
Ï3 3 S 5

Oecologia (Beri.) 22, 211—228 (1976)
© by Springer-Verlag 1976

The Physiological Ecology of M ytilus californianus Conrad
1. M etabolism , a n d  E n e rg y  B a lance

B . L. B a y n e 1, C. J .  B a y n e 2, T . C. C a re fo o t3, a n d  R . J .  T hom pson4
1 Institute for Marine Environmental Research, Citadel Road, Plymouth

2 Department of Zoology, Oregon State University, Corvallis, Oregon 97331 
3 Department of Zoology, The University of British Columbia, Vancouver, B.C.

4 Marine Sciences Research Laboratory, Memorial University, St. John’s, Newfoundland

Received August 27, 1975

Summary. The rates of oxygen consumption, filtration and ammonia excretion by Mytilus 
californianus have been related to body size and to ration. The rate of oxygen consumption 
(F 0 2) by individuals while immersed, measured on the shore, resembled rates recorded for 
mussels starved in the laboratory. F 0 2 by M . californianus was relatively independent of
change in temperature, with a Q10 (13-22° C) of 1.20. In  contrast, the frequency of heart
beat was more completely temperature dependent [Q10 (13-22° C) =  2.10]. Filtration rate 
showed intermediate dependence on temperature change [<310 (13-22° C) =  1.49] up to 22° C, 
bu t declined a t 26° C. Both V 0 2 and filtration rate declined during starvation. The utilisation 
efficiency for oxygen was low (approx. 4%) between 13 and 22° C, but increased to  10% 
a t 26° C. Three components of the “ routine” rate of oxygen consumption are recognised 
and estimated; viz. a basal rate (0.136 ml 0 2 h-1 for a mussel of 1 g dry flesh weight), a 
“ physiological cost” of feeding (which represented about 6% of the calories in the ingested 
ration), and a “ mechanical cost” of feeding which was three times higher than the physio­
logical cost. The ratio of oxygen consumed to ammonia-nitrogen excreted was low, and 
it declined during starvation. These data are compared with previously published measure­
ments on M ytilus edulis, and the two species of mussel are shown to be similar in some of 
their physiological characteristics, though possibly differing in their capacities to compen­
sate for change in temperature. For M . californianus, the scope for growth was highest at 
17-22° C and declined a t 26° C ; it  is suggested that exposure to temperatures in excess 
of 22° C, as for example during low tides in the summer, might result in a cumulative stress 
on these populations of mussels by imposing a metabolic deficit which m ust be recovered 
a t each subsequent high tide. The high “ mechanical cost” of feeding imposes a more general 
constraint on the scope for activity of the species.

