in a tio n s  on N a  loss, 
an d  S c h w a b e ’s (1933) e s tim a te  o f  u rin e  p ro d u c tio n  in  Eriocheir sinensis 
(cf. K r o g h . 1939). I f  in  th e  m a n ito l so lu tion  a  re d u c tio n  o f efflux has 
tak en  p lace , th e  a c tu a l c o n tr ib u tio n  o f the  ren a l e lectro ly te  loss to  the  
to ta l e lectro ly te  loss w ill b e  low er.

As C. allmanni p ro b a b ly  has a  v e ry  low  u rin e  p ro d u c tio n , an d , com ­
p ared  w ith  C. crangon, a  h ig h er ex tra -re n a l efflux, its ren a l electro ly te  
loss w ill a m o u n t to  a n  even  sm alle r p a r t  o f th e  to ta l efflux.

b. A ctive  u p ta k e  o f electrolytes

T h e  sum  o f ren a l a n d  e x tra -re n a l efflux gives th e  to ta l gross efflux 
(Fig. 16). I n  a  s ta te  o f  e q u ilib r iu m  th e  to ta l efflux w ill be com pensated  
by an  eq u a l influx. T h e  la tte r  w ill be  p a rtly  passive by  diffusion, b u t
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w ill a t  least be p a rtly  active in  a  hypo-osm otic  m ed iu m . S ince passive 
ex tra -re n a l efflux seem ed to be p ro p o rtio n a l to  e lectro ly te  c o n c e n tra ­
tio n  in  th e  b lood , it  m ay  also be assum ed th a t  passive in flux  is p ro p o r­
tio n a l to  sa lin ity  {cf. S h a w , 1961a). A t tho se  values o f  sa lin ity  w here  
co n d u c tiv ity  o f b lood an d  seaw ater a re  e q u a l, th e  gross influx w ill be 
eq u a l to th e  gross efflux, since in  th is case ac tiv e  u p ta k e  a n d  ren a l loss 
a re  neglig ib le . T h e  difference betw een  to ta l efflux an d  passive in flux  
gives a n  in d ica tio n  o f  the  ac tive  u p ta k e  o f  electro ly tes.

$ l(nMNaCI,hr-'.g-'

20

15

IO-

5

0
°C0.50 IO

Fig. 16. T o ta l electrolyte efflux, and  hypothetical passive electrolyte influx in 
C. crangon a t  various osmolarities of th e  m edium . Pj and  P2 are  the isosmotic salinities 

a t 6 °C (# )  and  21 °G (A) respectively.

F ro m  th e  p o in t o f iso -conductiv ity  th e  active in flux  increases tow ards 
lo w er salinities to  reach  a  m ax im u m  a t  low salin ities. T h e  sa lin ity  a t 
w h ich  th e  ac tive  u p tak e  no  longer increases corresponds w ith  th e  low er 
b o u n d a ry  o f  th e  reg u la tio n  ran g e  o f  A*. T h is  re la tio n  is fo u n d  a t  6 °G 
as w ell as a t  21 °C. F ro m  these d a ta  th e  m ax im al ac tive  u p ta k e  can  be 
estim a ted  a t  3.1 g M  N a C l-g - 1 ,h r -1 and  8.5 ¡xM N a C l-g -1 • h r -1 
respective ly . I f  th e  values for ex tra -ren a l efflux a re  too low , d u e  to  a  
re d u c tio n  o f  efflux in  the  m a n ito l so lu tion , these figures w ill b e  too 
h igh .

F o r Carcinus maenas a m ax im al ac tive  influx o f 8.2 p.M N a - g _1- h r_1 
has been  found  (S h a w , 1961a, te m p e ra tu re  n o t specified). As fa r as
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could  be traced , no d a ta  a re  k n o w n  for o th e r  b rack ish  w a te r  or m arin e  
species.

T h e  (¿10 value  o f the  active u p ta k e  is 1.88. T h is  v a lu e  is very  sim ilar 
to  th e  te m p e ra tu re  in fluence on  gross e x tra -re n a l efflux ((¿ 10 =  1.82). 
As a t  h ig h e r tem p era tu res  th e  ac tiv e  u p ta k e  m ay  increase  p rac tica lly  
p ro p o rtio n a lly  to  the  gross e lec tro ly te  loss, the  in te rn a l electrolyte 
co n cen tra tio n  m ay  rem ain  p ra c tic a lly  th e  sam e as te m p e ra tu re  changes. 
T h e  d ifference betw een  th e  (¿ 10 values for active u p ta k e  an d  gross 
ex tra -re n a l e lectro ly te  efflux m a y  ac c o u n t for th e  relatively  sm all 
increase  in  ren a l e lectro ly te  loss a t  h ig h er tem p era tu res .

c. L o ca liza tio n  o f active u p tak e
Som e ind ica tions as to the  site  w h e re  ac tive  u p tak e  occurs could  be 
o b ta in e d  by experim ents w ith  an im als in  w h ich  th e  gili cavities had  
been  sh u t off. In  the  m easu rin g  cell o f  the  u rin e  p ro d u c tio n  set-up 
(Fig. 5) an  an im al w as p laced  o f  w h ich  b o th  gili cavities h a d  been  shu t 
o ff by qu ick ly  in jec ting  vaseline by  m eans o f  a syringe. In  hypo-osm otic 
seaw ate r this y ielded (1) a  re d u c tio n  o f  the  u rin e  d isch arg e  and  (2 ) a 
c o n tin u a tio n  o f  active e lec tro ly te  u p ta k e  for som e tim e  before the  a n i­
m al d ied . T h e  failu re  o f u rin e  p ro d u c tio n  m ay  be an  in d ica tio n  th a t 
p e rh ap s  p a r t  o f the  w a te r en ters b y  w ay o f  the  gills. I t  is m ore obvious, 
how ever, th a t  w ith  the  gili cav ities b locked the  ac tive  u p tak e  o f elec­
tro ly tes still goes on for som e tim e . T h is ind ica tes th a t  ac tive  u p tak e  of 
electro ly tes m ay  take  p lace  a t  som e o th e r site  th a n  th e  gills. In  
Eriocheir sinensis, how ever, K o c h , E v a n s  &  S c h ic k s  (1954) p roved  ac­
tive u p ta k e  in  iso lated  gills. M o reo v er N a g e l  (1934), using  n o rm al 
specim ens o f Carcinus maenas a n d  specim ens in  w h ich  th e  g u t h ad  been 
b locked  found  no difference in  th e  results. H e re  too, active up take  
m ust tak e  p lace  a t  th e  o u te r  surface. I n  th e  sam e species W e b b  (1940) 
an d  S h a w  (1961a) d e m o n s tra te d  sa lt a b so rp tio n  th ro u g h  the  gills. 
T h e  p resen t results seem  re m a rk a b le  w hen  co m p ared  to those observa­
tions. O n ly  C r o g h a n  (1958a), w o rk ing  w ith  Artemia salina found  some 
in d ica tions for salt u p ta k e  in  th e  g u t. In  this research  experim ents on 
an im als in  w hich the  g u lle t h a d  b een  sh u t off by  vaseline y ielded no 
fu r th e r  results, since th e  an im a ls  e ith e r  sw allow ed th e  vaseline or 
re g u rg ita te d  it.

d. A ctive excre tion  o f  electrolytes 

In  C. crangon active excre tion  o f  salts takes p lace  in  a  hyperosm otic  
m ed ium . I t  appears a lread y  from  th e  curves re la tin g  A¿ to A e th a t  the 
facilities for active efflux a re  less w ell developed th a n  th e  facilities for 
active u p ta k e  in hypo-osm otic  m ed ia . A ssum ing th a t  no ren a l loss of 
salts occurs from  C. crangon in  a  hyperosm otic  m ed iu m , the  m ax im al
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active  efflux m ay  be estim ated  a t  a b o u t 2 .1 9  (xM N a C l-g -1 - h r -1 a t 
6 °G a n d  5.71 [xM N a C l-g _1-h r_1 a t  21 °G . T h e  in fluence  o f  te m p e r­
a tu re  o n  ac tiv e  sa lt excre tion  is p ra c tic a lly  eq u a l to th a t  on  active 
u p ta k e ; O,10 b e in g  1.89 a n d  1.88 respective ly . I t  is in te restin g  to  con ­
sider th e  possib ility  th a t  active u p tak e  a n d  active secre tion  m ay  be 
governed  by  th e  sam e m echanism . F o r ac tiv e  sa lt excre tion  several 
in d ica tio n s h av e  been  fou n d  for lo ca liza tio n  in  th e  g u t ( G r e e n , 
H a r s c h , B a r r  &  P r o s s e r , 1959; G i f f o r d , 1962; D a l l , 1966). Som e 
d a ta  p o in t to active excre tion  by w ay o f  th e  gills ( C r o g h a n , 1958b; 
F l e m i s t e r , 1959).

e. P erm eab ility  for e lectro ly tes
T h e  gross e x tra -re n a l efflux yields som e in fo rm a tio n  on  p e rm eab ility  
for e lectro ly tes. F o r C. crangon, s ta rfin g  fro m  the  q u o tie n t <De///A ¿ the  
p e rm e a b ility  a t  a  co n cen tra tio n  difference o f  1 m ol cou ld  be d e riv ed : 
17.8 ¡xM N a C l- g -1 - h r - 1-m o l“1 a t  6 °C a n d  45.5 ¡xM N a C l* g -1 - h r -1
• m o l-1 a t  21 °C. F o r C. allmanni this va lue  w as 32.6 ¡xM N aC l • g - 1 • h r -1
• m o l-1 a t  6 °C.

