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Summary. M ytilus californianus regulated its rate of oxygen consumption (F 0 2) during 
decline in oxygen tension, bu t did not acclimate V 02 when held a t 58 mm Hg P 0 2. In  spite 
of a capacity to consume oxygen while exposed to air (the average F 0 2 in air being equivalent 
to 0.74 X the standard rate of oxygen consumption in  water), these mussels acquired an 
“ oxygen debt” during aerial exposure which was discharged on subsequent reimmersion. 
During exposure to air the oxygen tension of the fluid in the mantle cavity was rapidly 
reduced to approximately 40 mm Hg, in animals both in the laboratory and on the shore. 
Heart rate was also reduced during air exposure, though not to the point of cardiac arrest. The 
concentration of ammonia in the fluid of the mantle cavity increased during aerial exposure, 
but the rate of excretion of ammonia was much lower than during immersion. Observations 
of mussels on the shore a t low tide indicated tha t dehydration of the tissues was not a serious 
threat, possibly due to the large volume of fluid retained in the mantle cavity. During aerial 
exposure some end-products of anaerobic metabolism (alanine and malate) accumulated in 
the posterior adductor muscle. Malate accumulation was rapid during the first hour of expo
sure; alanine accumulated more gradually. I t  is concluded that during aerial exposure M. cali
fornianus resorts to anaerobiosis in spite of a capacity to extract some oxygen from the atmo
sphere. This results in a  metabolic deficit during each period of low tide which, coupled with 
the reduced time available for feeding, imposes a physiological stress on mussels distributed 
on the shore.

Introduction

M ytilu s  californianus  is a  com m on, an d  in  som e p a r ts  of its  range a  d om inan t, 
m em ber of th e  in te r tid a l co m m u n ity  along  th e  w estern  coast of N o rth  Am erica. 
S tud ies of th e  ecology of th is  species b y  D ay to n  (1971), H arg e r (1972) a n d  P aine 
(1974) have in d ic a ted  som e of th e  in te rac tio n s w ith  b o th  b io tic  an d  ab iotic 
com ponents of th e  e n v iro n m en t t h a t  co n trib u te  to  th e  in te g r ity  of th is  com m unity . 
These stud ies  h av e  also le d  to  th e  suggestion  (Paine, 1974) th a t  its  in te r tid a l 
d is trib u tio n  rep resen ts  fo r M . californianus  a  refuge, w ith  th e  low er lim its  of its 
d is trib u tio n  se t b y  co m p etitio n  a n d  p reda tion , a n d  its  u p p e r lim its  d e term ined  
b y  physiological stress d u e  to  such  fac to rs  as h igh te m p era tu re s , desiccation  and 
th e  shortage of food. T he ex p e rim en ts  a n d  observations described in  th is  a n d  in  a  
previous p ap e r  (B ayne et al., 1976) w ere designed to  exam ine th e  e x te n t to  w hich 
M . californianus  from  th e  in te r t id a l  zone of th e  S an  J u a n  Islands , W ashington , 
U SA , m a y  be su b jec ted  to  physio log ical stress on th e  shore, a n d  to  e lu c id a te  some 
of th e  physiological a d a p ta tio n s  w hich m ig h t fac ilita te  such  a  d is trib u tio n .
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M aterial and M ethods
Mussels were collected on San Juan Island (lat. 48°30/, long. 123°05/) a t three sites—Lime 

Kiln Point, Eagle Point and Cattle Point (see Bayne et al., 1976, Pig. 1). Experiments were 
carried out a t the Friday Harbor Laboratories of th e  University of Washington. In  our pre
vious paper we described briefly the general environmental conditions th a t these mussels 
experience.

In  the laboratory different experiments were set up to measure various physiological 
responses to exposure to air; the protocol for these experiments is described in the text. In  
general, the mussels were exposed to air in glass desiccators, which afforded some control of 
the relative humidity and temperature. For experiments with animals immersed in water, 
the flowing water in the laboratory was used. During the period of these experiments, in July 
and August 1973, the ambient temperature of this water was 13.3 i  0.7 (standard deviation) 
°C, and its oxygen tension was slightly below air-saturation, viz. 135 i  0.3 mm Hg P0 2. In 
one experiment, referred to as the ‘low P 0 2’ experiment, an equal number of mussels was 
placed in each of three containers with flowing seawater. In  the first of these (the control) the 
ambient oxygen tension was the same as in the w ater table, viz. 135 mm Hg. In  the second and 
third containers the oxygen tension was reduced b y  bubbling nitrogen into the inflow water 
supply to produce P 0 2 levels of 94 i  3.7 mm Hg in  container 2 (medium P 0 2) and 58 i  3.5 
mm Hg in container 3 (low P 0 2). The temperature in this experiment was 13 ¿  1.5° C, and 
the mussels were fed a t regular intervals with a mixed culture of flagellate algae (Isochrysis 
galbana, Phaeodactylum tricornutum and Dunaliella sp.).

In  another laboratory experiment, mussels were kept in the seawater table a t three ration 
levels : a) the 1 high ration5 animals, which were fed continuously with a mixture of algal cells 
a t a concentration of 10,000 ¿1 ,650 per ml; b) the ‘ low ration’ or starved animals, which were 
kept in water prefiltered through an in-line ‘A qua-Pure’ water filter to provide a particle 
concentration (naturally-occurring particulate m atter) of 770¿ 3 8  per ml; c) the ‘inter
mediate ration’ animals, which were fed continuously with a 50:50 seawater dilution of the 
algal culture used to feed the high ration animals.

Observations and measurements were also made on mussels in their natural situations on 
the shore; the details are described in the text. B oth in the laboratory and on the shore, a 
number of different procedures was used, as described below :

1. Oxygen consumption in water was measured as described by Bayne et al. (1976). The 
results are quoted as ml 0 2 consumed per hour per animal (V 02). In  the low P 0 2 experiment, 
individual mussels were subjected to step-wise reduction in the ambient P 0 2 by flushing the 
respirometer flask with water which had been stripped of the required amount of oxygen by 
exchange with nitrogen gas.

2. Rate of filtration was measured as described by Bayne et ál. (1976).
3. Frequency of the heart beat was also measured as described earlier, using impedance 

pneumography.
4. Rate of excretion of ammonia-nitrogen was measured as described by Bayne etal. (1976).
5. Oxygen consumption in air was measured using a modified Schollander respirometer. 

Results are quoted as ml 0 2 consumed per hour per animal. Mussels were collected (temper
ature 12-13° C) before they were uncovered on the  shore by the tide, cleaned of epiphytes 
and debris, and held in the laboratory in water a t 13° C for one to 4 hrs. They were then placed 
individually in respirometer flasks, together with a  small volume of water (5-20 ml depending 
on the size of the animal), which served to maintain both a high relative humidity and a 
constant vapour pressure in the flask. The respirometers were immersed in the water table 
(13° C), left undisturbed for 20 min and three readings taken from each flask a t 20 min inter
vals. The readings from each respirometer were then  summed to give a value for oxygen con
sumption by one animal over 1 hr. Control respirometers were also set up, without animals, 
and only the results from experiments in which these control flasks showed absolute stability 
(i.e. a sequence of three zero readings for ‘oxygen depletion’ a t 20 min intervals) were used for 
subsequent analysis.

6. The oxygen content of small volumes of liquid: Occasionally (details in the text) 
samples (0.2-1.0 ml) of fluid from the mantle cavity of individual mussels were analysed for 
oxygen tension. The samples were withdrawn into a  syringe the dead-space of which was filled
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with mercury, and quickly injected into a thermostatted cell fitted with an oxygen electrode 
(Radiometer) for measurement of the partial pressure of oxygen. Frequent calibration of the 
electrode was necessary, using seawater of known oxygen content (as established by Winkler 
titration).

7. Chlorinity estimations were carried out by titration with silver nitrate.
8. Osmolality determinations were made using a Fiske Osmometer, with samples analysed 

in duplicate.
9. Temperatures in the mantle cavities of mussels on the shore were measured with a YSI 

Telethermometer using fine thermistor probes inserted between the two shell valves.
10. For all biochemical estimations, the mussels were quick-frozen in a mixture of absolute 

ethanol and dry ice and stored in a deep-freeze a t —20° 0. When required for analysis (usually 
1 day, and never more than 4 days, later), each animal was broken open and the tissues 
quickly dissected out. The posterior adductor muscle was removed, weighed and, when still 
frozen, minced with a razor and transferred to  ice-cold 95 % ethanol (5 ml per gram weight 
of tissue) for homogenisation in an allglass homogeniser. The digestive gland was removed, 
together with the stomach (which was scraped free of its contents) and placed in pre-weighed 
test-tubes for weighing and digestion with 30% NaOH. The mantle, containing predominantly 
gonadal tissue, was cut free from the palliai muscle and treated as described for the digestive 
gland.