In troduction

M ytilu s  californianus C onrad  is d is trib u te d  along th e  w estern  coasts of N o rth  
A m erica, from  B a ja  C alifornia to  A laska. W ith in  th e  b a th y m e tric  ran g e  of th e  
species (about —30 m  to  + 4  m ; C han, 1973) th e  m ussels occur a t  h ighest density  
in  th e  m iddle in te r tid a l zone, a t  ap p ro x im ate ly  + 1 .5  m  to  + 3 .0  m  (Paine, 1974). 
P a in e  has suggested  th a t  th is  d is trib u tio n  rep resen ts  a  refuge fo r th e  species, 
w ith  th e  low er lim its  se t b y  b io tic  fac to rs  of com petition  a n d  p red a tio n , a n d  th e  
u p p e r lim its d e te rm in e d  b y  en v iro n m en ta l stressors such as ex trem e  te m p era tu re , 
desiccation  an d  th e  sh o rtag e  of food. A n in te r tid a l d is trib u tio n  of th is  k ind  
exposes an  an im al to  a  v a r ie ty  of p o te n tia l stressors in  add itio n  to  th o se  m en­
tio n ed , including ex trem es of sa lin ity  a n d  th e  necessity , a t  low tid e , e ith e r  of 
w ith stand ing  periods w ith o u t a  su p p ly  of oxygen, o r of gain ing oxygen  from  a  
m ed ium  to  w hich th e  re sp ira to ry  a p p a ra tu s  is ill-adap ted .
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I n  a  series of papers H arg er (see rev iew  b y  H arg er, 1972) lias suggested  som e 
of th e  w ays in  w hich th ese  m ussels are a d a p te d  to  w ave exposure, inc lud ing  th e ir  
shapes, s trong  byssa l a tta c h m e n ts  an d  clum ped  d is trib u tio n , an d  how  th e y  
m a in ta in  th e ir  position  in  th e  in te r tid a l com m un ity . Im p o rta n t p ap e rs  b y  Coe 
an d  F o x  (1942, 1944) a n d  F o x  a n d  Coe (1943) h av e  described  rela tionsh ips 
betw een  th e  g row th  of M . californianus  a n d  various env ironm enta l conditions, 
p rim arily  food. R ao  (1953, 1954) a n d  S egal eta l. (1953) h av e  re p o rte d  on  aspects 
of th e  a c tiv ity  a n d  f iltra tio n  r a te s  of th e  species. H ow ever, w ith  th e  exception  
of a  s tu d y  b y  M oon an d  P r itc h a rd  (1970), th e re  is l it tle  in fo rm atio n  availab le 
on physiological ad a p ta tio n s  of th e se  m ussels to  th e ir  in te r tid a l h a b ita t.

W e there fo re  considered th a t  i t  w ould  be useful to  exam ine ce rta in  aspects 
of th e  ecology a n d  physio logy  of M . californianus  w ith  tw o p a r tic u la r  questions 
in  m in d : w h a t physiological ch a rac te ris tic s  enable th e  species to  th r iv e  in  the  
in te r tid a l zone, a n d  to  w h a t e x te n t does th is  in te r tid a l d is trib u tio n  itself rep resen t 
a  “ s tre s s ” ? In  th is  p ap e r we re p o r t ex p erim en ts  on th e  re la tionsh ips betw een  
ra te s  of oxygen consum ption , f iltra tio n  a n d  excretion , a n d  th e  frequency  of 
th e  h e a r t b ea t, in  m ussels of various sizes im m ersed in  w a te r  a t  d iffe ren t te m ­
p era tu re s  a n d  w ith  d iffe ren t levels of av a ilab le  ra tio n . I n  a  su b seq u en t paper 
we will discuss experim en ts on  th e  a d a p ta tio n s  of M . californianus  to  exposure 
to  air.

M aterial an d  M ethods

Mussels were observed and collected on San Juan Island, Washington, USA (lat. 48 30', 
long. 123 05'), and experiments carried out a t the Friday Harbor Laboratories of the Uni­
versity of Washington. On San Juan  Island M . californianus occurs between +1.2  m and 
+2.2 m on the shore. At Friday Harbor, mean sea level is +1.5 m relative to chart datum; 
the mean tidal range is 1.4 m and the diurnal range of the tide is 2.3 m (Connell, 1970). 
Connell describes the tides as mixed, with one daily tide usually lower than the other. There 
is a small annual range in surface water temperatures, with monthly means from 7-13° C 
(Pickens, 1965; Connell, 1970). Mean monthly surface salinities range from 28.5-29.1°/00 S, 
with extremes of 18.3 and 31.8°/00 S (Connell, 1970). Dayton (1971) suggested tha t the effects 
of different environmental conditions experienced during low tide, such as temperature 
and humidity, are exaggerated on the San Juan  Islands, relative to the outer coasts of the 
Olympic Peninsula, where i i i .  californianus is abundant, because the low spring tides in the 
summer usually occur around the middle of the  day, whereas the low tides in the winter 
occur a t night; intertidal organisms are therefore exposed to the most extreme conditions 
in both seasons. Air temperatures may be as high as 33° C and as low as —16° C (Connell, 
1970). Petersen et al. (1974) quote relative humidities a t Friday Harbor in the summer ranging 
from 85 % to as low as 20% during periods of easterly winds. Although M. californianus 
may tolerate dilution of seawater to 17%0 S (Fox, 1936), the salinities within the Strait 
of Juan de Fuca are probably below the optimum for the species (Young, 1941). Individual 
mussels on San Juan Island are generally small relative to mussels in other, more open- 
coast habitats, and their distribution on these shores is patchy, with individuals often re­
stricted to cracks and gulleys in the rocks; this is quite unlike the “ carpets” of mussels 
found on more exposed coasts.