P e rm e a b ility  g rea tly  influences the  e n e rg y  need ed  for m a in ta in in g  
a  d ifference  b e tw een  b lood  an d  m ed iu m  co n cen tra tio n s. As a ru le  the  
p e rm e a b ility  for electro ly tes increases fro m  freshw ater species to 
b rack ish  w a te r  a n d  m arin e  species ( N a g e l , 1934; G r o s s , 1957). T h is  
ten d e n c y  is also a p p a re n t in  the  d ifference  in  p e rm e a b ility  be tw een  
C. crangon a n d  C. allmanni.

T h e  low er p e rm e a b ility  o f fresh- an d  b rack ish  w a te r  species is ag a in  
re flec ted  in  a  slow er ra te  o f ex tra -ren a l loss in  a  so lu tion  p o o r in  elec­
tro ly tes. B oth  w ith  C. crangon and  C. allmanni a  decrease  o f  gross efflux 
was m easu red  w ith in  som e hours. W ith  Eriocheir sinensis K r o g h  (1939) 
fou n d  o n  th e  first d ay  an  efflux o f 1400 to 1800 [xM N a C l -g -1 - h r -1, on 
th e  second d ay  it  w as still 750 ¡xM -g-1- h r - 1. B e r g e r  (1931) h a d  found  
a  sligh tly  q u ick er decrease w ith  th e  sam e species : 1400 ¡xM Cl • g _1 • h r -1 
on  th e  first d ay , 280 ¡x M - g ^ - h r -1 on  th e  second day , a n d  100 
[xM -g-i’- h r " 1 a fte r a  w eek. S im ilar slow decreases o f  efflux have  been  
fou n d  in  fre sh w ate r species (a.o. Gammarus pulex, L o c k w o o d , 1961).

M easu rem en ts  o f  ex tra -re n a l efflux in  a  m an ito l so lu tion , using  
an im als  w ith  b locked  gills, p ro v ed  th a t  th e  g re a te r  p a r t  o f  e lectro ly te  
efflux takes p lace  by  w ay  o f  th e  gills. B locking o f  th e  gili cavities re su lted  
in  a  re d u c tio n  o f  e lec tro ly te  efflux by a b o u t 52%  ( N  =  7, a =  17,7).

A  (¿ 10 o f 1.82 for e lectro ly te  efflux (page 310) a n d  1.36 for w a te r  
t ra n s p o r t (page 300) in d ica te  th a t, to a  c e rta in  ex ten t, p e rm eab ility  
for e lectro ly tes a n d  for w a te r  a re  in d e p e n d e n t o f  each  o th e r (cf. 
Potamon niloticus, S h a w , 1 9 5 9 c) .
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V I I .  N O N - E L E C T R O L Y T E S  I N  T H E  B L O O D

1. I N T R O D U C T I O N

N on-elec tro ly tes also co n trib u te  to  th e  osm otic pressure  in  th e  haem o- 
ly m p h . T h e ir  co n trib u tio n  w ill be  co n sid e rab ly  sm alle r th a n  th a t  o f the 
various ions in  the  b lood, since th e  fo rm er m olecules a re  less num erous.

S om e id ea  a b o u t th e  c o n tr ib u tio n  o f th e  non -e lec tro ly tes could  be 
g a in ed  by  c o m p arin g  freez in g -p o in t d e te rm in a tio n s  a n d  conductiv ity  
d e te rm in a tio n s  o f  th e  blood. T h e  v a lu e  o f  th e  b lood co n d u ctiv ity  was 
c o m p a re d  w ith  conductiv ity  va lu es  o f seaw ate r to  find  o u t w hich 
seaw ate r co n cen tra tio n  y ielded  a n  id en tica l figu re  (B r u n s , 1 9 6 2 ) .  T h e  
freez ing -po in t depression o f se a w a te r  can  b e  d eriv ed  from  th e  em piri­
ca l fo rm u la  o f  M i y a k e  ( 1 9 3 9 ) .  T h e  d ifference betw een  th e  freezing- 
p o in t depression as m easured  a n d  th a t  o f  th e  electro lytes o b ta in ed  by 
th e  ab o v e  p ro ced u re  (At — A<, eiectr) is a n  in d ica tio n  for th e  concen­
tra t io n  o f  non-electro lytes.

B lood sam ples w ere  o b ta in ed  fro m  specim ens o f C. allmanni, ad ap ted  
to  v a rious salin ities an d  te m p e ra tu re s , an d  freez in g -p o in t as well as 
co n d u c tiv ity  o f th e  sam e sam ple  w e re  d e te rm in ed . T o  this end  20 pi o f 
b lood  w as d ilu ted  w ith  1 m l d is tilled  w ater. O f  this m ix tu re  th e  con­
d u c tiv ity  a t  20 °C was m easu red . T h e  co n d u c tiv ity  o f th e  b lood o f 
C. crangon w as d e te rm in ed  by  B r o e k e m a  (1942). H e r  specim ens cam e 
from  th e  sam e a re a  as th e  species used in  th e  p resen t freezing-po in t 
d e te rm in a tio n s . T h e  co n c e n tra tio n  o f free am ino-acids in  th e  b lood  of 
C. crangon w as also m easured  d ire c tly  in  o u r in s titu te  by  R . E . W e b e r . 
T h e  results w ill be pub lished  la te r.

2. R E S U L T S  A N D  I N T E R P R E T A T I O N

T h e  differences betw een  A< a n d  A¿, eiectr fo r C.crangon have  been 
p lo tte d  ag a in s t m ed iu m  o sm o la rity  (Fig. 17). I t  ap p ears  th a t  a t  various 
co n cen tra tio n s  o f  th e  m ed iu m  th e  sh are  o f  non-e lec tro ly tes does no t 
re m a in  con stan t. A t 4  to  6 °C a n d  freezing -po in t depressions o f the  
m e d iu m  betw een  1.1 an d  2.0 °C  n on-e lec tro ly te  co n cen tra tio n s are 
low er, w ith  a  m in im u m  a t Ae =  1 .7  °C. A t 21 to  22 °C  a  sim ilar d rop  
is fou n d  a t  low er salin ities: a t  Ae =  1.1 °C th e re  is p rac tica lly  no non­
e lec tro ly te  left in  th e  h aem o ly m p h , a t  m ed iu m  osm olarities h ig h e r th an  
1.5 °C  th e  ch an g e  in  c o n c e n tra tio n  o f the  non-electro ly tes is relatively  
sm aller. T h e  m ax im u m  c o n c e n tra tio n  o f  non-e lec tro ly tes is o f the  
sam e o rd e r  a t  b o th  tem p era tu res .

A t low  salin ities C. allmanni exh ib its  re la tive ly  sm all va ria tio n s in 
co n c e n tra tio n  o f  non-electro ly tes i n  th e  haem o ly m p h  (Fig. 18). T h e
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a m o u n t is s im ila r to  th e  m ax im a l co n c e n tra tio n  o f  non-electro ly tes in  
C. crangon. A t h ig h e r tem p era tu res  (21 °C ) less non-electro ly tes are  
found  in  th e  b lood . T h is  co rresponds to  h ig h  m o rta lity  observed  a t  this 
tem p era tu re .

n-elictrolyt« , °C

21-22 °C \ A l

0.5 1.0 1.5 2.0 A , , °C

Fig. 17. O sm otic concentration  o f non-electrolytes in  the blood of C. crangon as a  
function o f osmotic concentration  o f the  m edium . an d  P2 a re  the isosmotic salini­

ties a t 4  °C and  21 °G.

a. T h e  significance o f  v a r ia tio n  in  n on -e lec tro ly te  c o n cen tra tio n  in  the
b lood  o f C. allmanni.