The homogenate of the adductor muscle was centrifuged (10,000 xg) for 10 min a t 0° C. 
The supernatant was then taken for analysis of L-malate and L-alanine (see below) and the 
pellet placed in  a boiling tube with 5 ml of 30% NaOH. The adductor muscle pellet, the 
digestive gland and the mantle tissue were all separately solubilised in 30% NaOH in a 
boiling-water bath for 30 min. 95 % ethanol ( X 5 the volume of the solubilised tissue) was added, 
and the mixture allowed to stand overnight a t 6° C for precipitation of the extracted glycogen. 
The contents were then centrifuged a t 10,000Xg  for 10 min (0° C), the pellet collected and 
the supernatant left for a further 3-12 hrs a t 6° C, followed by further centrifugation. For each 
tissue the two pellets were pooled, dissolved in distilled water, made up to 100 ml, and 1 ml 
taken for the assay of glycogen content by the phenol/sulphuric acid method of Dubois et al. 
(1956).

The original supernatants from the homogenates of adductor muscle in ethanol were 
reduced to dryness in  vacuo on a rotary evaporator a t 40° C. The residue was stored a t 4° C for 
1-4 days prior to dissolution in 4 ml of double-distilled water. These samples were then ana
lysed for L-malate and L-alanine by methods described in Bergmeyer (1965).

Results

Exposure to Reduced O xygen Tensions while Imm ersed

a) T h e  R a te  of O xygen C onsum ption
F iv e  m ussels of sim ilar size (2.119 ¿ 0 .1 3 6  g d ry  flesh w eight), w hich h ad  been 

k e p t in  th e  lab o ra to ry  a t  135 m m  H g  P 0 2 fo r be tw een  7 a n d  22 days, w ere in d i
v id u a lly  su b jec ted  to  a  decline in  o xygen  ten sio n  (average ra te  of decline 20 m m  H g 
h r 1) an d  th e ir  ra te s  of oxygen  consum ption  m easu red  fou r or five tim es  during  
th e  red u c tio n  in  P 0 2 (Fig. 1). M angum  a n d  V an W ink le  (1973) exam ined  a  num ber 
of s ta tis t ic a l m odels w hich m a y  b e  u sed  to  describe th is  re la tionsh ip  betw een  
F 0 2 a n d  P 0 2. F o r reasons w hich are  a rg u ed  fu lly  elsew here (B ayne a n d  L iv ing
stone , in  press), we have accep ted  a  sim ple hyperbo lic  expression as provid ing  
th e  b e s t-f it to  our d a ta . T h is  expression  (Tang, 1933) is:

PO
R a te  of oxygen  consum ption  ( F 0 2) =  „  2 p „ •lí.¿ +  (Äx •

T h e  values fo r K 1 and  K 2 (ca lcu la ted  from  th e  lin e a r  fo rm  of th is  expression, 
viz. : P 0 2/ F 0 2 = K x - \-K 2 ■ P 0 2) fo r th e  five in d iv id u a l m ussels a re  g iven  in  T ab le  1, 
a n d  th e  curves th a t  resu lt from  th ese  expressions a re  p lo tte d  in  F ig. 1. B ayne
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1 2 
Fig. 1. The rates of oxygen consumption by M ytilus californianus (F 0 2; ml 0 2 h-1) a t different 
oxygen tensions (P 0 2; mm Hg). The different symbols represent values for five individuals.

PO
The curves are plotted according to the equation V 0 2 =  -jz—. . „ — prt . , with values for Kx+  (K2 ■ Jr(j2)

and K 2 taken from Table 1
Fig. 2. The rates of oxygen consumption by M  ytilus californianus (V 02; ml 0 2 h r1) a t different 
oxygen tensions (P 0 2; mm Hg). The curve (±  95% confidence limit indicated as dashed lines)

PO,
is drawn according to the equation F 0 2 = and describes the average(40.1 +  0.74. P 0 2.
response of five individuals held a t 135 mm Hg P 0 2 (see Table 1). a mussels held a t 55 mm Hg 
P 0 2 and measured a t 48, 27 and then a t 135 mm H g P 0 2, with one standard deviation for 

both FO, and PO , indicated as bars

(1971) proposed th e  u se  of a n  in d ex , K X[K 2, as a  m eans of assessing the  
e x te n t of resp ira to ry  independence  of a m b ie n t oxygen tension . T h e  m ean  value 
for th is  in d ex  in  five experim en ts w ith  M . californianus w as 6 2 .5 +  (standard  
d ev ia tion ) 34.3, w hich com pares w ith  values fo r  M . edulis w hich range from  20 to  
62 (unpub lished  da ta ). T h is ana ly sis  suggests th a t  21. californianus are w ell able 
to  m a in ta in  aerobic gas exchange a t  red u c ed  oxygen  tension.

O ther m ussels w ere h e ld  for b e tw een  8 a n d  13 days a t  red u ced  P 0 2 (mean 
58 m m  H g) in  th e  low P 0 2 ex p e rim en t an d  th e  ra te s  of oxygen  consum ption  of 
fou r in d iv id u als  th e n  m easured , f irs tly  a t  48 m m H g , th e n  a t  27 m m H g , an d  finally  
on  recovery  to  a  h igher oxygen  te n s io n  (135 m m H g ). T h e  resu lts  are p lo tte d  in 
F ig. 2 to g e th e r  w ith  th e  ran g e  of F 0 2 v a lu es  recorded  fo r th e  contro l anim als 
m a in ta in ed  a t  135 m m  H g. A  com parison  o f experim en ta l an d  contro l mussels 
suggests t h a t  M . californianus  d id  n o t acc lim a te  V 0 2 to  red u ced  oxygen tension, 
as w as re p o rted  for M . edulis b y  B ay n e  (1975).

T h e  five contro l an im als, w hich h a d  b ee n  m a in ta in ed  a t  135 m m H g  P 0 2, 
an d  exposed for betw een  2 a n d  3 h rs  to  o x y g en  tensions less th a n  20 m m  H g, were
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Table 1. Values for and K 2 in the expressions F 0 2 =  P 0 2/K 1 ±  (Kz X P 0 2), for five 
M. californianus subjected to  reduced oxygen tensions. F 02, ml 0 2 consumed h-1; P 0 2,

mm Hg

Animal
no.

P i P 2 Sums of squares of 
deviations ( x  IO2)

1 45.96 1.07 0.474
2 46.98 0.77 3.008
3 32.98 0.68 1.619
4 57.85 0.45 0.603
5 22.65 0.71 1.394
Mean 40.08 0.74
±  S.e. ±5 .36 ±  0.099

recovered  to  th e  norm oxic  condition  a n d  F 0 2 m easured  fo r com parison  w ith  
values d e te rm in e d  before excursion  a t  low  P 0 2. T h e  m ean  values ( ± 1  s ta n d a rd  
dev iation) w ere as follow s :

1. B efore excursion  a t  low  P 0 2: F 0 2 =  0.965 ±  0.028 m l 0 2 h-1.
2. A fte r excu rsion  a t  low  P 0 2: F 0 2=  1 .1 5 6 ± 0 .0 9 2  m l 0 2 h r1.
T here  is a  sm all, b u t sign ifican t, d ifference b e tw een  th ese  values, signifying 

th e  presence of a n  oxygen  d eb t.

b) T h e  R a te  of E x c re tio n  of A m m onia
T h e ra te s  of ex cre tio n  of am m onia-n itrogen  b y  an im als  h e ld  a t  am b ien t oxygen 

ten sio n  in  th e  w a te r-ta b le  (the controls) an d  those  h e ld  a t  red u c ed  P 0 2 (58 m m  Hg) 
w ere m easu red  a t  in te rv a ls  over 16 days (Fig. 3). T he contro l an im als h a d  a  con
s ta n t  ex c re tio n  r a te  for th e  f irs t few  days of th e  experim en t, b u t reduced  th is  
ra te  a f te r  7 -16  days to  ab o u t 33 p.g N H 4 -N  h _1. T h is  v a lue  is s im ila r to  th e  results 
of ou r o th e r experim en ts, rep o rted  ea rlie r (B ayne et ál., 1976). T h e  an im als  a t  low 
P 0 2 show ed a  ra p id  decline in  th e ir  ra te s  of excretion , a n d  b y  d a y  3 these  ra te s  
w ere a t  a  s te a d y -s ta te  of 16 ¡¿g N H 4 -N  h r1.

c) T h e  0  : N  R a tio
T ab le  2 show s th e  ca lcu la tion  of th e  0  :N  ra tio  (i.e. th e  ra tio  b y  a to m ic  equiv

a len ts  of oxygen  consum ed to  am m onia-N  excreted) fo r th e se  experim en ts. The 
va lue  ca lcu la ted  for m ussels a t  135 m m H g  is s im ila r to  resu lts  pub lished  earlier 
(B ayne et al., 1976). A t red u c ed  P 0 2 th e  0 : N  ra tio  increased .