Mussels were collected from Lime Kiln Point, Eagle Point and Cattle Point (Fig. 1) 
in July 1973, and brought to  the laboratory, where they were kept in the seawater table. 
In  one experiment, mussels of various sizes (shell lengths between 3 and 14 cm) were divided 
into two groups and each held a t ambient salinity and oxygen tension, bu t Avith water tem­
perature controlled to 13 +  1.5° C. One of these groups Avas fed continuously with a mixed 
culture of the unicellular algae Isochrysis galbana, Phaeodactylum tricornutum and Duna­
liella sp., which were grown individually in batch cultures and mixed in the feeding reservoir
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Fig. 1. Sketch map of the San Juan Islands, Washinton, USA, showing the three localities 
from which Mytilus californianus were collected

before being dosed to the mussels. The other group was starved; the water inflow to the 
tank was filtered by passing it through an in-line “ Aqua P ure” water filter. Average particle 
concentrations in the water of these two groups of mussels were as follows:

Fed animals: 10,000i  1,650 particles ml“1
Starved animals: 770+  38 particles ml“1

We have determined tha t IO6 cells of such a mixed algal culture weighed 0.088 mg; 
using a calorific conversion of 5.6 cals mg“1 (Widdows and Bayne, 1971), the calories available 
to these two groups of mussels will have been :

Fed animals: 4.93 cals I“1
Starved animals: 0.38 cals I“1

Mussels were sampled a t intervals from this experiment for measurement of their rates 
of oxygen consumption, filtration rates and rates of excretion of ammonia-nitrogen. Animals 
from the “ fed” group were also used to establish the effects of temperature change on the 
three physiological processes mentioned, as well as on the frequency of the heart beat. Other 
animals which were maintained a t a  medium ration (a 50:50 seawater dilution of the algal 
culture fed to the “ fed” group) were used only for the measurement of their rates of excretion.

The rates of oxygen consumption of mussels of various sizes were also measured on the 
shore under three conditions: 1. Animals were collected from tide-pools (ambient temperature 
25-26° C) and measured a t 26° C. 2. These same animals were then placed directly in water 
a t 13° C (to simulate the flooding tide entering the tide-pool) and their rates of oxygen uptake 
measured a t this temperature. 3. Individuals whose immediate past thermal history included 
a t least 11 hrs of uninterrupted submergence a t 12-13° C were measured a t 13° C.

Measurement of Oxygen Consumption on the Shore. Mussels were placed in water of the 
desired temperature in Kilner flasks. One water sample of 20 ml was taken, the flask sealed 
without trapping air, and a  second sample taken after 20-45 min depending on the size



214 B. L. Bayne et ál.

of the animal. The samples were analysed directly for oxygen content by the Winkler proce­
dure, modified for use with small samples.

Measurement of Oxygen Consumption in  the Laboratory. Animals were removed from the 
experimental trays and placed individually in glass respirometer flasks described by Bayne 
(1971 a). After a t least 30 min, a t a water flow rate  of 60-90 ml m in-1 a t constant temperature, 
the water flow was stopped and oxygen consumption determined from the rate of decline 
of the oxygen tension, as monitored with a Radiometer oxygen-electrode. All values for 
oxygen consumption, referred to as F 0 2, will be quoted as ml 0 2 h-1.