A t low er salin ities e lec tro ly te  co n cen tra tio n  in  the  b lood  o f  C. allmanni 
is p rac tica lly  eq u a l to  th a t  in  th e  m ed iu m . H ere  th e  low  h y p erto n ic  
value  o f  the  b lood  is due  to  th e  co n tr ib u tio n  o f  non-electro ly tes. A t 
h ig h er salinities non-e lec tro ly tes d isap p ear from  the  b lood. H e re  the  
b lood  is isotonic o r s ligh tly  hypo to n ic  since on  th e  one h a n d  th e  con-

â i, non-electrolyle °c
0.3

<52

o4-------------------- .---------------------.-------------------- .-------------------- io---------- ^ ---- ,
0 0.5 1.0 15 2.0 4 2.5

Ae . °C
Fig. 18. O sm otic concentration  of non-electrolytes in  the blood of C. allmanni as a 
function of osmotic concentration  of the m edium . O  5 -7  °C, □  15 °C, A  21 °C.

c e n tra tio n  o f non -e lec tro ly tes h a d  decreased  an d  on th e  o th e r h a n d  
th e re  is a  sm all active excre tion  o f electro lytes (especially a t  th e  h igh 
te m p e ra tu re  o f 21 °G ). T h ese  d a ta  suggest th a t  the  v a r ia tio n  in  n o n ­
electro ly te  co n c e n tra tio n  in  C. allmanni is connected  w ith  a  sligh t osm o­
reg u la tio n . F o r  a  species w ith  a  re la tiv e  h ig h  p e rm eab ility  for elec­
tro ly tes, such  as C. allmanni, th is form  o f  osm otic re g u la tio n  m ay  
p e rh ap s save m ore  energy  th a n  m a in ta in in g  th e  sam e osm otic dif­
ference betw een  b lood  a n d  m e d iu m  by  m eans o f electrolytes.
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b. T h e  effect o f te m p e ra tu re  on osm otic c o n cen tra tio n  o f  th e  blood
of C. crangon

T h e  curves in d ica tin g  th e  re la tio n  betw een  A¿ an d  Ae in  C. crangon a t 
various te m p e ra tu re s  (Fig. 1) d o  n o t q u ite  overlap . T h e  effect o f 
te m p e ra tu re  m ay  be in d ica ted  b y  th e  difference A2/ °  — A f° (Fig. 19, 
d raw n  line). In  the  sa lin ity  ra n g e  betw een a b o u t 14 an d  2 8 %0 (A e 
ab o u t 0.8 to  1.6 °C) A* decreases w hen  th e  te m p e ra tu re  increases. 
O u tside  these b o u n d aries  a  positive co rre la tio n  be tw een  te m p e ra tu re  
an d  A í is found .

T h e  effect o f te m p e ra tu re  on  th e  co n cen tra tio n  o f  electro lytes and  
non-electro ly tes is rep resen ted  in  the  sam e w ay  (Fig. 19). I t  appears 
th a t  th e  effect o f  te m p e ra tu re  o n  in te rn a l osm otic  co n cen tra tio n  is 
strong ly  c o rre la ted  w ith  the  sam e effect o f n o n -e lec tro ly te  co n c e n tra ­
tion. T h e  ch an g e  in  to ta l osm otic co n cen tra tio n  a t  rising  tem p era tu res  
is also co rre la ted  w ith  a  ch an g e  in  th e  electro ly te  co n cen tra tio n , b u t to 
a  m u ch  sm alle r ex ten t.

T h e  shift o f  the  re g u la tio n  ra n g e  tow ards low er salin ities a n d  low er 
A i values w h en  th e  te m p e ra tu re  rises m ay  thus m ain ly  re su lt from  the  
changes o ccu rrin g  in  th e  co n cen tra tio n  o f non-electro ly tes. T h e  ecolo­
gical consequences as to seasonal m ig ra tio n  have a lread y  been  in d ica ted  
(page 281).

. ,2I*C .5*C .  ¿ i  -A | , C°C

0.10

0.05

0
2 5

•0 .0 5

0.10

0.15

■0.20

Fig. 19. Effect o f a  rise in  tem perature from 5 °C to 21 C on to tal osm otic con­
centration , electrolyte concentration  and  non-electrolyte concentration  in the blood 

of C. crangon as a  function o f  the  osmolarity of the m edium .

c. A d a p ta tio n  to te m p e ra tu re  in C. crangon 
S u p p lem en ta ry  in d ica tions for th e  effect of non-electro ly tes on  the
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ch an g e  in  A< u n d e r  th e  in fluence  o f te m p e ra tu re  hav e  been  o b ta in ed  
by m easu rin g  th e  ra te  o f  te m p e ra tu re  a d a p ta tio n . A b o u t 50 specim ens 
w ere a d a p te d  to  21 %0 S a t  4  °C . W ith  th is sa lin ity  th e  influence o f 
te m p e ra tu re  on b lood  co n c e n tra tio n  is re la tiv e ly  g re a t (Fig. 1). T h e  
b lood o f  a  n u m b e r o f  these an im als w as co llected  a n d  freezing-po in t as 
w ell as co n d u c tiv ity  was m easu red . T h e  te m p e ra tu re  o f th e  a q u a riu m  
w as th e n  increased  to  21 °C d u rin g  a  perio d  o f  1 h o u r. In  the  nex t 
seven hou rs b lood sam ples w ere  tak en  from  20 specim ens, an d  A* and  
co n d u c tiv ity  w ere d e te rm in ed . I t  ap p e a re d  th a t  d u rin g  th is period  no 
sign ifican t decrease in  b lood  c o n cen tra tio n  occu rred . N e ith e r w as the  
exp ec ted  decrease found  in  8 m easu rem en ts, c a rried  o u t after 2 4 | 
hours.

C o n tra ry  to th e  sw ift d ecrease  in  A* a t  a  ch an g e  o f  m ed iu m  salin ity  
(page  280) th e  a d a p ta tio n  to  te m p e ra tu re  takes a  longer tim e. In  
n a tu re  too  these changes w ill p roceed  very  g rad u a lly . W ith  th e  changes 
in  sa lin ity  it  is th e  o th e r w ay  ro u n d  : especially  in  sum m er, w hen  the 
an im als a re  found  in  coastal w aters  o r in  th e  W a d d e n  Sea, considerab le  
an d  su d d en  a lte ra tio n s in  sa lin ity  m ay  occur. T h e  qu ick  a d a p ta tio n  to 
these cond itions is co n n ec ted  w ith  th e  re la tive ly  h igh  fluxes o f  e lec­
tro ly tes. T h e  slow d ev e lo p m en t o f  te m p e ra tu re  a d a p ta tio n  suggests 
th a t  i t  is n o t b ro u g h t a b o u t by  electro ly te  tra n sp o rt, b u t  by a change in  
co n cen tra tio n  o f  non-electro ly tes, w hich  a p p a re n tly  can  only  p roceed  
a t  a  slow ra te .

d. C onclusion
F o r th e  co n tr ib u tio n  o f th e  c o n cen tra tio n  o f  N a  an d  Cl to th e  osm otic 
co n cen tra tio n  G r i m m  (1969: 20) fou n d  values, b o th  w ith  C. crangon 
a n d  C. allmanni w h ich  v a ried  b e tw een  88 an d  9 2 %  o f  th e  to ta l osm otic 
c o n cen tra tio n . H is m e th o d  o f d e riv a tio n  does n o t exclude th e  possibi­
lity  th a t  these values a re  so m ew h at on th e  h ig h  side. T h o u g h  G r i m m  

suggests th a t  a  co n stan t c o n tr ib u tio n  o f  non-electro ly tes u n d e r  c h a n g ­
in g  cond itions is a  very  co m m o n  p h en o m en o n  in  th e  body  fluids o f 
m a n y  species o f  an im als, th e  p resen t results p o in t to  a n o th e r  co n c lu ­
sion. I t  ap p e a re d  th a t  th e  n o n -e lcc tro ly te  co n cen tra tio n  m ig h t vary  
be tw een  ap p ro x im ate ly  0 a n d  2 0 %  o f  th e  to ta l osm olarity , d ep e n d e n t 
on  te m p e ra tu re  an d  salin ity . T h is  v a ria tio n  is co n n ec ted  w ith  a  form  
of osm otic re g u la tio n  in C. allmanni. In  C. crangon th e  ad ap tiv e  shifting 
o f  th e  reg u la tio n  ran g e , d e p e n d e n t on  te m p e ra tu re , m ay  m ain ly  resu lt 
from  th is v a ria tio n  in  non-electro ly tes.
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V I I I .  C E L L U L A R  R E G U L A T I O N

1.  I N T R O D U C T I O N

M etabo lic  processes are  d e p e n d e n t on c e r ta in  o p tim a l co n cen tra tions 
o f various substances in  th e  cells. G r i m m  (1969) d e te rm in ed  N a  con­
cen tra tions in  solutions, o b ta in ed  by  dissolving com ple te  specim ens o f 
C. crangon a n d  C. allmanni, w h ich  h a d  been  a d a p te d  to various salinities, 
in  n itric  ac id . T h e  resu lts suggested  d ifferen t N a  co n cen tra tions for 
tissues a n d  blood , th e  d ifferences being  g rea te s t for C. allmanni. T his 
im p lied  th a t  there  existed  a  reg u la tio n  o f  c e r ta in  substances a t  cell 
level, besides the  re g u la tio n  o f  b lood  co n cen tra tio n .