E xposure to A ir — Laboratory E xperim ents

a) T he R a te  of O xygen C onsum ption  in  A ir
T here  w as a  la rg e  v a rian ce  in  th e  d e te rm in a tio n s  of F 0 2 in  a ir  (Fig. 4), p ro b 

ab ly  due in  p a r t  to  v a ria tio n s  in  th e  degree of ‘g a p e ’ of th e  she ll valves d in ing  
th e  m easu rem en ts. N evertheless, m o st in d iv id u als  d id  consum e som e oxygen 
from  th e  a tm osphere , a n d  regression analysis in d ic a ted  a  sign ifican t association
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Fig. 3. The rates of excretion of ammonia-nitrogen by M ytilus californianus, o  mussels at 
135 mm Hg P 0 2; © mussels a t 58 mm Hg P 0 2. Mean values for five animals i  one standard

deviation

Fig. 4. The relationship between the rate of oxygen consumption (F 0 2; ml 0 2 h r1) and dry 
flesh weight (W  ; grams) for Mytilus californianus in  air. See text for explanation of the solid

and dashed regression lines

Table 2. The 0 :N  ratio of Mytilus californianus held a t 137 and 58 mm Hg P 0 2, a t 13°C

Oxygen R ate of oxygen Oxygen R ate of Rate of oxcretion 0 :N
tension consumption consumption excretion of ammonia-N
(mm Hg) (ml 0 2 h-1) (gg atoms of ammonia-N (gg atoms

0 2 h-1) (gg n h 4-n  h-1) N H g N h -1)

135 0.965 85.1 33.3 2.38 35.8
58 0.781 61.9 16.7 1.19 52.0

betw een  th e  r a te  of oxygen  consum ption  (F O a : m l 0 2 h-1) an d  b o d y  size ( W : d ry  
flesh w eigh t in  gram s) :

F 0 2 =  0.204 IF0,417 (n =  35; r =  0.559).

T h is regression (w hich is p lo tte d  as a  so lid  lin e  in  F ig. 4) w as com pared  b y  co- 
v ariance ana ly sis  w ith  th e  regression of F O a ag a in st IF fo r m ussels w hich h ad  
been  s ta rv e d  fo r 16-23 days w h ils t im m ersed  in  w ate r a t  13° C (B ayne et al., 1976). 
T here was no  sign ifican t d ifference betw een  th e  coefficients (b in  th e  expression 
F O 2 =  ctW b) of th e se  tw o  regressions, b u t th e  difference b e tw een  th e  constan ts, 
a, w as s ig n ifican t a t  P  —  0.05. I n  o rder to  fa c ilita te  subsequen t com parisons b e
tw een  ‘im m ersed ’ an d  ‘a ir  ex p o sed ’ ra te s  o f oxygen consum ption , th e  d a ta  for 
F 0 2 in  a ir  w ere f i t te d  b y  a  regression w ith  a  value for b (0.648) w hich  h a d  been 
found accep tab le  fo r describ ing  im m ersed F 0 2 as a  function  of size (dashed line 
in  F ig. 4). T h is  ana lysis  the re fo re  y ie lded  tw o  equations re la tin g  F 0 2 to  IF, in  air 
a n d  w ate r, a t  13° C :
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Fig. 5. (a) The rate of oxygen consumption (F 0 2; ml 0 2 h“1) by Mytilus californianus before
( a) and immediately after ( •) various periods of exposure to air. (b) The rate of oxygen con
sumption by M . californianus after 14 hrs exposure to air, showing the decline tha t represents 
the payment of an ‘oxygen debt’. All values are means (with range of F 0 2 and time indicated 

as bars) for the numbers of preparations as indicated

1. A ir : F 0 a =  0.172 W °'MS.
2. W a te r: F 0 2 =  0.233 W0-648.
T h e  ra te  of oxygen consum ption  b y  M . californianus  in  a ir of h igh  h u m id ity  

w as the re fo re  e s tim a ted  to  be 0.74 x  th e  s ta n d a rd  r a te  of oxygen  u p ta k e  in  w ater 
a t  th e  sam e te m p era tu re .

b) T h e  R a te  of O xygen C onsum ption  in  W ate r, before a n d  a f te r  E xposu re  to  Air

E ig h t an im als of sim ilar size (2 .1 1 ^ 0 .0 8 7  g d ry  flesh) w ere exposed to  a ir 
fo r various periods of tim e in  th e  la b o ra to ry , an d  th e ir  ra te s  of oxygen consum ption 
m easu red  im m ed ia te ly  before a n d  a t  in te rv a ls  a f te r  th e  exposure period . All 
m easu rem en ts w ere m ade a t  13° C ; d u rin g  exposure to  a ir  th e  te m p e ra tu re  was 
19° C an d  th e  re la tiv e  h u m id ity  w as 81% . On re im m ersion  a f te r  exposure, each 
an im al was allow ed 2 m in  to  c lear w a te r  from  th e  m a n tle  c a v ity  before th e  resp iro 
m e te r  was sealed  for record ing  th e  ra te  of dep le tion  of oxygen.

T h e  average F 0 2 before exposure to  a ir  was 0.287 m l 0 2 h -1 (Fig. 5a). Im m e
d ia te ly  a f te r  air-exposure, oxygen  consum ption  inc reased : to  0.507 m l 0 2 h-1 
a f te r  2 h rs of exposure; 0.753 m l 0 2 h -1 a f te r  5 h rs of exposure , an d  to  0.953 ml 
0 2 h _1 a fte r 14 h rs in  air. R a te s  of consum ption  dec lined  ra p id ly  w ith  tim e  on 
re-im m ersion  (Fig. 5 b ;  an im als  exposed  to  a ir fo r 14 hrs) a n d  reach ed  values 
sim ila r to  th e  ra te s  reco rded  before air-exposure w ith in  3 hrs.

A n es tim a te  of th e  accu m u la ted  oxygen  debt, defined em pirically  as th e  in 
crease in  oxygen  u p ta k e  in  w a te r  follow ing exposure to  a ir, w as ca lcu la ted  by  
lin e a r  in te rp o la tio n  betw een  m ax im u m  values fo r F 0 2, reco rded  im m edia te ly  
a f te r  re-im m ersion, and  th e  s te a d y -s ta te  value  of 0.287 m l 0 2 h -1 reached  3 hrs 
la te r . T he resu lts  (Table 3) suggest t h a t  th e  oxygen d e b t is re la te d  non-linearly  
to  th e  d u ra tio n  of aeria l exposure.
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Table 3. Estimates of the ‘oxygen deb t’ repayed by Mytilus californianus after various
periods of exposure to air

Time of exposure Estim ated cumulated
to air (hrs) oxygen debt (ml 0 2)

2 0.283
5 0.406

14 0.606

c) H e a r t F requency , a n d  th e  O xygen T ension  in  th e  M antle  C avity , 
before, du ring  a n d  a f te r  E x p o su re  to  Air

E xperim ent 1. E ac h  of four m ussels was f i t te d  w ith  a  cannu la  of po lye thy lene 
tub in g , in se rted  th ro u g h  th e  p ed a l gape in to  th e  m a n tle  cav ity  in  such a  w ay  as 
to  allow  sam ples of flu id  to  be d raw n  from  th e  cav ity  w ith  a  hypoderm ic syringe. 
These an im als w ere also f it te d  w ith  th in  copper elec trodes for record ing  h e a r t
b e a t (see B ayne et aí., 1976). W ith  th e  an im als  im m ersed  in  w a te r  (11.9° C; 
sa lin ity  31.8° °/00; P 0 2 1 3 5 ± 0 .3  m m H g ), a  sam ple of flu id  was ta k e n  from  th e  
m an tle  cav ity  of each in d iv id u a l for d e te rm in a tio n  of th e  oxygen tension , an d  a 
record  o b ta in ed  of th e  h e a r t b ea t. T h e  m ussels  w ere th e n  exposed to  a ir  (12.2° C; 
re la tiv e  h u m id ity  75% ) b y  siphon ing  off th e  w ate r in  th e  cham ber. Sam ples 
(0.2 m l) of th e  m a n tle  c a v ity  f lu id  w ere ta k e n  a t  th re e  in te rv a ls  over th e  follow ing 
6 h, an d  record ing  of th e  h e a r t b e a t co n tinued . T h e  to ta l  volum e of flu id  in  the  
m a n tle  cav ity  of each  of th e se  an im als  w as app ro x im ate ly  12 m l, so th a t  less 
th a n  10% of th e  flu id  w as rem oved  fo r ana ly sis  du ring  th e  experim en t. The 
an im als w ere th e n  re-im m ersed  b y  flooding  th e  cham ber w ith  w ate r, th e  h ea rt 
b e a t recorded  con tinuously  over th e  n e x t 10-20 m in , a n d  one sam ple of m an tle  
cav ity  flu id  p er in d iv id u a l ta k e n  for P 0 2 analysis.

T h e  resu lts  a re  show n in  F ig. 6. T h e  frequency  of h e a r t b e a t dec lined  over th e  
f irs t 1-2 h rs of exposure to  a ir  an d  reach ed  m in im al values of five or six  bea ts  
p e r m in u te  (Fig. 6 a). C ardiac a r re s t w as n o t  observed, an d  h e a r t rh y th m  was 
m a in ta in ed  th ro u g h o u t th e  exposure period . On re-im m ersion th e re  w as a  period 
of 2 -5  m in  du ring  w hich h e a r t  frequency  rem a in ed  low, b u t  over th e  following 
few  m inu tes h e a r t  b e a t in c reased  rap id ly  to  norm al values w ith  som e evidence 
of over-shoot (Fig. 6b). T h e  oxygen  ten sio n  of th e  flu id  in  th e  m a n tle  cav ity  was 
th re e  to  six  m m  H g  below  th e  am b ie n t te n sio n  of th e  w ate r du ring  im m ersion. 
On exposure to  a ir, th e  m a n tle  c a v ity  P 0 2 declined, reach ing  a  s te ad y -s ta te  of 
40 m m H g  a t  or w ith in  60 m in  (Fig. 6a). T h is  value  was m a in ta in e d  fo r th e  
rem ainder of th e  period  of exposure to  a ir, b u t  recovered to  n o rm al values w ith in  
tw o m in u tes  of re-im m ersion  (Fig. 6 b).