Measurement of Heart Beat. Thin copper electrodes were implanted through small holes 
in the shell, to lie alongside the pericardium on each side. The electrodes were coupled to 
an impedance pneumograph linked to a multi-channel pen recorder. Impedance changes 
caused by the beating of the heart were amplified to give a direct recording of the heart 
rhythm (Hoggarth and Trueman, 1967).

Measurement of Filtration Rate. Animals were placed in the glass respirometer flasks 
and after a t least 30 min a t a flow rate of 60-90 ml min-1, water samples of the inflow and 
outflow of the flask taken for counting, with a Coulter Counter, the concentrations of particles 
larger than 3 p.m in diameter. The difference in  particle concentrations between inflow and 
outflow, together with the measured rates of w ater flow, were used to calculate the filtration 
(or clearance) rate as litres of water cleared of particles per hour.

Measurement of the Rate of Excretion of Ammonia-N. Animals were placed in 0.2-1.01 
of membrane-filtered seawater, the volume depending on animal size. After a t least 30 min 
this water was gently siphoned off and replaced with freshly filtered water. After a further 
2-4 hrs, samples of water were removed, including samples from flasks not containing an 
animal, and analysed for ammonia-nitrogen content by the phenol-hypochlorite method 
as described by Grasshoff and Johannsen (1972). Excretion rates, referred to as FNH4, 
were calculated as the difference between the ammonia-N contents of the water from flasks 
with and without an animal, and will be quoted as pg NH4-N h-1.

The physiological rates were all related to th e  dry flesh weight of the animals, as deter­
mined after drying for 24 hrs a t 90° C. Statistical procedures used in the analysis of the 
data follow Snedecor and Cochran (1972).

R esu lts
Rates of O xygen C onsum ption

T h e  resu lts  of th e  oxygen co n su m p tio n  d e te rm in a tio n s w ere exam ined  by  
regressions of F 0 2 ag a in st d ry  w eigh t of flesh  (W ), an d  b y  co-variance analysis 
(T ab le  1). Of th e  m easurem ents on  th e  sh o re , th e re  was no  sign ifican t difference 
betw een  th e  ra te s  of consum ption  rec o rd e d  a t  13° C a f te r  th e  anim als h ad  ex ­
perienced  h igher te m p era tu re s  a n d  th o se  m e asu red  for an im als w hose im m ediate 
th e rm a l h is to ry  inc luded  a  long period  a t  13° C. T he resu lts  a t  th e  lower te m ­
p e ra tu re  w ere the re fo re  com bined a n d  t h e  following com m on regression equation  
deriv ed  :

F 0 2= 0.227 TF0-483 (n = 6 5 ) .

T h e  m easurem ents a t  26° 0  on th e  sh o re  failed  to  show a  correla tion  betw een 
F 0 2 a n d  d ry  flesh w eight (n —11 ; r =  —0.017), p ro b ab ly  due to  th e  sm all sam ple 
size a n d  th e  narrow  range of values fo r  d ry  w eight (th e  m ean  an d  s ta n d a rd  
d ev ia tions fo r w eigh t w ere 4 .09^:1 .23  g). C onsequently , a n  av erag e  ra te  of oxygen 
consum ption  a t  26° C was calcu la ted  as 2.048T;0.367 m l 0 2 h -1. F ro m  th e  ex ­
p ression  given  above to  describe F O a a t  13° C, a n  an im al of 4.09 g d ry  w eight 
w ould  h av e  a n  oxygen consum ption  r a te  of 0.448 m l 0 2 h-1. T h e  Q10 value fo r 
th is  te m p e ra tu re  in c rem en t (13-26° C) is th e re fo re  3.55.