I t  seem ed desirab le  to su p p lem en t these d a ta  w ith  observations on 
the  an im als o f th e  p re sen t popu la tio n s. G r i m m ’s an im als show ed a  

slightly  d ifferen t o sm oregu la tion  a n d  m oreover th e  above observations 
h ad  been  ca rrie d  o u t a t  on ly  one te m p e ra tu re  an d  a t  five salinities, o f 
w hich  only  tw o in  th e  re g u la tio n  range .

In  b o th  species i t  is possib le to  isolate m uscle tissue from  the  a b ­
dom en. A fter in c in e ra tio n  o r h o m ogen isa tion  th e  co n cen tra tio n  o f 
various com ponen ts m ay  be d e te rm in ed . A  d isad v an tag e  is th a t  an  
u nknow n  q u a n tity  o f b lood  rem ains in  th e  tissue. F o r th is reason  sim ­
ilarly  w hole specim ens w ere  used, w hich  m ad e  i t  possible to  take  the  
q u a n tity  an d  co n cen tra tio n  of th e  b lood in to  acco u n t, a n d  also to give 
a  rou g h  p ic tu re  o f  th e  average  a m o u n t o f  dissolved substances in  
sh rim p  tissues.

A nim als a d a p te d  to  e ig h t d iffe ren t salin ities, b o th  a t  4  °C an d  a t  
21 °G w ere  h om ogen ized  in  a  P o tte r  tu b e . T o  this h o m o g en a te  was 
ad d ed  a b o u t 8 m l o f  d istilled  w a te r  an d  o f th e  liq u id  thu s o b ta in ed  the  
freezing-poin t, co n d u c tiv ity  a n d  ch lo ride  co n cen tra tio n  w ere d e ­
term ined .

T h e  w a te r p resen t in  an  an im al m ay  be considered  to occupy various 
co m p artm en ts , such  as b lood , u rin e , in tra c e llu la r  w a te r, o f  w h ich  each 
vo lum e has a  c e rta in  co n c e n tra tio n  o f dissolved substances. Previous 
m easurem ents (C h a p te r  I I I )  gave th e  w a te r co n ten t o f  C. crangon in  
re la tio n  to  te m p e ra tu re  a n d  sa lin ity . F o r th e  w a te r  co n ten t o f  C. all­
manni th e  average  o f  th e  values o b ta in e d  by  G r i m m  w ere  taken . F rom  
th e  figures for freez ing -po in t depression , conductiv ity , a n d  ch loride 
co n cen tra tio n , o b ta in e d  in  th e  d ilu ted  hom ogenate , th e  average  con­
cen tra tions o f  th e  w a te r  p re sen t in  th e  an im als w ere ca lcu la ted . In  o r­
d er to ensu re  a  b e tte r  com p ariso n  betw een  osm otic co n cen tra tion , 
e lectro ly te  co n c e n tra tio n  an d  ch lo ride  co n cen tra tio n  th e  values have 
all been  expressed as freez ing -po in t depressions in  degrees cen tig rade .
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2. R E S U L T S  A N D  I N T E R P R E T A T I O N

a. T issue osm otic co n c e n tra tio n
T h e  av erag e  co n cen tra tio n  o f th e  b o d y  fluids (A*, freezing-poin t 
d e te rm in e d  in  hom ogen ized  an im als) is h ig h e r th a n  th a t  o f  the  
h aem o ly m p h  (Fig. 20). In  th e  sa lin ity  ra n g e  w h ere  b lood  co n cen tra ­
tio n  o f  C. crangon is strong ly  reg u la ted , a n d  a t  h y p erto n ic  seaw ater 
co n cen tra tio n s, A a follows a  p rac tica lly  p a ra lle l course to  th a t  o f  A¿. 
A t 4  °C  th e  d ifference b e tw een  th e  tw o is p rac tica lly  the  sam e as a t 
21 °C . A nalogous to the  shift in  the  o sm o reg u la tio n  ran g e  for increase 
in  te m p e ra tu re  tow ards low er salinities a n d  low er A* values, th e  range 
o f  A/i re g u la tio n  shifts w h en  th e  tw o te m p e ra tu re s  a re  co m p ared  in a 
p lo t o f  Aft ag a in st A e. A t low er salin ities, how ever, th e  difference 
be tw een  Aí a n d  Aft is less a t  4  °C , a n d  a t  h ig h e r salin ities it  is som ew hat 
g re a te r  a t  21 °G. T hese  changes co rresp o n d  w ith  cond itions u n fa ­
v o u rab le  for C. crangon.

F o r C. allmanni a  s im ilar, co n stan t, b u t  sm alle r d ifference was found  
be tw een  A* a n d  A % (Fig. 20c).

I f  th e  b o d y  fluids are  d iv ided  in  a  c o m p a rtm e n t, Vx w ith  an  osm ola- 
r ity  o f  Aí, com prising  blood, u rine , etc., a n d  a  c o m p a rtm e n t V2 w ith  a  
d iffe ren t osm olarity  A2 th e n  (V x +  F2)A /t =  VXA { -f- F 2A2 o r:

a,, =  td n c A < + i d n y Aa (1)’
Since for a  la rg e  ran g e  o f salin ities th e  d ifference b e tw een  Aí an d  A ft is 
co n stan t, co rre la tio n  o f th e  tw o (Fig. 20) in  th is tra je c t w ill give a 
s tra ig h t lin e  w ith  a  slope V1/(V 1 +  V2) =  1. T h is  m eans th a t  p ra c tic a l­
ly all th e  b o d y  fluid, an d  therefo re  p ro b a b ly  also th e  in tra c e llu la r  fluid, 
is isosm otic to  th e  b lood. I n  a d d itio n , th e re  will be  a  n u m b e r  o f osm otic 
substances, associated  w ith  only  a  v e ry  sm all a m o u n t o f w a te r, or 
o cc u rrin g  in  undissolved s ta te  in  th e  body. T h is  q u a n tity  m ay  be 
e stim a ted  for C. crangon an d  for C. allmanni a t  86 N aC l equ iv  -g _1 
a n d  64 fxM N aC l equ iv  • g _1 respectively . U n d e r  u n fav o u rab le  c ir­
cu m stances these q u an titie s  are  su b jec t to changes.

B ecause o f  the  large  surface o f th e  cells a n d  th e  re la tive ly  h igh  
p e rm e a b ility  o f  the  cell m em b ran es, concerned  w ith  th e  in tensive 
tra n sp o r t o f  m a tte r  be tw een  cells a n d  blood , F l o r k i n  &  S c h o f f e n i e l s  

(1969) assum ed  th a t  no differences c a n  exist be tw een  osm otic concen ­
tra t io n  in  cells a n d  in  b lood . S h a w  (1958b) also found  for Carcinus 
maenas in  u n d ilu te d  seaw ate r a n d  in  40%  seaw ate r th a t  in  iso lated  
m uscle tissue th e  freezing-po in t depression w as h ig h er th a n  in  b lood. 
H e  also expects th a t  th e  in tra c e llu la r  fluid w ill be isosm otic to  the  
b lood . H e  ascribes th e  h ig h e r osm otic  value to  autolysis o f o rgan ic
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Fig.20. T h e  relation  betw een osmotic concentration  of shrim p hom ogenates to th a t 
of the blood, a (# ) ,  C. crangon a t 4 °C ; b  (A), C. crangon a t 21 °G; c ( O ), C. allmanni

a t 4  °C.
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com p o n en ts , such  as ad en o sin e -tri-p h o sp h a te . T h e  above re la tio n  
b e tw een  A* — A n a n d  salin ity , how ever, suggests th a t  th e re  m ay  be an  
a m o u n t o f  osm otic  substances stored  in  th e  tissues. U n d e r  fav o u rab le  
co n d itions o f  h ig h e r salin ities to g e th e r w ith  h igh  tem p era tu res  a  
fu r th e r  s to rag e  occurs, an d  o f  low  salinities to g e th e r w ith  low  te m p e r­
a tu res  p a r t  o f  th e  sto rage  is m obilized  (b o th  cond itions a re  u n fa ­
v o u rab le  for C. crangon).

b. Tissue electro ly te  c o n c e n tra tio n
T h e  av erag e  electro ly te  co n cen tra tio n  in  the  b o d y  (A*, eiec tr) is 
p lo tted  ag a in s t e lectro ly te  co n cen tra tio n  in  th e  b lood  (Fig. 21). T h o u g h  
from  th e  ab o v e  d a ta  it  seem ed likely th a t  th e  cell flu id  w ould  be isos­
m otic  to th e  b lood , it  ap p ears  th a t  the  e lec tro ly te  co n cen tra tio n s  in  cell 
an d  b lood  m ay  differ (cf. G rim m , 1969). T h e  course o f  A *, eiectr even 
in d ica tes  th a t  a t  fairly  h igh  v aria tions o f  e lec tro ly te  co n cen tra tio n s in 
the  b lood , o ccu rrin g  u n d e r  th e  influence o f a n  even  g re a te r  v a r ia tio n  in 
sa lin ity  o f  th e  m ed iu m , th e  electro ly te  c o n c e n tra tio n  in  the  cells m u st 
be co n s ta n t to  a  h igh  degree.