E xperim ent 2. T he p ro toco l fo r th is  ex p e rim en t w as sim ilar to  ex perim en t 1, 
b u t m easurem ents of th e  P 0 2 of th e  m a n tle  cav ity  flu id , a n d  of th e  frequency  of 
h e a r t b ea t, w ere m ade  over a  sh o rte r  tim e-course follow ing exposure to  air. The 
resu lts  a re  p lo tte d  in  F ig . 7. T h e  h e a r t-b e a t frequency  increased du ring  th e  firs t 
5 m in of air-exposure , an d  th e n  dec lined  over th e  n ex t 10 m in. T he stead y -sta te  
value of 40 m m  H g  P 0 2 in  th e  m a n tle  c a v ity  flu id  w as'reached w ith in  10-15 m in 
of exposure. T h e  period  of inc reased  h e a r t  r a te  coincided w ith  a  P 0 2 of betw een 
100 an d  60 m m  H g  in  th e  m a n tle  cav ity .
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Fig. 6. (a) The oxygen tension (mm Hg P 0 2) in the mantle cavity, and the frequency of heart 
beat (beats min-1) in Mytilus californianus during exposure to air. Numbers in the figure 
indicate the number of measurements used to calculate the means (with range of P 0 2 and time 
indicated as bars). Different symbols represent different individuals, (b) The oxygen tension 
(mm Hg P 0 2) in the mantle cavity, and the frequency of heart beats (beats min-1) in Mytilus 
californianus on re-immersion following 6 hrs of exposure to  air. The different symbols 
represent values for different individuals. O mean values ( i  standard deviation) for mussels

before exposure to air

d) F iltra t io n  R a te  before a n d  a fte r E x p o su re  to  A ir 
Tw o m ussels w ere f it te d  w ith  elec trodes for reco rd ing  h e a r t  b ea t, an d  placed 

in  se p a ra te  resp iro m e ter flasks (volum e 550 ml) a t  14.5° C w ith  a  flow  of w ater 
of 130 m l m in -1 . A fter 1 h r  th e ir  f iltra tio n  ra te s  w ere  m easured  a t  a n  inflow  p a r
tic le  concen tra tion  of 8,500 m l-1. T h e ir ra te s  of oxygen  consum ption  w ere also 
m easu red  d u rin g  im m ersion, an d  h e a r t-b e a t frequency  m o n ito red  continously . 
T h e  vessels w ere th e n  d ra in ed  of w a te r  a n d  th e  an im als exposed to  a ir  fo r 1 h r  a t 
14.5° C, re la tiv e  h u m id ity  a t  87 .5% . A t th e  end of th is  period  th e  vessels were
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Pig. 7. The oxygen tensions (mm Hg P 0 2) in the m antle cavity, and the frequency of heart 
beat (beats min-1) in Mytilus californianus during 15-20 min exposure to air. Values 

plotted are means ±  the range for five individuals
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Fig. 8. Filtration rate (1 h-1), frequency of heart beat (beats min-1) and rate of oxygen 
consumption (F 0 2; ml 0 2 h-1) for two mussels, M ytilus californianus, before, during and after

exposure to  air

aga in  flooded  w ith  w ate r, a n d  h e a r t ra te , f i l t r a t io n  ra te  a n d  V 0 2 m easurem ents 
ta k e n  a t  in te rv a ls  over th e  n e x t hour.

T h e  d e te rm in a tio n s  of th e  frequency  of h e a r t b e a t a n d  th e  ra te  of oxygen 
consum ption  (Fig. 8) confirm ed our earlier o bse rva tions (Figs. 5 a n d  6). T he ra te  
of f iltra tio n  d id  n o t a lte r  sign ifican tly  a f te r  air-exposure. I f  th is  p a t te rn  of a 
qu icker h e a r t b e a t a n d  a  m a in ta in ed  r a te  o f f iltra tio n  (the la t te r  es tab lished  for 
tw o an im als only) should  prove to  b e  v a l id  generally , a n d  assum ing  f iltra tio n  
r a te  to  be eq u iv a le n t to  v en tila tio n  ra te  in  th is  case (see B ayne et al., 1976), the  
re la tiv e  ‘ v e n tila tio n  : perfusion ’ ra tio  (w hich is an  index  re la tin g  v en tila tio n  to  
h e a r t  ra te , a n d  w hich is itse lf inversely  p ro p o rtio n a l to  th e  efficiency of oxygen
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Fig. 9. The total ammonia-nitrogen content of the mantle fluid of specimens of Mytilus cali
fornianus during exposure to  air (•) and on subsequent re-immersion (fi). x  indicates the 

time a t which some individuals were immersed

u tilisa tio n ; B ay n e  et al., 1976) is red u ced  du ring  re-im m ersion a f te r  exposure to  
air. T h is w ould re su lt in  a n  increased  u tilisa tio n  efficiency for oxygen, so fac ilita t
ing an  increased  r a te  of oxygen  consum ption  d u ring  re p a y m en t of th e  oxygen 
deb t.

e) T h e  E x cre tio n  of A m m onia 
F o u r an im als w ere each  f it te d  w ith  a  can n u la  th ro u g h  th e  p eda l gape. Sam ples 

of m an tle  cav ity  flu id  w ere ta k e n  du ring  im m ersion, a t  in te rv a ls  over 6 h  of sub 
sequen t exposure to  a ir  (14.5° C ; re la tiv e  h u m id ity  78% ), a n d  w ith in  m inu tes 
of re-im m ersion follow ing 2, 3.5 a n d  6 h rs  of air-exposure . T h e  flu id  sam ples were 
ana lysed  for am m onia  co n ten t. A t th e  en d  of th e  ex p erim en t th e  vo lum e of th e  
m a n tle  cav ity  of each  an im al w as m easured  an d  th e  resu lts  of th e  am m onia 
analyses (Fig. 9) expressed  as ¡ x g M 4-N  p resen t in  th e  m a n tle  c a v ity  fluid. 
Because som e an im als w ere sam p led  m ore th a n  once (though nev e r m ore th a n  
th re e  tim es), co rrec tions w ere ap p lied  fo r th e  volum e of flu id  rem oved.

T here was a  ra p id  accu m u la tio n  of am m onia-N  in  th e  m a n tle  c a v ity  during  
air-exposure, from  less th a n  1 p g  N H 4 N  p er ind iv id u al d u ring  im m ersion  to  m ore 
th a n  7 pg N H 4 -N  w ith in  1 h  of exposure and , in  one in d iv id u al, as h ig h  as 22.5 pg 
N H 4 • N  a fte r 6 h rs  o f exposu re  to  air. O n reim m ersion, th e  am m onia  concen tra
tions re tu rn ed  to  low  values w ith in  2 m in  (dashed lines in  F ig. 9).

E xposure to A ir — Observations on the Shore
a) T h e  T em p era tu re  an d  th e  O xygen T ension  of th e  F lu id  in  th e  M an tle  C avity  

One m l of flu id  w as w ith d raw n  b y  syringe from  th e  m a n tle  c a v ity  of five 
m ussels a t  L im e K iln  P o in t a n d  10 m ussels a t  E ag le  P o in t, an d  an a ly sed  im m edi
a te ly  for oxygen co n ten t b y  a  m icro-W inkler technique. A  th e rm is to r  p robe was 
in se rted  in to  th e  m a n tle  c a v ity  im m ed ia te ly  follow ing w ithd raw al of th e  fluid 
sam ple, an d  th e  te m p e ra tu re  n o ted . T hese resu lts a re  recorded  in  T ab le  4. Some 
o th e r  m easurem ents (of ch lo rin ity  a n d  osm olality) w ere m ade  a t  th e  sam e tim e 
o n  th e  sam e ind iv iduals , b u t  for ease of discussion these  a re  recorded  in  th e  follow
ing  section.
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Table 4. Some measurements on the fluid from the m antle cavity of M . californianus during
exposure to air (Ju ly  1973)

No. Length
(cm)

P 0 2 Time 
(mm Hg) exposed 

to air 
(hrs)

Tissue
temper
ature
(°C)

Comments

1 7.3 28.8 14.5 19.8 Lime Kiln Point; animals a t
2 — — 14.0 19.2 the side of tide-pools, with
3 7.7 32.0 14.5 18.2 1/5—1/3 total length immersed.
4 8.5 17.6 3.0 18.2 All animals in direct sunlight,
5 7.9 24.0 15.5 17.0 hut none gaping. Tide-pool temp.: 

19-22° C. Seawater temp.: 13.2° C
6 7.4 81.6 9.0 25.5 Eagle Point; animals from a
7 9.0 33.6 11.0 23.5 fissure, intermingled with
8 9.4 22.4 11.5 23.5 Pollicipes. No standing water ;
9 8.9 56.0 10.5 24.5 animals in direct sunlight for