I n  th e  lab o ra to ry , m easurem ents of oxygen  consum ption  ra te s  b y  mussels 
of d iffe ren t sizes w ere m ade  u n d e r th re e  cond itions : 1. A nim als w hich h ad  been
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Table 1. Regression analysis by least squares of the rates of oxygen consumption (ml 0 2 h-1) 
by Mytilus californianus of different dry flesh weights (in g)

Conditions Regression Standard 
error of b

Correlation
coefficient

Degrees 
of freedom

Constant (a) Coefficient (b)

Shore
13° C a 0.187 0.600 0.169 0.536 31
13° Cb 0.234 0.441 0.076 0.775 32
13° Cc 0.227 0.483 0.070 0.658 64
Laboratory
13° C : fed 0.559 0.562 0.075 0.857 21
13° C : starved 0.216 0.818 0.090 0.696 18

a Previous thermal history included 1-4 hrs a t 24-26° C. 
b Previous thermal history included more than 11 hrs a t 13° C. 
c Combined analysis of all shore values a t 13° C.

fed  in  th e  m ain  experim en t a t  13° C w ere m easured  a t  13° C. 2. A nim als w hich 
w ere s ta rv e d  a t  13° C for betw een  16 an d  23 days w ere m easured  a t  13° C.
3. A nim als w hich  w ere fed  a t  13° C (as in  1. above) w ere m easured  a t  13° C,
a n d  th e  te m p e ra tu re  of th e  w a te r  b a th  in  w hich th e  resp irom eter was im m ersed 
w as th e n  slow ly ra ised  (3° C h -1) a n d  fu rth e r  oxygen  consum ption  de term inations 
m ade  a t  17.5, 22 a n d  26° C. T h e  te m p e ra tu re  w as th e n  rap id ly  low ered to  14° C 
a n d  an o th er m easu rem en t of F 0 2 ta k en .

T h e  ana lysis  of th e  m easu rem en ts ob ta in ed  u n d e r p rocedures 1. a n d  2. (above) 
is show n in  T ab le  1. T h e  regression of V 0 2 ag a in st W  for fed  an d  s ta rv e d  m ussels 
a t  13° C h a d  sign ifican tly  d iffe ren t regression co n s tan ts  (the v a lue  of a  in  th e  
allom etric  expression  F 0 2 =  a W /j), b u t  values fo r th e  regression coefficient b 
w ere n o t s ign ifican tly  d iffe ren t a t  P  =  0.01. A  com m on regression coefficient 
w as therefo re de te rm in ed  a n d  th e  following expressions estab lished  to  describe 
th e  re la tionsh ips betw een  F 0 2 an d  W  in  th e  la b o ra to ry  a t  13° C :

1. F ed  an im als  : F 0 2 =  0.542 IF0-648 (n =  22)
2. S ta rv ed  an im als: F O a =  0.233 JF0-648 {n =  19)

T he ra te s  of oxygen  consum ption  recorded  fo r fed  an im als w ill be referred  
to  a s  “ ro u tin e ”  ra te s , th o se  for s ta rv e d  anim als as “ s ta n d a rd ”  ra te s  (Bayne 
et al., 1973). T hese  regressions a re  p lo tted , to g e th er w ith  th e  line describ ing  F 0 2 
as m easured  on  th e  shore a t  13° G, in  F ig. 2. A n  analysis  of co-variance was 
ca rried  o u t to  com pare  th e  regressions of F 0 2 on  W  a t  13° C as m easured  on 
th e  shore an d  in  th e  la b o ra to ry . T h e  re su lt (Table 2) d em o n stra ted  no  sign ifican t 
difference betw een  th e  tw o regressions fo r m ussels on th e  shore a n d  th o se  w hich 
w ere s ta rv e d  in  th e  lab o ra to ry .