E ven  in  C. allmanni, w hich  only in  h y p erosm otic  salin ities shows som e 
sligh t re g u la tio n  o f  electro ly tes in  th e  b lo o d , the  e lec tro ly te  co n c e n tra ­
tion  in  th e  cell ap p ears  to be regu la ted .

In  o th e r  species o f c rustaceans an  ion  re g u la tio n  a t  cell level has also 
b een  found . S h a w  (1958b) found  in  m uscle tissue from  Carcinus 
maenas, w ith  d ecreasing  sa lin ity  in  the  m ed iu m , a  decrease  o f N a, K  
an d  C l co n c e n tra tio n  w hich  was very  sm all c o m p a re d  to the  decrease  o f 
these substances in  th e  b lood . R o b e r t s o n  (1961) fo u n d  an  ac tive  K  
re g u la tio n  in  m uscle  tissue from  Nephrops norvegicus. In  som e cases it 
cou ld  be p ro v ed  th a t  th e  io n  co n cen tra tio n s in  th e  cells w ere— as 
expec ted— in  a  D o n n a n  eq u ilib riu m  w ith  th e  dissolved o rg an ic  
substances, su ch  as K  an d  C l co n cen tra tio n s in  nerve  tissue o f Loligo sp. 
( H o d g k i n ,  1956), in  Carcinus maenas ( L e w i s ,  1952) an d  in  C. maenas 
m uscle tissue ( S h a w ,  1958a).

I f  A h, eiectr is eq u a l to  Ai t eiectr, th e  e lectro ly te  c o n cen tra tio n  in  th e  
cells is the  sam e  as th e  electro ly te  co n cen tra tio n  in  the  b lood . A n a lo ­
gous to  (1)

( F x +  F2)A ,, eiectr  — Ul A í, eiectr  T  U2A 2 

an d  w hen  A jit eiectr  =  A$( eiectr th en  I

(U l T  VPjPsh, eiectr =  U A ft, eiectr T  ^ 2 ^ 2

an d  co n seq u en tly  A2 =  A h, eiectr == A eiectr-
T h is  c o n d itio n  is fulfilled in  the  experim en ts w ith  C. crangon a t  

4 °C  a n d  a t  21 °G a t  e lectro ly te  co n cen tra tio n s o f  a b o u t 364 an d  336
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m M  N a C l e q u iv  I -1, respectively . W ith  C. allmanni this co n cen tra tio n  
is a b o u t  316 m M  N aC l e q u iv  I - 1 .

P ro b a b ly  eq u a l e lectro ly te  c o n c e n tra tio n s  for in tra c e llu la r  flu id  and  
h aem o ly m p h  rep resen t o p tim a l co n cen tra tio n s  for m etabo lism . In  
C. crangon these co ncen tra tions a re  p rac tica lly  reach ed  in  the  iso­
co n d u ctiv ity  points. S ince th e  d ifferences b e tw een  th e  o b ta in ed  values

* h ,  tle c tro ly te  ÍC
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Fig.21. T h e  relation  betw een osmotic concentration  of electrolytes in  homogenates 
to  th a t of electrolytes in  th e  blood, a  ( • ) ,  C. crangon a t  4  °C ; b (A ), C. crangon a t 
21 °C ; c (O ) , C. allmanni a t 4 °C. A t P x and P 2 the blood of C. crangon had  the 
sam e conductivity  as the  m edium  a t  4 °C and  21 °C respectively. T he figures 

next to the  symbols are th e  num bers of observations.
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a re  sm all an d  p ro b a b ly  no t sign ifican t it  m ig h t well be possible th a t  the  
o p tim a l e lec tro ly te  co n cen tra tio n  is th e  sam e  for th e  tw o species, an d  
th a t  th is co n c e n tra tio n  is n o t d ep e n d e n t on te m p e ra tu re .

C h lo rid e  co n c e n tra tio n  in  th e  body  flu id .— B o th  C. crangon a n d  C. all­
manni show  a n  obvious reg u la tio n  in  the  av e rag e  ch lo ride  c o n cen tra tio n  
in  b o d y  fluids a t  various salin ities (Fig. 22). T h e  ch lo ride  co n cen tra tio n  
in  th e  body  flu id  o f C. crangon is h a rd ly  in flu en ced  by te m p e ra tu re  
(C h a p te r  V ). P rac tica lly  over th e  en tire  sa lin ity  ran g e  th e  ch lo ride  
c o n te n t o f C. allmanni is e q u a l to  th a t  o f C. crangon. O n ly  in  d ilu ted  sea­
w a te r  th e  values o f  th e  fo rm er a re  so m ew h at low er. T h is  corresponds 
w ith  a  decrease in  io n  c o n cen tra tio n  in  th e  b lood  o f  th is species w hen  
th e  sa lin ity  o f  th e  m ed iu m  decreases. G r i m m  (1969: 29,47) found  som e

£5 4e?c
Clh.mE/l
400

2.5 AetC

Fig.22. C hloride concentration  in  th e  hom ogenate o f a  shrim p as a function of the 
osm olarity of th e  m edium , a, C. crangon a t  4  °C (# ) , and  a t 21 °C ( A) ; b , C. allmanni 
a t  4 °C (O ). R epresen ted  are  averages and  extrem e values. Figures nex t to the 

symbols indicate the num bers of observations.
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in d ica tio n s th a t  in  C. crangon e lec tro ly te  reg u la tio n  is a tta in e d  by  active 
u p tak e  o f  ch lo ride  a t  low  sa lin ities o f  th e  m ed iu m , N a  follow ing 
passively.

T h e  p a r t  p lay ed  by  ch lo ride  in  th e  e lectro ly te  co n cen tra tio n  o f body  
fluids is sm alle r th a n  th a t  o f ch lo rides in  the  e lec tro ly te  co n cen tra tio n  
o f  seaw ater. In  Fig. 23 th e  ch lo ride  c o n cen tra tio n  o f  th e  b o d y  fluids has 
been  p lo tte d  against th e  e lec tro ly te  co n cen tra tio n . O f  th e  to ta l electro­
ly te  co n cen tra tio n  th e  p e rcen tag e  o f chlorides varies w ith  th e  average 
e lec tro ly te  c o n cen tra tio n  in  th e  a n im a l an d  th e reb y  w ith  th e  salin ity  
o f th e  m ed iu m . A t h ig h  salinities re la tiv e ly  m ore  chlorides a re  presen t, 
w hile th e  a m o u n t o f  o th e r  e lectro ly tes rem ains m ore  o r  less co n stan t a t 
various salinities. T h is  a m o u n t does n o t d ep en d  on te m p e ra tu re  an d  is 
also th e  sam e for b o th  species o f sh rim p s. P ro b ab ly  those o th e r ions o f 
w hich  th e  co n c e n tra tio n  is k ep t m ore  co n stan t u n d e r  v a ry in g  cir­
cum stances w ill p lay  a  m ore essen tia l p a r t  in  cell m etabo lism .

C lh .m E /l
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Fig.23. R ela tion  betw een chloride concentration  and to ta l electrolyte concentration 
in  shrim p hom ogenates (® C. crangon a t  4  °C ; A C. crangon a t  21 °C ; Q  C. allmanni 

a t  4 °G) and in  seaw ater (drawn line).

c. T issue  n o n-e lec tro ly te  co n cen tra tio n

I n  b o th  species th e  av e rag e  n o n -e lec tro ly te  co n cen tra tio n  (A u, non-eiectr) 
o f  the  b o d y  fluids increases w ith  sa lin ity  o f the  m ed iu m  (Fig. 24). I t  
ap p ears  th a t  this in crease  w ith  sa lin ity  is g rea te r th a n  th a t  o f  th e  av er­
age e lec tro ly te  co n cen tra tio n , so th a t  a t  h ig h er salinities th e  p a r t  o f 
non-e lec tro ly tes has increased  to a b o u t one th ird  o f  th e  to ta l average  
osm otic c o n cen tra tio n .
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C o m p ared  to th e  c o n cen tra tio n  o f  th e  non-electro ly tes in  th e  b lood  a 
re m ark ab le  d ifference can  be seen (Fig. 2 4 ,1 a n d  I I ) .  T h is  enables us to 
decide  w h e th e r a t  a  g iven  ch an g e  in  sa lin ity  o f  th e  m ed iu m  th e  n o n ­
electro ly te  c o n cen tra tio n  in  th e  tissues gets h ig h e r o r low er. For, i f  a 
decrease in  average  n o n -e lec tro ly te  c o n cen tra tio n  o f  th e  body  fluids is 
found , w hile a t  th e  sam e tim e  th e  n o n -e lec tro ly te  co n cen tra tio n  o f  the  
b lood  increases, it  m eans th a t  a  g re a te r  decrease  o f  non-e lec tro ly te  
c o n cen tra tio n  m u st h av e  tak en  p lace  in  the  tissues.