10 8.3 33.6 12.5 24.3 1-2 hrs per day only; no animals 
gaping. Air temp. : 19° C

11 13.0 28.8 10.5 21.5 Eagle Point; animals from a deep
12 9.7 30.4 10.5 21.5 fissure, without Pollicipes.
13 10.4 44.8 10.5 20.5 Animals in direct sunlight for
14 10.3 51.2 10.5 18.6 1-2 hrs per day only; none gaping.
15 8.8 59.2 10.5 21.0 Air temp.: 16° C. Seawater temp.: 10.3° C

T here  w as no co rre la tion  betw een  th e  o x y g en  tension  of th e  flu id  in  th e  m an tle  
cav ity  an d  th e  sam ple site , th e  tim e  th a t  th e  an im als h a d  been  exposed  to  a ir 
a t  th e  tim e  of sam pling , or th e  te m p e ra tu re  o f th e  m a n tle  cav ity . T h e  m ean  P 0 2 
of th e  m an tle  cav ity  flu id  w as 38.8 d; ( s ta n d a rd  error) 5.0 m m  H g, w hich  was in  
good ag reem en t w ith  M oon an d  P ritc h a rd  (1970) a n d  w ith  our ow n lab o ra to ry  
d a ta . A lthough  none of th e se  an im als was g ap in g  a t  th e  tim e  of sam pling , the  
low est recorded  va lue  fo r oxygen  ten sio n  in  th e  m a n tle  cav ity  w as 17.6 m m  Hg, 
in  sp ite  of p ro longed  perio d s of air-exposure .

A t E ag le  P o in t th e  te m p e ra tu re s  in  th e  m an tle  cav ity  w ere h ig h e r th a n  a ir 
te m p era tu re , b y  an  av erag e  of 5.1° C in  th e  an im als associated  w ith  Pollicipes 
an d  4.6° C in  th e  an im als  in  th e  deep  fissu re . A t L im e K iln  P o in t, how ever, 
tem p era tu res  in  th e  m a n tle  c a v ity  w ere s im ila r  to  th e  am b ien t a ir  a n d  tide-pool 
tem p era tu re s . T hese an im als  w ere a t ta c h e d  a t  th e  side of th e  tide-pools, w ith 
from  1/5 or 1/3 of th e ir  le n g th s  im m ersed  in  th e  w a te r  of th e  pool.

b) T he C hlorin ity , O sm ola lity  a n d  T e m p era tu re  of th e  M antle  C av ity  F lu id , 
a n d  th e  P ro p o rtio n  of th e  M antle C a v ity  O ccupied w ith  F lu id  

d u rin g  E x p o su re  to  A ir

A nim als a t  fou r d if fe re n t h a b ita ts  on  th e  shore w ere exam ined . T h e  results 
are  lis ted  in  T ab le  5, to g e th e r  w ith  th e  m e a n  sizes of th e  an im als exam ined  and  
th e  es tim a ted  leng ths of tim e  th a t  th e  a n im a ls  h ad  been exposed to  a ir  a t  th e  tim e 
of sam pling.
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Table 5. Various measurements taken on the mantle cavity fluid of M. californianus from 
four different habitats ; results quoted as mean dz standard deviation

H abitat Time [Cl] as 
exposed % of 
to air seawater 
(hrs)

Osmo- 
larity as 
% of 
seawater

Tissue
temp.
(°C)

% of 
mantle 
cavity 
occupied 
with fluid

Mean
length
(cm)

1. Edge of tidepool; 
sunny bu t cool (to=

14-15
=6)

105.2 (31) 100.0 (1.4) 17.9 (0.6) — 8.03 (0.24)

2. Crevices; shaded 
and cool (n =  11)

9-12 105.0 (0.9) 102.4 (0.2) 22.1 (0.7) — 9.75 (0.47)

3. Horizontal rock face; 4 - 7 
sunny and hot (to=25)

117.7 (0.9) 110.0 (0.5) 24.3 (0.1) 65.4 (3.3) 8.58 (0.34)

4. Vertical rock face; 
foggy and cool (to =

3- 7 
= 12)

100.4 (0.7) 98.1 (0.5) 17.7 (0.4) 74.2 (2.5) 9.58 (0.29)

H abitat 1 — Lime Kiln Point. Habitats 2 and 4 =  Eagle Point. H abitat 3 =  Cattle Point.

Table 6. The concentrations of glycogen in the digestive gland, adductor muscle and mantle 
tissues of M. californianus held in the laboratory a t 135 (‘control’), 94 (‘medium’) and 58

(‘low’) mm Hg P 0 2

Condition Mean concentration of glycogen i  standard deviation 
[mg g (fresh weight)-1]

Digestive gland Adductor muscle Mantle

1. Controls:
9 days 7.13 (1.155) 7.10 (0.631) 7.35 (1.556)

13 days 5.05 (0.883) 4.30 (0.508) 10.43 (1.329)
18 days 6.00 (0.868) 4.40 (0.762) 10.90 (2.201)
23 days 5.24 (1.336) 4.68 (0.308) 6.46 (1.557)

2. Reduced P 0 2 :
a) Medium

2 days 22.17 (6.690) 8.69 (1.225) 15.15 (4.980)
8 days 9.79 (0.285) 5.20 (0.305) 10.63 (0.845)

16 days 7.50 (1.905) 5.02 (0.245) 14.91 (5.945)
b) Low

2 days 17.08 (5.625) 7.99 (1.870) 14.12 (1.355)
8 days 10.33 (0.765) 5.09 (2.260) 12.69 (2.285)

16 days 8.805 (1.505) — 11.91 (3.845)

S ho u ld  a n y  loss of w ate r from  th e  m a n tle  c a v ity  occur b y  ev apo ra tion , th is  
w ould  re su lt in  an  inc reased  o sm o-concen tra tion  of th e  m a n tle  flu id , an d  a  con
c o m ita n t d e h y d ra tio n  of th e  tissues. A nim als on th e  v e rtica l rock  face a t  Eagle 
P o in t  (h a b ita t 4, T ab le  6) w ere sam p led  on  a  foggy a n d  cool day . These anim als 
show ed no  ev idence of increased  osm o-concentra tion , or ch loride con ten t, of the  
m a n tle  c a v ity  flu id . A lthough , on  average, 26%  of th e  flu id  h a d  b een  lo st from
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th e  m an tle  cav ity  of these  ind iv iduals , th is  p re su m a b ly  occurred  as a  re su lt of 
d ra in ag e  th ro u g h  th e  p eda l gape. F iv e  of th e se  an im als  w ere n o ted  as sh o v in g  
‘s lig h t g a p e ’ a n d  th e  rem ainder as ‘n o t g a p in g ’. M antle  cav ity  te m p e ra tu re  was 
sim ilar to  a ir  tem pera tu re .

T h e  m ussels a t  th e  edge of tide-poo ls a t  L im e K iln  P o in t (h a b ita t 1) also 
show ed lit t le  evidence of increased  osm o-concen tra tion  of th e  m an tle  c a v ity  fluid, 
a n d  th e  te m p e ra tu re  in  th e  cav ity  w as s im ila r  to  a ir  te m p e ra tu re . T he h u m id ity  
in  th e  m ic ro -h ab ita t of th ese  an im als w as p ro b ab ly  high.

I n  crevices a t  E agle P o in t (h a b ita t 2), w here  th e  an im als  w ere shaded  from  
th e  sun , som e increase in  osm o-concen tra tion  occurred . T hese crevices w ere no ted  
a t  th e  tim e  as ‘d r y ’, b u t th e y  c lea rly  a ffo rd e d  som e p ro tec tio n  from  desiccation, 
possib ly  b y  reducing  a ir m ovem en t a ro u n d  th e  m ussels. T issue te m p era tu re s  w ere 
h igher th a n  a ir  tem p era tu re .

T h e  an im als on th e  ho rizon tal rock  face a t  C attle  P o in t (h a b ita t 3) gave m ost 
in d ic a tio n  of possible stress. T here  w as a  s ig n ifican t increase in  th e  osm o-con
ce n tra tio n  a n d  chloride co n ten t of th e  m a n tle  cav ity  flu id  (resulting  in  a n  es ti
m a te d  10% desiccation  of th e  an im al tissues) a n d  h igh  m a n tle  cav ity  te m p era tu re . 
On average, 35 % of th e  flu id  of th e  m a n tle  c a v ity  h a d  b een  lo s t in  th ese  ind iv iduals 
(m axim um  recorded  value was 80% ) a lth o u g h  on ly  tw o  an im als w ere recorded  
as ‘sligh tly  g ap in g ’ an d  th e  rem a in d e r as ‘n o t  g ap in g ’.

c) A m m onia in  th e  M an tle  C av ity  F lu id  
T h e  con cen tra tio n  of am m onia-n itrogen  in  th e  flu id  of th e  m a n tle  cav ity  

w as m easu red  only  on  an im als from  th e  v e r tic a l rock  face a t  E agle P o in t sam pled 
on  a  cool an d  foggy d a y  a f te r  3 -7  h rs of exposu re  to  a ir. T h e  average of 12 m eas
u rem en ts  w as 2.07 pg  N H 4 -N T : (s tan d a rd  d ev ia tion ) 0.118 p er m l, eq u iv a len t 
to  24.6 pg  N H 4-N  F  1.40 to ta l  in  th e  av a ila b le  m a n tle  cav ity  flu id . These m ussels 
averaged  7.74 A  0.32 g ram s d ry  w eigh t o f tissue, an d  th e  e s tim a ted  ra te  
of p ro d u c tio n  of am m onia-N  d u rin g  a ir-exposu re  w as th e re fo re  1.03 pg 
N H 4 -N T ;0.092 g_1 h-1. These values a re  sim ila r to  those  recorded  in  th e  lab o r
a to ry  d u ring  exposure to  a ir, an d  th e y  suggest a  depressed  (re la tive  to  ra te s  during  
im m ersion), b u t nevertheless sign ifican t, d eg ra d a tio n  of n itrogenous su b stra tes  
a t  low  tid e .