T h e  com m on regression coefficient (b) of 0.648 w as u sed  to  tran sfo rm  th e  
F 0 2 m easurem ents m ade  a t  d iffe ren t tem p era tu re s  to  a  s ta n d a rd  “ m etabolic  
b o d y  s ize” , i.e. F 0 2/JF°-648. T hese transfo rm ed  values a re  p lo tte d  in  F ig . 3 to  
i llu s tra te  th e  a c u te  effects o f te m p e ra tu re  change on  th e  resp ira tio n  ra te s  of
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Table 2. A co-variance analysis of regressions of rates of oxygen consumption (ml 0 2 h-1) 
by Mytilus californianus of different dry flesh weights (in g) on the shore and in the 
laboratory (starved animals only), together with the  results of regression analysis by least

squares of all these da ta  pooled

Source of variation Degrees of 
freedom

Sums of squares Mean square F P

1. Difference between 
coefficients b

1 0.2698 0.2698 3.916 <0.05

2. Difference between 
constants a

1 0.2815 X IO-5 0.2815 X IO"5 0.394 X IO"4 >0.05

3. Total 82 5.7814

Pooled regression for all shore and laboratory (starved animals) data a t 13° C

Regression Standard error Correlation Degrees
of b of

Constant (a) Coefficient (b) freedom

0.255 0.502 0.068 0.632 85

m ussels acclim ated  to  13° C. T h e  $10 values fo r each  inc rem en t in  tem p era tu re  
w ere :

13 -1 7 .5  °C: Q10=  1.00
17.5-22° C : = 1 .4 7
22 - 2 6 ° C: = 2 .0 8

13 -2 6 °  C: = 1 .4 1

A nim als w hich h a d  been  held  fo r 3 -5  h rs  a t  te m p era tu re s  in  excess of 22° C, 
a n d  th e n  quick ly  re tu rn e d  to  w a te r  a t  14° C, d id  n o t d iffer in  th e ir  ra te s  of oxygen 
consum ption  a t  14° C from  m ussels reco rd ed  a t  13° C before exposure to  the  
h igher tem p era tu re s . I n  th is  resp ec t field  a n d  lab o ra to ry  d a ta  w ere in  ag reem ent; 
th e re  was no  m ark ed  u n d ersh o o t of th e  re sp ira tio n  ra te  w hen an im als  suddenly7 
experienced  a  la rge drop  in  tem p era tu re .

T h e  m ain  d isc repancy  betw een  th e  sho re  an d  lab o ra to ry  m easurem ents of 
th e  ra te s  of oxygen  u p ta k e  is  th e  h igh  v a lu e  recorded  a t  26° 0  on th e  shore, 
w hich is reflec ted  in  th e  h igh  Q10 (13-26° C) of 3.55 com pared  w ith  a  Q10 in  th e  
lab o ra to ry  of 1.41. Of course m ussels on th e  shore an d  in  th e  lab o ra to ry  ex­
perienced  d iffe ren t th e rm a l regim es, an d  fu r th e r  s tu d y  is needed  to  clarify  how  
th is  m ay  h av e  affec ted  resp ira tio n  r a te  a t  h igh  te m p era tu re . H ow ever, th e  
p re se n t d a ta  in d ic a te  th a t  a  rise  in  te m p e ra tu re  from  13° C (m ean  am b ien t 
w a te r  tem p era tu re ) to  26° C (m axim um  reco rded  te m p era tu re  in  th e  tide-pools) 
w ill resu lt in  an  inc rease  in  th e  r a te  of oxygen  consum ption. T h e  resu lts  of th e  
lab o ra to ry  experim en ts fu rth e r  suggest th a t  th is  is due p rim arily  to  tem p era tu re s  
exceeding 22° C, since betw een  13 a n d  22° C rise in  te m p era tu re  h a d  lit tle  effect 
on  th e  ra te s  of oxygen  u p tak e .