A t a  decrease o f  sa lin ity  in  a  hypo-osm otic  m ed iu m  (Fig. 24a a n d  b, 
C. crangon, a t  4  °C an d  21 °C  to  th e  left o f  Px an d  P2 respectively) 
non-e lec tro ly tes d isap p ea r from  th e  tissues, w hile  non -e lec tro ly te  con ­
c e n tra tio n  increases in  th e  b lood . T h is  m ay  in d ica te  a  tra n sp o rt of 
non-electro ly tes from  the  cells to  th e  b lood by  w h ich  th e  osm otic con ­
c e n tra tio n  in  th e  cells can  be a d a p te d  to  th e  low ered  osm otic co n cen ­
tra t io n  o f th e  b lood . In  this w ay  g re a t m odifications o f  e lectro ly te  
co n cen tra tio n s in  th e  cell a re  avo ided . F u rth e rm o re  th e  decrease in  
osm otic  c o n cen tra tio n  in  th e  b lood  is slightly  co u n te ra c ted  by  the  
increase  o f no n -e lec tro ly te  co n cen tra tio n .

G enera lly  th e  c o n cen tra tio n  o f  non-e lec tro ly tes is considerab ly  
h ig h e r in  th e  cells th a n  in  th e  b lood . U n d e r  u n fav o u rab le  c ircu m stan ­
ces, how ever, such  as low  te m p e ra tu re s  an d  low  salin ities, th e  n o n ­
electro ly te  c o n cen tra tio n  in  tissues m ay  decrease considerab ly  and  
even becom e eq u a l to  or sligh tly  low er th a n  th e  n o n -e lec tro ly te  co n cen ­
tra t io n  in  th e  b lood  (Fig. 2 4 a ) . Besides this possib ility  o f m ig ra tio n  o f 
non-e lec tro ly tes from  cells to  th e  b lood  th e re  is obviously  also a  loss of 
non-e lec tro ly tes, as ap p ears  from  th e  decrease o f  th e  average  n o n ­
electro ly te  co n cen tra tio n  o f  th e  b o d y  fluids a t  low er salinities.

In  th e  ran g e  o f  salin ities a t  w h ich  th e  b lood c o n cen tra tio n  is k ep t a t  
a  p rac tica lly  co n stan t level, th e  c o n cen tra tio n  o f  non-e lec tro ly tes in  th e  
b lood  is re la tive ly  sm all a n d  th e  co n cen tra tio n  in  th e  cells w ill p ro b ­
ab ly  re m a in  co n stan t. W h en  sa lin ity  increases, th e  average  concen ­
tra t io n  o f  non-electro ly tes in  th e  b o d y  fluids increases too. T h e y  are  
p ro b a b ly  p ro d u ced  in  the  tissues, w h ereb y  th e  osm otic co n cen tra tio n  
o f  th e  cells is ab le  to  a d a p t  itse lf  to  th e  increase in  osm otic c o n c e n tra ­
tio n  o f  th e  b lood  ; th e  e lec tro ly te  co n cen tra tio n  in  th e  cells rem ain in g  
m o re  o r less co n stan t. P a r t  o f  th e  non-electro ly tes w ill pass to th e  b lood  
a n d  cause a n  increase  o f  n o n -e lec tro ly te  co n cen tra tio n , u p  to a  ce rta in  
m ax im u m . U n d e r  u n fav o u rab le  c ircum stances o f  h igh  te m p e ra tu re  
a n d  h ig h  sa lin ity  (Fig. 24b) th e  p ro d u c tio n  o f non-electro ly tes is 
lim ited , resu lting  in  a  m ax im al n on -e lec tro ly te  c o n cen tra tio n  in  th e  
body.

In  C. allmanni s im ila r re la tio n s w ere  found. A t low er salin ities n o n ­
electro ly tes pass from  cell to  b lood  w h en  c o n cen tra tio n  in  th e  m ed iu m
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Fig.24. Osm otic concentration  of non-electrolytes in homogenates (I) an d  in  blood 
(II) a t various osm olarities o f th e  m edium , a  (# ) ,  C. crangon a t 4 ° C ; b  ( a ) ,  C. 
crangon a t 21 °C ; c (O ) , C. allmanni a t 4 °C. A t Px and P2 the blood is isosmotic 

to the m edium  a t 4 °C and  21 °C respectively.
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— an d  therefo re  in  the  b lood— gets low er. T h is  m eans an  osm otic 
a d a p ta tio n  in  w hich  electro ly te  co n c e n tra tio n  in  th e  cells rem ains 
p rac tica lly  co n stan t. A t h ig h er sa lin ities th e  n o n -e lec tro ly te  concen ­
tra t io n  in  th e  cells does n o t increase  an y  lo n g er w ith  th e  increase  o f 
c o n c e n tra tio n  in  the  b lood. T h e  osm otic a d a p ta tio n  o f cells an d  blood 
th e n  corresponds to  a n  increase  o f  e lec tro ly te  c o n cen tra tio n  in  th e  cells 
(Fig. 21c).

In  o th e r  c rustaceans sim ila r in d ica tio n s for a v a r ia tio n  in  co n c e n tra ­
tio n  o f  o rg an ic  com ponen ts in  tissues h av e  been  found , thus effecting 
th e  iso ton ic ity  o f b lood an d  in tra c e llu la r  liq u id . S h a w  (1958b) found  
th a t  w hen  th e  salin ity  o f  th e  m ed iu m , in  w hich  Carcinus maenas was 
kep t, w as low ered , th e  sa lin ity  o f  th e  m uscle fibres decreased , to g e th e r 
w ith  a  considerab le  re d u c tio n  in  th e  c o n cen tra tio n  o f  trim eth y lam in e- 
oxyde an d  b e ta ine . H ow ever, th e  decrease  in  N a , K  a n d  C l co n cen tra tio n  
w as m u ch  sm aller. M oreover D u c h a t e a u , F l o r k i n  &  J e u n i a u x  (1959) 
found  th a t  in  this species th e  co n cen tra tio n s o f  a lan in e , a rg in in e  and  
a sp a rag in e  d id  n o t change w h en  sa lin ity  decreased , b u t  th a t  consider­
ab le  red u c tio n s occu rred  in  th e  co n cen tra tio n s o f  g lu tam ic  acid , 
g lycine  a n d  p ro line . A n o th e r ex am p le  is g iven in  th e  w ork  o f  V e l a n -  

k a r  &  G o v i n d a n  (1960), w ho  fo u n d  th a t  in  Penaeus a n d  Metapenaeus 
spp . th e  trim e th y lam in eo x y d e  c o n cen tra tio n  decreased  g rea tly  w ith  
d ecreasing  salinities.

In  th e  tw o species used in  th e  experim en ts, th e  osm otic a d a p ta tio n  
o f  th e  cell liq u id  to the  b lood co n c e n tra tio n  u n d e r  various c ircu m ­
stances was m ain ly  b ro u g h t a b o u t by th e  changes in  non-e lec tro ly te  
co n cen tra tio n s . I n  this w ay  th e  electro ly te  co n cen tra tio n s in  th e  cells 
cou ld  re m a in  m ore  or less co n stan t. P ro b a b ly  o f  these electrolytes 
m a in ly  ions o th e r th a n  ch lo rid e  a re  essential. W h en  th e  b lood concen ­
tra t io n  is low ered , n on -e lec tro ly te  passes from  th e  cells to  the  b lood , so 
th a t  th e  co n tr ib u tio n  to  th e  b lood  osm otic c o n cen tra tio n  by  n o n ­
e lectro ly tes increases. A t low er te m p e ra tu re s  a n d  salin ities th e  ce llu lar 
n o n -e lec tro ly te  co n cen tra tio n  in  C. crangon w ill decrease to a  ce rta in  
m in im u m  value , rough ly  eq u a l to th e  n o n -e lec tro ly te  co n cen tra tio n  in  
th e  b lood . A  fu rth e r  low ering  o f  sa lin ity  o f  the  m e d iu m  m ay  resu lt in  a 
le th a l decrease in  ce llu lar e lectro ly te  c o n cen tra tio n . A t h ig h e r tem ­
p e ra tu re s  a n d  salinities an  increase  o f  n o n -e lec tro ly te  co n cen tra tio n  
takes p lace  in  th e  cells, w h ich  in  C. crangon m ay  reach  a  ce rta in  
m a x im u m  a t h igh  tem p era tu res . A n  increase o f  sa lin ity  in  th e  m ed iu m  
m ay  now  resu lt in  an  increase o f  e lec tro ly te  c o n cen tra tio n  in  th e  cells 
w h ich  m ay  also becom e le tha l.