Biochem ical D eterm inations
a) G lycogen L evels in  th e  T issues 

T h e  glycogen levels w ere d e te rm in ed  in  th e  tissues of an im als m a in ta in ed  
u n d e r  tw o se ts  of conditions. F irs tly , m ussels w hich w ere k e p t in  th e  lab o ra to ry  
a t  th re e  d iffe ren t ra tio n  levels (see “ M ateria l an d  M eth o d s” ) w ere sam pled  a t 
9, 13, 18 a n d  23 days an d  th e  d igestive g land , posterio r ad d u c to r m uscle and  
m a n tle  tissues w ere ana lysed  sep ara te ly . T hese resu lts  a re  lis ted  in  T ab le  6 as 
‘c o n tro ls’. Secondly, m ussels w ere k e p t  fo r 16 days a t  tw o levels of oxygen 
te n s io n  (‘low  P 0 2’ experim en t), a  m ed iu m  (94 m m  Hg) a n d  a  low (58 m m  Hg) 
level, an d  th e  th re e  tissues ana ly sed  a t  2, 8 an d  16 days. T hese resu lts  are lis ted  
in  T ab le  6 as ‘red u ced  P 0 2’.

G lycogen levels show ed no  differences d u e  to  th e  ra tio n  level a t  w hich th e  
an im als w ere k ep t. The resu lts  also in d ic a te d  no differences due to  tim e  in  the
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Fig. 10. The concentration of glycogen (mg g (fresh wt)-1) in the mantle (■, □ ), digestive 
gland (A, A) and adductor muscle (®, O) of Mytilus californianus held a t reduced oxygen 

tension (filled symbols) and a t 135 mm H g P 0 2 (open symbols)

‘c o n tro l’ values. T h e  m ean  ( T  s ta n d a rd  d ev ia tion ) levels w ere th e re fo re  calcu lated  
fo r each  tis su e  a s  follows :

D igestive  g land  : 5.84 i  1.06 m g g ram  fresh  w eight-1
A d d u c to r  m uscle : 5.12 ±  0.55 m g g ram  fresh  w eigh t-1 
M an tle  : 7.79 i  1.66 mg g ram  fresh  w eight-1

T h e resu lts  of th e  ‘low P 0 2’ ex perim en t show  a  decline in  th e  glycogen level 
in  th e  d igestive g lan d  an d  in  th e  a d d u c to r  m uscle, th o u g h  n o t in  th e  m an tle , 
du ring  th e  ex p erim en t. H ow ever, th e re  was no  a p p a re n t d ifference due to  am bien t 
oxygen  tension . C onsequently , th e  values w ere pooled  to  arriv e  a t  m ean  es tim ates 
of th e  g lycogen level in  th e  th re e  tissues, an d  p lo tte d  ag a in st tim e  in  F ig. 10, 
to g e th e r  w ith  th e  ‘ c o n tro l’ values. In te rp re ta tio n  is m a d e  som ew hat d ifficu lt 
b y  th e  lack  of g lycogen es tim atio n s p rio r to  d a y  9 in  th e  ‘c o n tro ls’. N evertheless, 
th e  ind ications a re  th a t  th e  m ussels u tilised  sign ifican t am oun ts  of g lycogen from  
th e  d igestive g lan d  an d  a d d u c to r  m uscle, regard less of th e  oxygen  tension . This 
u tilisa tio n  w as p a rticu la rly  m a rk e d  d u ring  th e  firs t w eek, a f te r  w hich some 
accom m odation  to  th e  la b o ra to ry  conditions occurred . G lycogen in  th e  m an tle  
w as n o t u tilise d  in  th is  w ay , an d  i t  appeared  th a t  th e  m ussels increased  th e ir  
sto res of g lycogen betw een  th e  f irs t  (m id-Ju ly ) a n d  th e  second (early  A ugust) 
d e term ina tions. T h ere  w as no  in d ic a tio n  of m ore m a rk e d  u tilisa tio n  of glycogen 
a t  low  th a n  a t  h igh  am b ie n t oxygen  tension .

b) T he C oncen tra tion  of A lan ine a n d  M alate in  th e  P o ste rio r A d d u cto r M uscle
L-Alanine and  L-malate in  the  posterior adductor muscle were analysed in  two 

experim ents ; m alate alone was determ ined in  a th ird  experim ent.
E xperim en t 1. M ussels w ere sam pled  on  days 9, 14 an d  19 from  th e  m a in  stock  

of an im als m a in ta in e d  a n d  fed  in  th e  labo ra to ry , an d  th e ir  a d d u c to r  m uscles

3 Oecologia (Beri.)
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Table 7. The concentration of alanine and m alate in the posterior adductor muscle of 
M. californianus held in the laboratory under different conditions (see text)

Condition Mean concentration Standard deviation

I. Alanine [>M g (fresh wt)-1]
1. Controls 2.78 0.552
2. Air exposure (expt. 1)

2 days 6.00 0.560
4 days 6.25 0.874

3. Reduced P 0 2 (expt. 2)
a) Medium
2 days 7.02 0.690
9 days 2.48 0.402
b) Low
2 days 10.45 3.330
9 days 5.81 0.287

II. Malate (¿¿M g (fresh wt)-1]
1. Controls 0.090 0.032
2. A) Air exposure (expt. 1)

2 days 0.254 0.076
4 days 0.276 0.085

2. B) Air exposure (expt. 3)
0 hrs 0.250 0.137
1 hrs 1.051 0.269
6 hrs 0.647 0.072

3. Reduced P 0 2 (expt. 2)
a) Medium

2 days 1.069 0.290
9 days 0.154 0.002

16 days 0.159 0.085
b) Low

2 days 0.139 0.071
9 days 0.305 0.028

16 days 0.559 0.205

ana lysed  in d iv id u a lly  as described in  “ M a te ria l an d  M e th o d s” . O n th e  same 
sam ple da tes , som e in d iv id u a ls  w ere rem o v e d  from  th e  m a in  tra y s  an d  exposed 
to  a ir  ( tem p era tu res  v a rie d  betw een  20 a n d  26° C, re la tiv e  h u m id ity  betw een 
62 a n d  83 % ) fo r 2 a n d  4 days, a fte r w hich th e ir  ad d u c to r m uscles w ere d issected  
for analysis. T h ere  w as no  sign ifican t change in  alan ine or m a la te  concen tra tions 
over tim e in  th e  an im als w hile im m ersed a n d ,  in  T able 7, all th e  values for b o th  
a lan ine  a n d  m a la te  h av e  b een  pooled to  p ro v id e  a  single es tim a te  of each  su b stra te  
in  th ese  ‘ co n tro ls ’. W e h av e  also pooled  th e  estim ates from  an im als exposed to  
a ir, in  o rd er to  p re se n t tw o  values each  fo r  alan ine an d  m a la te , one value  for 
an im als air-exposed  fo r 2 days a n d  one fo r anim als exposed fo r 4 days. The 
t re n d  fo r b o th  su b s tra te s  w as clear : a la n in e  an d  m ala te  b o th  accu m u la ted  in  th e  
ad d u c to r m uscle b y  th e  second d a y  of exposure , and  th e ir  concen tra tions re 
m ained  h ig h  over 4 days.
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E xperim en t 2. M ussels w ere m a in ta in e d  a t  tw o  levels of oxygen tension , in  the  
‘low -P02’ experim en t. T h e  a d d u c to r  m uscles of these  an im als w ere assayed  afte r 
2, 9 a n d  16 (m alate  only) days (T able7). A t th e  m ed iu m  oxygen  tension  (94 m m H g) 
b o th  alan ine an d  m a la te  increased  m ark e d ly  in  th e  ad d u c to r m uscle over 2 days, 
a n d  th e n  declined close to  con tro l values ; m a la te  rem ain ed  a t  low concen tra tion  
to  d a y  16. A t low  P 0 2 (58 m m  H g) how ever, th e  tw o su b stra tes  b eh a v ed  differ
en tly . A lanine increased  a lm o st b y  a  fac to r of four b y  th e  2nd  d ay  a n d  th e n  d e
clined b y  d a y  9. M alate inc reased  g rad u a lly  in  co n cen tra tio n  over 16 days.