I n  th is w ay  th e  osm otic a d a p ta tio n  from  th e  cells to th e  b lood  by  
m eans o f  non-electro ly tes a n d  th e  re su ltin g  m a in ta in a n c e  o f  ce llu la r 
e lec tro ly te  co n cen tra tio n  m ay  be co rre la ted  to m o rta lity  in  C. crangon



328 D.  H.  S P A A R G A R E N

u n d e r  various cond itions. In  n a tu ra l  cond itions th e  un favourab le  
co m b in a tio n s o f te m p e ra tu re  a n d  sa lin ity  a re  avo ided  by  th e  seasonal 
m ig ra tion .

T h e  cellu lar reg u la tio n  in  C. crangon a n d  C. allmanni a re  sim ilar in 
m a n y  respects. I n  the  course o f  evo lu tion  a  species w ith  a  sim ilar 
c e llu la r  regu la tion  as C. allmanni m ay  h av e  deve loped  a  form  w ith  a 
lo w e r perm eab ility  to  w a te r  a n d  electro lytes. O n ly  th e n  a  m ore effective 
osm otic  reg u la tio n  o f  th e  b lood  co u ld  develop . T h e  do u b le  reg u la tio n  in  
C. crangon, o f  w hich  i t  seem s p lau sib le  th a t  it  req u ires  re la tively  less 
energy , enab led  th e  la tte r  species to  e n d u re  g re a te r  varia tions in  
sa lin ity , an d  th e reb y  to  ex ten d  th e  a re a  in  w h ich  life conditions a re  
favourable .

IX . S U M M A R Y

O n  tw o species o f sh rim ps, Crangon crangon an d  Crangon allmanni, d a ta  
w ere  o b ta in ed  on in te rn a l osm otic  c o n cen tra tio n  a fte r a d a p ta tio n  to 
various salinities a n d  te m p e ra tu res . T h e  exchange  b e tw een  the  en ­
v iro n m e n t an d  tw o com ponen ts o f  osm otic c o n cen tra tio n , viz: w a te r 
a n d  electrolytes, w as in v estig a ted . O sm otic  co n cen tra tio n , electro lyte 
co n cen tra tio n  and  n o n -e lec tro ly te  co n cen tra tio n  w ere re la te d  to  tissues 
an d  b lood  separa te ly . T h e  d ifferences o b ta in ed  for th e  tw o species can  
be re la ted  to  th e ir  h ab ita ts .

B etw een ab o u t 15%0 an d  30 %0 S, C. crangon is ab le  to keep its in te rn a l 
o sm otic  co n cen tra tio n  a t  a  m ore  o r  less co n stan t level. T h e  sa lin ity  a t  
w h ich  m ax im al re g u la tio n  occurs, th e  isosm otic p o in t an d  the  value  a t 
w hich  th e  b lood co n c e n tra tio n  is reg u la ted  a re  inversely  re la ted  to 
te m p e ra tu re . T h is m ay  be c o rre la ted  w ith  d a ta  on  m o rta lity  an d  sea­
sonal m ig ra tio n  o f  the  species. W ith  C. allmanni the  osm olarity  o f the  
b lood  is only  slightly  d iffe ren t from  th a t  o f th e  m ed iu m , u n d e r  various 
circum stances.

T h e  w a te r  co n ten t o f C. crangon is inversely  re la ted  to b lood  osm olarity . 
F req u en cy  o f  u r in a tio n  a n d  vo lu m e o f u rin e  d ischarges could be 
d e te rm in ed  u n d e r various cond itio n s. A t c ircum stances w here  w a te r 
co n te n t an d  blood co n c e n tra tio n  a re  reg u la ted , u rin e  p ro d u c tio n  
increases w ith  decreasing  sa lin ity . A t low er salinities u r in e  p ro d u c tio n  
reaches a  m ax im u m , w a te r  c o n te n t increases a n d  b lood  co n cen tra tio n  
shows conform ity . T h is re d u c tio n  o f u rin e  flow , w h ich  is p ro b ab ly  
con tro lled  by  horm ones, m ay  effect th e  red u c tio n  o f  ren a l an d  ex tra- 
ren a l electro ly te loss. W a te r  in flu x  seems to  be a  passive process, w hich
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a t  low  sa lin ities  is lim ited  by  in te rn a l h y d ro s ta tic  p ressu re, increasing  
w ith  w a te r  co n ten t. In  a  h y p erto n ic  m e d iu m  th e  u r in e  p ro d u c tio n  of 
C. crangon is p ro b a b ly  very  low. W ith  C. allmanni u rin e  p ro d u c tio n  is 
p ro b a b ly  alw ays very  low.

T h e  u rin e  o f  C. crangon— a n d  p ro b ab ly  also o f  C. allmanni— is p rac tica lly  
isosm otic  to  th e  b lood  u n d e r  various cond itions. T h e  ex tra -ren a l loss is 
positively  c o rre la te d  w ith  e lectro ly te  co n c e n tra tio n  o f  th e  b lood  for 
b o th  species. E x tra -re n a l loss exceeds re n a l loss w h ich  is a t  th e  u tm o st 
a b o u t  3 0 %  o f  th e  to ta l efflux. I t  a p p e a re d  th a t  th e  ac tive  u p ta k e  was 
n o t localized  in  th e  gills. In  C. crangon th e  m ax im a l ac tive  u p ta k e  a t 
6 °G a n d  21 °C  m ay  be estim ated  a t  3.1 a n d  8.5 p M  N a C T g -1 - h r_1 
respectively . T h e  (¿10 value  for te m p e ra tu re  in fluence o n  active u p tak e  
(1.88) is o f  th e  sam e o rd e r as for te m p e ra tu re  in fluence  on  gross efflux 
(1 .82 ). T h e  effect o f  te m p e ra tu re  on ac tiv e  secre tio n  in  h y p erto n ic  
sa lin ities  is p ra c tic a lly  th e  sam e (1.89). T h e re  a re  several ind ica tions 
th a t  in  C. crangon pe rm eab ility , b o th  to w a te r  an d  electro ly tes, is low er 
th a n  in  C. allmanni. P e rm eab ility  is n o t in flu en ced  by  sa lin ity , b u t 
increases w ith  te m p e ra tu re .

T h e  co n cen tra tio n s  o f non-electro ly tes in  th e  b lood  o f  b o th  sh rim ps 
show  th e  sam e v a r ia tio n  o f  0 to 20%  o f  th e  to ta l osm otic  c o n cen tra tio n . 
A t salin ities a t  w h ich  the  b lood  co n c e n tra tio n  o f C. crangon is reg u la ted , 
th e  n o n -e lec tro ly te  c o n cen tra tio n  is low er. T h e  effect o f  te m p e ra tu re  on 
b lood  osm o larity  o f  this species is m ain ly  a tta in e d  by  th is v a r ia tio n  o f 
n o n -e lec tro ly te  c o n cen tra tio n  in  th e  b lood . T h e  sligh t h y p e rto n ic  
values o f  th e  b lood  o f  C. allmanni a t  low er sa lin ities a re  caused  by n o n ­
electro ly tes. T h e  changes in  n o n -e lec tro ly te  c o n c e n tra tio n  o ccu r a t  a 
slow er ra te  th a n  th e  changes in  e lectro ly te  c o n c e n tra tio n  in  th e  b lood .

T h e re  a re  in d ica tio n s  th a t  in  b o th  species o f  sh rim ps th e  b lood  a n d  the  
in tra c e llu la r  flu id  a re  isosm otic. T h e  e lec tro ly te  co n c e n tra tio n  in  the  
cells is p ra c tic a lly  in d e p e n d e n t o f  te m p e ra tu re  a n d  k ep t a t  a lm ost the  
sam e co n s ta n t v a lu e  in  b o th  species. A t low  salin ities the  osm otic 
a d a p ta tio n  o f  in tra c e llu la r  flu id  to  b lood  osm o larity  takes p lace  by 
no n -e lec tro ly tes passing from  the  cells to th e  b lo o d ; a t  h igh  sa lin ities 
th e  in tra c e llu la r  co n cen tra tio n  o f  non-e lec tro ly tes increases. A t th e  
c o m b in a tio n  o f  low  tem p era tu res  an d  low  sa lin ities th e  in tra c e llu la r  
c o n c e n tra tio n  o f  non-electro ly tes reaches a  m in im u m , a t  h ig h  te m p e r­
a tu re s  a n d  h ig h  salinities a  m ax im u m  in  C. crangon. In  b o th  cases 
th e  osm otic  co n cen tra tio n s o f  th e  cells c a n n o t re m a in  isosm otic to 
th e  b lood  w ith o u t a  change in  e lec tro ly te  co n c e n tra tio n  in  th e  cells. 
T h ese  co n d itio n s, w h ich  co rresp o n d  w ith  h ig h er m o rta lity  a re  in  
n a tu ra l  c ircu m stan ces avo ided  by  m ig ra tio n .
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S A M E N V A T T I N G

V a n  tw ee soorten  g a rn a len , Crangon crangon en  Crangon allmanni w erden  
gegevens verk regen  over de in w end ige  osm otische co n cen tra tie  n a  
a d a p ta tie  a a n  versch illende  sa lin ite iten  en te m p e ra tu ren . V a n  tw ee 
co m p o n en ten  van  d e  osm otische co n cen tra tie , w a te r  en  e lek tro ly ten , 
w erd  de w isselw erking m e t h e t m ilieu  o n d e r versch illende o m stan d ig ­
h ed en  n ag eg aan . V o o r de osm otische co n cen tra tie , de e lek tro ly t co n ­
cen tra tie  en  d e  n ie t-e lek tro ly t co n cen tra tie  w erd  onderscheid  g em aak t 
tussen d e  weefsels en  h e t b loed. D e  versch illen  d ie h ierb ij tussen beide 
soorten  o p tred en  k u n n e n  in  v e rb a n d  w o rd en  g e b ra c h t m et verschillen  
in  h u n  verspreid ing .

T ussen  om streeks 15 %0 S en  30 %0 S is C. crangon in  s ta a t z ijn  inw en­
dige osm otische co n cen tra tie  m in  o f m eer k o n stan t te  h o u d en . D e sali- 
n ite it w aarb ij m ax im ale  reg u la tie  o p treed t, h e t isosm otisch p u n t  en  de 
w aa rd e  w aaro p  de b lo ed co n cen tra tie  geregu leerd  w o rd t, v e rto n en  een 
om gekeerde re la tie  m e t de te m p e ra tu u r . D it k an  g eco rre leerd  w orden  
m et sterftegegevens en  de seizoensm igratie  v an  deze soort. D e osm ola- 
rite it v an  h e t  b loed  v a n  C. allmanni w ijk t o n d er versch illende o m stan ­
d ig h ed en  slechts w ein ig  a f  v an  d ie  v a n  h e t m edium .

H e t w a te rg eh a lte  v a n  C. crangon v e rto o n t een  om gekeerde  re la tie  m et 
de o sm o larite it v an  h e t b loed . D e freq u en tie  van  de u rinelozingen  en 
h e t vo lum e v an  de g ep ro d u cee rd e  u rin e  k o nden  bij C. crangon o n d e r v er­
sch illende o m stan d ig h ed en  w o rd en  vastgesteld. Bij de sa lin ite iten  
w aa rin  h e t w a te rg eh a lte— en d e  co n cen tra tie  v a n  h e t b loed— gere­
g u leerd  w o rd en  n eem t de u rin e p ro d u k tie  toe bij a fnam e v an  de salini- 
te it. Bij lagere  sa lin ite iten  b e re ik t de u rin ep ro d u k tie  een  m ax im um , 
stijg t h e t w a te rg e h a lte  en  v e r to o n t de co n cen tra tie  v a n  h e t b loed 
con fo rm ite it. D eze b ep erk in g  v an  d e  u rin ep ro d u k tie , d ie  w aarsch ijn lijk  
h o rm o n aa l g ereg u leerd  w o rd t, k an  v an  be lang  z ijn  voor een reduk tie  
v an  h e t re n a le  en  e x tra -re n a le  elektro ly tverlies. D e w a te ro p n am e  ge­
sch ied t w aarsch ijn lijk  passief en  w o rd t bij lagere  sa lin ite iten  b ep erk t 
d oo r een in w end ige  tu rg o r  d ie sam en g aa t m et de to en am e  v a n  he t 
w a te rg eh a lte . In  een  hyperosm otisch  m ilieu  is d e  u r in e p ro d u k tie  van  
C. crangon w aarsch ijn lijk  zeer gering . Bij C. allmanni is de u rin ep ro d u k tie  
w aarsch ijn lijk  a ltijd  zeer gering.

D e u rin e  v a n  C. crangon en  C. allmanni is o n d er versch illende om ­
s tan d ig h ed en  v rijw el isosm otisch m et h e t b loed. H e t ex tra -ren ale  
elektroly tverlies v e rto o n t voor be id e  soorten  een positieve co rre la tie  
m et de e lek tro ly tco n cen tra tie  in  h e t b loed. D e w a a rd e n  h ie rv o o r zijn  
aan z ien lijk  h oger d a n  h e t ren a le  elektrolytverlies d a t  m ax im aa l om ­
streeks 30%  v an  d e  to ta le  afgifte kan  b ed rag en . D e aktieve opnam e 
b lijk t n ie t in  de k ieuw en  gelokaliseerd  te  zijn. Bij C. crangon k an  de
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m ax im ale  ak tieve o p n am e  bij 6 °C en  21 °C  w o rd en  geschat op 
respectievelijk  3,1 en 8,5 p M  N a C l-g -1 - h r“1. D e Q10 w a a rd e  v an  de 
te m p e ra tu u rin v lo e d  op de ak tieve  o p n am e  (1,88) is nagenoeg  gelijk 
a a n  de (¿io v an  de te m p e ra tu u rin v lo e d  op d e  b ru to  afgifte (1,82). H e t 
te m p e ra tu u re ffe k t op de ak tieve  afgifte in  h y perton ische  sa lin ite iten  
lig t in  de zelfde o rd e  v an  g ro o tte  ((¿10 =  1,89). U it  velerlei aan w ij­
z in g en  b lijk t d a t  de  p e rm eab ilite it v a n  C. crangon zow el voo r w a te r  ais 
voo r e lek tro ly ten  k le iner is d a n  bij C. allmanni .D e p e rm e a b ilite it voor 
w a te r  en  voor elek tro ly ten  lijken  in  zekere  m a te  o nafhankelijk  van  
e lkaar. D e p e rm eab ilite it w o rd t n ie t be inv loed  door de salin ite it, m aa r 
n e e m t wel toe m et d e  te m p e ra tu u r.

D e concen tra ties  v a n  de n ie t-e lek tro ly ten  in  h e t b loed  v an  beide 
so o rten  g a rn a len  v e rto n en  dezelfde v a r ia tie  v an  0 to t  20%  v an  de 
to ta le  osm otische co n cen tra tie . Bij de sa lin ite iten  w a a rin  de bloed- 
co n cen tra tie  v an  C. crangon g ereg u leerd  w o rd t, tre e d t een d a lin g  op v an  
d e  n ie t-e lek tro ly ten  co n cen tra tie  in  h e t b loed. H e t tem p era tu u reffek t 
op  de o sm olarite it van  h e t b loed  v a n  deze soo rt kom t voor een groo t 
deel to t  s tan d  d o o r deze v a ria tie  in  co n cen tra tie  v a n  de n ie t-e lek tro ly ­
te n  in  h e t b loed . D e geringe h y p e rto n ie  bij lage sa lin ite iten  v an  he t 
b loed  v an  C. allmanni w o rd t v e ro o rz a ak t doo r de n ie t-e lek tro ly ten . D e 
v e ra n d e rin g en  in  de co n cen tra tie  v an  n ie t-e lek tro ly ten  kom en  lan g ­
zam er to t s ta n d  d a n  de v e ra n d e rin g en  v an  de e lek tro ly t concen tra ties 
in  h e t b loed.

E r  w erd en  aanw ijz ingen  g ev o n d en  d a t  bij be ide  soorten  g a rn a le n  de 
in tra c e llu la ire  v loeistof isosm otisch is m e t h e t b loed. D e e lek tro ly t con­
c e n tra tie  in  de cellen  w o rd t zow el bij C. crangon ais bij C. allmanni bij 
versch illende  sa lin ite iten  op een  k o n stan te  w aa rd e  geregu leerd . D eze 
w a a rd e  is slechts in  geringe m a te  afhankelijk  v a n  de te m p e ra tu u r  en 
v ersch ilt voor de beide  soorten  w einig . D e osm otische a d a p ta tie  v an  de 
in tra -ce llu la ire  vloeistof a a n  de o sm o larite it v an  h e t  b loed  v in d t p laa ts  
bij lage  sa lin ite iten  door m ig ra tie  v a n  n ie t-e lek tro ly ten  u it  de  cellen 
n a a r  h e t  b lo ed ; bij hoge sa lin ite iten  s tijg t de in tra -ce llu la ire  co n cen tra ­
tie  a a n  n ie t-e lek tro ly ten . Bij k o m b in a tie  v an  lage te m p e ra tu u r  en lage 
sa lin ite it bere ik t bij C. crangon d e  in tra -ce llu la ire  co n cen tra tie  v an  niet- 
e lek tro ly ten  een m in im ale  w a a rd e , bij hoge te m p e ra tu u r  en  hoge 
sa lin ite it een  m ax im ale  w aa rd e . I n  be id e  om stan d ig h ed en  k an  de os­
m otische  co n cen tra tie  b in n en  de cellen  n ie t m eer gelijk  b lijven  a a n  de 
o sm o larite it v a n  h e t bloed z o n d e r v e ran d e rin g  v a n  d e  e lek tro ly tcon- 
c e n tra tie  in  de cellen . D eze o m stan d ig h ed en , d ie co rresp o n d eren  m et 
een  hogere  sterfte , w orden  in  d e  n a tu u r  door m ig ra tie  v erm eden .