E xperim en t 3. M ussels w ere im m ersed  in  th e  la b o ra to ry  w ate r-ta b le  fo r 2 hrs 
a f te r  collection from  th e  shore. M ala te  in  th e  a d d u c to r  m uscle w as th e n  estim ated  
in  som e an im als (“ 0 h r s ” in  T ab le  7) ; th e  rem a in d e r  of th e  an im als w ere exposed 
to  a ir  (22° C; 78%  re la tiv e  h u m id ity ) fo r 1 a n d  for 6 h rs  p rio r to  e s tim a tio n  of 
m a la te  levels. T h e  resu lts  (T able 7) in d ic a ted  a  ra p id , verjr m arked  accum ulation  
of m a la te  in  th e  a d d u c to r  m uscle a f te r  1 h r  of exposure to  a ir, an d  a  subsequen t 
decline to  6 hrs.

Discussion
M ytilu s  californianus  is capab le  of th e  p a r t ia l  reg u la tio n  of i ts  ra te  of oxygen 

consum ption  ( F 0 2) a t  reduced  oxygen  ten sio n s ( P 0 2), a  p ro p e rty  sh a red  w ith  
m a n y  o th e r  species of b iva lve  (B ayne, 1967 ; M angum  a n d  B u rn e tt, 1975; T aylor,
1975). A t a  P 0 2 as low as 20 m m  H g  th e se  m ussels a re  ab le  to  m a in ta in  a  ra te  
of oxygen  consum ption  th a t  is h ig h e r th a n  th e  ‘s ta n d a r d ’ ra te  reco rded  for 
ind iv iduals  th a t  h av e  been s ta rv e d  fo r long perio d s in  th e  la b o ra to ry  (B ayne et al.,
1976). N evertheless, a t  reduced  P 0 2, th e  r a te  of aerobic m etabolism  is depressed 
below  th e  ro u tin e  ra te , w hich is th e  r a te  ty p ic a l fo r fed  an im als in  w a te r  a t  full 
a ir-sa tu ra tio n  w ith  oxygen. U n like  M y tilu s  edulis (B ayne, 1975), M . californianus  
d id  n o t acclim ate  F 0 2 w hen  k e p t a t  58 m m  H g  P 0 2 for betw een  8 an d  13 days. 
U n d e r these  cond itions anaerob ic  m e tab o lic  p a th w ay s (H ochachka a n d  Somero, 
1973; D e Z w aan  et al., 1975) a re  inv o k ed , p ro b ab ly  in  o rd er to  m a in ta in  redox  
ba lance  in  th e  tissu es  an d  to  m ake  u p  th e  energy d efic it th a t  resu lts  from  th e ir  
prolonged in a b ility  to  m e e t th e ir  ro u tin e  dem and  for oxygen. T his is illu stra ted , 
in  our d a ta , b y  th e  accum ulation  of a lan ine , w hich is a n  end -p ro d u ct of anaero- 
biosis in  b iva lves (Stokes a n d  A w apara , 1968; L iv ingstone, 1975), in  th e  ad d u c to r 
m uscles of m ussels held  a t  low  P 0 2 fo r 2 and  fo r 9 days (T able 7). L iv ingstone 
an d  B ayne (unpublished) h av e  observed  a  m ore tra n s ie n t u tilisa tio n  of anaerobic 
p a th w ay s  b y  M . edulis d u rin g  exposu re  to  low P 0 2; in  th is  species, re sp ira to ry  
acclim ation  to  th e  d ep le tion  of oxygen  occurred , an d  th e  tim e-course of accu
m u la tio n  a n d  subsequen t rem o v a l of th e  end -p roducts of anaerobiosis coincided 
w ith  th e  period  necessary  fo r re sp ira to ry  acclim ation  to  be com pleted . I n  M . cali
fornianus, how ever, th e re  w as no  in d ic a tio n  of acclim ation  of V 0 2, an d  alanine 
accum ula ted  a n d  rem ain ed  a t  h ig h  con cen tra tio n  over th e  9 days of th e  ex p eri
m en t. O nly fu rth e r  s tu d y  can  e lu c id a te  w hether th e se  d ifferences a re  t ru ly  specific, 
or to  w h a t e x te n t th e y  are  d u e  to  seasonal factors.

W hereas accum ula tion  of a lan in e  can, w ith  som e assurance, be ta k e n  to  
in d ic a te  anaerob ic  m etabo lism  in  m ussels, changes in  th e  concen tra tion  of m alate  
a re  m ore d ifficu lt to  in te rp re t in  th is  co n tex t. The f irs t stages in  anaerob ic  glyco
lysis in  b iva lves involve th e  ca rb o x y la tio n  of phospho-eno l-py ruvate  to  oxalo-
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a c e ta te  an d  subsequen t red u c tio n  to  m a la te . These conversions are su ffic ien t to  
m a in ta in  redox  balance in  th e  cells (H o ch ach k a  and  M ustafa , 1972). U n d er certa in  
circum stances, as for exam ple  du ring  sh o r t- te rm  exposu re  to  a ir, o r w hen  sub 
jec ted  to  w ate r a t  ‘m edium  P 0 2’ (see T ab le  7) anaerobiosis m ay  proceed  only  as 
fa r as th e  accum ulation  of m a la te , so en su rin g  th e  m a in ten an ce  of red o x  balance. 
I n  d iffe ren t circum stances, fo r exam ple  d u r in g  longer periods of a ir exposure, 
or a t  low er im m ersed oxygen  tensions, m a la te  m a y  b e  m etabolised  fu rth e r  to  
succinate. T here  is som e in d ic a tio n  in  our d a ta  to  suggest th a t  m a la te  accum ulates 
d u ring  sh o rt-te rm  or p a r tia l hypox ia , b u t  is reduced  in  concen tra tion  w hen  th e  
an im al is forced deeper in to  anaerobiosis.

D uring  prolonged exposure to  low  P 0 2 th e  oxygen  : n itrogen  ra tio  increased  
(Table 2) and , although  our in te rp re ta t io n  h e re  can n o t be unequivocal, glycogen 
ap p eared  to  decrease (Table 6). T hese changes m ay  be re la ted , as a n  increased 
ca tabo lism  of ca rb o h y d ra te , if  i t  w ere to  occu r in  th e  absence of a  concom itan t 
increase in  p ro te in  catabolism , w ould re su lt in  a  rise in  th e  0 :N  ra tio . H ow ever, 
u n d e r  th e  conditions of our experim en ts, v iz. an im als w ith  a  re la tiv e ly  low  store 
of glycogen, im m ed ia te ly  a f te r  spaw ning, a n d  su b jec ted  to  hypox ia , th e  0 : N  
ra tio  m ay  b e  unreliab le as a n  in d ic a to r  of gross ca tabo lic  balance in  th e  tissues. 
P ro te in  catabolism  m a y  p roceed  no rm ally  a t  th is  tim e, b u t  th e  resu lting  am m onia 
m a y  be invo lved  in  sy n th e tic  reac tio n s lin k e d  w ith  anaerobiosis, fo r exam ple the  
am in atio n  of p y ru v a te  a n d /o r  of a -k e to -g lu ta ra te  (De Z w aan  an d  V an M arre w ijk, 
1973).

D uring  stress in  th e  la b o ra to ry  th e re  w as a  decline in  th e  glycogen co n ten t of 
th e  d igestive g land  an d  a d d u c to r  m uscle, b u t  in  th e  m a n tle  th e  glycogen level 
rem ain ed  s tab le . G ab b o tt (1975) has suggested  th a t  th e  m an tle  tissue  of M . edulis 
m a y  be e ith e r g lyco ty tic or gluconeogenic, depend ing  on season a n d  th e  cycle 
of gam etogenesis, b u t  t h a t  i t  ca n n o t ca rry  o u t  b o th  functions a t  th e  sam e tim e. 
D uring  th e  period  of our ex p erim en ts  (Ju ly /A u g u st)  th e  m ussels w ere ap p a ren tly  
syn thesising  glycogen in  th e  m an tle , fo llow ing spaw ning, an d  only  th e  glycogen 
in  th e  digestive g land  a n d  th e  a d d u c to r  m uscle w as ‘a v a ila b le ’ for catabolism  
du ring  stress. T he ex istence of a  m echanism  fo r iso lating  th e  effects of stress from  
th e  m an tle  tissue  du ring  a  period  of g lycogen syn thesis  m ay  be a  fu n d am en ta l 
biochem ical a d a p ta tio n  in  m ussels.

I n  recen t years evidence h as  ac cu m u la ted  th a t  in te r tid a l bivalves can  ex tra c t 
oxygen from  th e  a ir (K uenzler, 1961; B oyden , 1972; Coleman, 1973). I n  all cases 
fo r w hich th e  ca lcu la tion  is possible (T ab le  8), th e  ra te  of oxygen consum ption 
in  a ir  is equ iva len t to  a p p ro x im a te ly  0.7 tim e s  th e  s ta n d a rd  ra te  in  w ate r. This 
capac ity  to  respire in  a ir  is n a tu ra lly  linked  w ith  th e  ab ility  to  m a in ta in  th e  shell- 
valves s ligh tly  a p a r t (‘shell g a p in g ’) a n d  so affo rd  co n tac t betw een  th e  atm osphere 
a n d  th e  flu id  in  th e  m a n tle  cav ity . O n S an  J u a n  Is lan d  we d id  n o t observe a  very  
h igh  p ro p o rtio n  of an im als  to  b e  gap ing  d u ring  aerial exposure on th e  shore, 
a lthough  in  th e  lab o ra to ry , w here th e  h u m id ity  was higher, gaping was common. 
A t h igh h u m id ity  M . californianus  e x tra c ts  oxygen from  th e  a ir. H ow ever, under 
th ese  conditions th e  r a te  of aerob ic m etabo lism  is depressed below  th e  s ta n d a rd  
ra te , an d  th e  anim als acq u ire  a  large oxygen  d e b t w hich is d ischarged  during 
subsequen t im m ersion (T able 3). T h e  biochem ical evidence (Table 7) suggests 
th a t  anaerobic m etabo lism  occurs to  a  sign ifican t e x ten t du ring  exposure to  air.
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Table 8. Equations relating the rates of oxygen consumption (7 0 2, ml 0 2 h-1) to dry flesh 
weight (W; g) in three species of bivalve, in air and in water

Species (and authority) Allometric equation Temper Rate in air as a % age of
ature rate in water for animals
(°C) 1 g in weight

1. Cardium edule (Boyden, 1973)
Air V02 =  0.131 IT0-440 15 65.5
Water V02 =  0.200W°-iS8 15

2. Modiolus demissus (Kuenzler, 1961)
Air 7 0 2 =  0.240IF0-890 20
Water 7 0 2 =  0.380 J7°-380 20 63.2

3. Mytilus californianus (this paper)
Air 7 0 2 =  0.172 J7°-648 13
Water 7 0 2 =  0.233 ÏF0-648 13 73.8

W ith in  1 h r  of exposure th e re  is a  considerab le  accum ula tion  of m a la te  in  th e  
a d d u c to r  m uscle , an d  w ith  m ore pro longed  exposu re  b o th  m a la te  a n d  alan ine 
rea ch  a p p a re n t s te ad y -s ta te  concen tra tions in  excess of th e  ‘c o n tro l’ s itu a tio n  
d u rin g  im m ersion.

A s th e  t id e  recedes p a s t th e  m ussels on  th e  shore, the re fo re , th e  oxygen  in  th e  
m a n tle  cav ity  is qu ick ly  d ep le ted  (see also M oon a n d  P ritc h a rd , 1970) an d , w ith  
gaping, d iffusion  of oxygen from  th e  a tm o sp h e re  m a in ta in s  an  equ ilib rium  oxygen 
ten sio n  of a b o u t 40 m m  H g  in  th e  m an tle  f lu id . T h e  effective “ diffusion  d is ta n c e ” 
for oxygen fro m  th e  m a n tle  cav ity  flu id  to  th e  blood is p resu m ab ly  increased  
considerab ly  a t  th is  tim e, due to  reduced  v e n tila tio n  of th e  gili surfaces, a n d  th e  
ra te  of oxygen  consum ption  is depressed. A naerob ic  glycolysis is invoked  as a 
re su lt of th e  red u c tio n  in  oxygen  u p ta k e , an d  am m o n ia  excretion  is considerab ly  
red u ced . D u rin g  a ir  exposure th e  frequency  of th e  h e a r t  b e a t is also reduced. 
Colem an a n d  T ru e m a n  (1971) exam ined  th e  d iffe ren t p a tte rn s  of b rad y card ia  
ty p ic a l of M y ti lu s  edulis a n d  M odiolus m odiolus  d u rin g  a ir  exposure, a n d  con
cluded  th a t  M y tilu s  shows a  m ore con tro lled  response, as illu s tra te d  b y  a  m a in 
ta in e d  h e a r t rh y th m  an d  shell gape. B y  th e se  c rite r ia  M . californianus  also shows 
a  con tro lled  a d a p ta tio n  to  in te r tid a l a ir  exposure.

W h en  m ussels a re  exposed to  a ir on  th e  shore, th e re  is an  increase in  body 
te m p e ra tu re . I n  a t  le as t tw o  situations '(see  T ab les 4 an d  5) th e  body  te m p era tu re s  
w ere 4 -5° C h ig h e r th a n  th e  a ir te m p era tu re . T h is  is ty p ic a l of m a n y  in te r tid a l 
an im als  (New ell, 1970), b u t  F y h n , et al. (1972) fo und  th a t  tissue  te m p e ra tu re s  in  
th e  s ta lk e d  b arn a c le  Pollicipes polym erus a t  E ag le  P o in t on S an  J u a n  Is lan d  
s tab ilised  d u rin g  exposure to  2-5° C below  th e  rock  te m p era tu re s , d u e  to  ev a
p o ra tiv e  cooling. A n  increase in  body  te m p e ra tu re  d u rin g  low tid e  m a y  be ex 
p ec te d  to  increase  th e  b asa l energy  d em an d  of th e  m ussels, a n d  so accen tu a te  
th e  req u irem en t fo r anaerobiosis, a lth o u g h  resu lts  p rese n ted  ea rlier (B ayne et ál.,
1976) show ed th a t  th e  te m p e ra tu re  sen sitiv ity  of th e  r a te  of aerob ic m etabolism  
w h ile  im m ersed  w as n o t as g rea t as m a y  be expected  on  s tr ic t  physicochem ical 
grounds.
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D u rin g  exposure to  a ir th e re  is also a  lo ss  of w a te r  from  th e  m a n tle  cav ity  
of M . californianus, p resum ably  by  leakage th ro u g h  th e  p ed a l gape. T h is loss m ay 
be as h igh  as 20-30 % of th e  ava ilab le  flu id  in  th e  m a n tle  cav ity , b u t  i t  does n o t 
lead  to  desiccation  of th e  tissues. In d eed , a  lo ss  of th is  k in d  m a y  fa c ilita te  gas 
exchange w ith  th e  atm osphere  b y  exposing a  la rg e r  su rface  area  of m a n tle  cav ity  
flu id  to  th e  a ir. O nly  in  one s itu a tio n  (C a ttle  P o in t;  see T a b le ó )  d id  w e find 
ev idence of a  rise  in  th e  osm olality  of th e  f lu id  in  th e  m a n tle  cav ity  above th a t  of 
seaw ater, b u t  th is  d id  n o t am o u n t to  m o re  th a n  a  15%  increase in  th e  m ost 
ex trem e case. P resu m ab ly  th e  re la tiv e ly  la rg e  volum e of w a te r  in  th e  m an tle  
c a v ity  can  serve as a  reservo ir “ . . .  w hich a llo w s ev ap o ra tiv e  w ate r loss to  proceed 
du ring  in te r tid a l a ir exposure w ithou t rea ch in g  le th a l lim its  of d es icc a tio n ” (Fyhn 
et aí., 1972, referring  to  Pollicipes).

W e conclude from  th is  s tu d y  th a t  a l th o u g h  M y tilu s  californianus exh ib its  a 
v a r ie ty  of physiological ad ap ta tio n s to  its  in te r t id a l  h ab it, som e physiological 
stresses a re  ap p a ren t. Possib ly  th e  m ost s ig n ific an t of th ese  is th e  in a b ility  to  m eet 
th e  s ta n d a rd  m etabolic  dem and  by  aerob ic  m ean s . O xygen ex tra c tio n  from  the  
a ir, w hich is p ro b ab ly  feasible only  a t  re la tiv e ly  h igh hum id ities, is n o t adequate  
to  m a in ta in  s ta n d a rd  m etabolic  ra te , an d  p rocesses of anaerob ic  m etabo lism  are 
requ ired . A lthough  th e  p a th w ay s of an aero b io sis  in  b ivalves m ay  be m ore effi
cien t in  th e  p ro d u c tio n  of A T P  th a n  is ‘c la s s ic a l’ anaerob ic glycolysis (H ochachka 
a n d  Som ero, 1973), th e  y ie ld  of A T P  is n o t a s  g rea t as in  no rm al aerob ic  m e ta 
bolism . T h ere  is stress also as a  re su lt of th e  lim ited  tim e  ava ilab le  fo r feeding. 
T his is ev idenced , n o t on ly  as a  re s tric tio n  in  t h e  tim e  fo r w hich feeding is possible, 
b u t  also  in  th e  req u irem en t, a t  each period  o f  im m ersion, to  ‘m ake u p ’ fo r the  
energy  d efic it acqu ired  du ring  a ir exposure . T he scope for g row th  (see B ayne 
et al., 1976) is n o t s im p ly  reduced  in  p ro p o rtio n  to  th e  feeding tim e  th a t  is lost, 
b u t  in  p ro p o rtio n  also to  th e  large oxygen  d e b t  th a t  is accum ula ted  du ring  low 
tid e . F in a lly , su rv iva l in te r tid a lly  im poses a  req u irem en t on  th e  m ussels for 
lim itin g  th e  e x te n t to  w hich p ro te in  ca tab o lism  can  proceed no rm ally , w ith 
consequen t ex cre tio n  of am m onia, d u rin g  ex p o su re  to  air. E ith e r  th e  r a te  of 
p ro te in  a n d  am ino-acid  breakdow n m u st b e  red u ced , o r th e  resu ltin g  am m onia 
m u s t be invo lved  in  sy n th e tic  p a th w ay s  asso c ia ted  w ith  anaerobiosis. N itrogen  
m etabo lism  du ring  periods of aerial exposure i s  a  to p ic  th a t  requ ires fu rth e r  study .
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