Frequency of H eart Beat
T h e h e a r t b e a ts  of five ind iv iduals w ere recorded, s im ultaneously  w ith  th e ir  

ra te s  of oxygen  consum ption , du ring  g rad u a l increases in  te m p e ra tu re  from



Physiological Ecology of M ytilus. 1 217

VO

5-0

5 00-5 VO
W

2 3
Fig. 2. The rates of oxygen consumption by M ytilus californianus a t 13° C (F 0 2; ml 0 2 hr1) 
plotted as a function of dry flesh weight (W ; g). * fed animals; ° starved animals. Regression 
lines are plotted according to equations in the tex t; the dashed regression line describes 

V 0 2 for mussels measured on the shore a t 13° C
Fig. 3. The rates of oxygen consumption by M ytilus californianus (Q02; ml 0 2 h—1/PF0-648) 
a t different temperatures. Values plotted as means i  total range of observations, with 1 
standard deviation indicated as a bar. ■> measurements taken as temperatures increased; 

* measurements taken on decrease of temperature from 26 to 14° C

13 to  17.5, 22 a n d  26° C, follow ed b y  a n  a b ru p t re tu rn  to  14° C. T h e  results 
(F ig . 4) show ed a n  a lm ost linear increase in  h e a r t  ra te  w ith  rise in  tem p era tu re . 
V alues fo r Qlo w ere as follows :

13 -17.5° C: $ i0 =  2.39 
17.5-22° C : = 1 .8 8
22 -2 6 ° C: = 1 .6 8

13 -26° C: = 1 .9 7

T h is  sen s itiv ity  of h e a r t r a te  to  increases in  te m p e ra tu re  was in  co n tra s t w ith  
th e  re la tiv e  independence of F 0 2 from  te m p e ra tu re  w ith in  th e  range 13-22° C.

Rates of F iltration
T h e ra te s  of f iltra tio n  b y  b o th  “ f e d ” an d  “ s ta rv e d ” m ussels of d ifferen t 

size w ere m easured  a t  13, 17.5, 22 a n d  26° C. T he re la tionsh ip  betw een  filtra tio n  
r a te  (F R  : 1 of w a te r  filte red  free of partic les  p e r h r) a n d  b ody  size ( W  : d ry  w eight 
of flesh  in  g) a re  described b y  th e  follow ing expressions (see F ig. 5) :

1. F e d  an im als : F R  =  1.61 IF0-458 (?z =  18)
2. S ta rv ed  an im als : F R  =  1.02 IF0-416 in  =  14)

A n  analysis  of co-variance revea led  th a t  th e  regression constan ts  (1.61 a n d  1.02), 
b u t  n o t th e  coefficients, in  th e se  equa tions w ere s ign ifican tly  d iffe ren t a t  P  =  0.05.
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Fig. 4. The rates of filtration by Mytilus californianus a t 13° C (1 h-1) plotted as a function 
of dry body weight (W ; g). * fed animals; ® starved animals. Regression lines are plotted

according to equations in the text
Fig. 5. The frequency of heart beat of M ytilus californianus (beats min-1) as a function 
of temperature. The values plotted are means ±  total range of observations. « measurements 
taken as temperature increased; * measurements taken on decrease of temperature from

26 to 14° C

T h e d a ta  w ere the re fo re  re-ana lysed  w ith  a  com m on regression coefficient (0.434) 
a n d  th e  follow ing expressions accep ted  a s  describing th e  re la tionsh ip  betw een 
r a te  of f iltra tio n  an d  body  size for m ussels a t  13° C :

1. F ed  an im als : F R  —  1.64 IF0-434
2. S ta rv e d  an im als: F i?  =  1.04 IF0-434

Table 3. The rates of filtration by Mytilus californianus a t different temperatures, together 
with calculated values for Ql(. The rates have been referred to a “ standard body size” 
of W0A3i, where IF is dry flesh weight in grams and 0.434 is the regression coefficient in the 

expression of filtration rate as a function of body size

Temperature
(°C)

Filtration rate
(1 h-i)

Temperature range Q10
(°C)

13 1.89
17.5 2.48 13-17.5 1.82
22 2.71 17.5-22 1.22
26 1.60
14 a 1.84

a Animals returned to 14° C after experiencing step-wise increase in temperature from 
13-26° C (see text).



Physiological Ecology of M ytilus. 1 219

T he regression coefficient of 0.434 w as th e n  nsed  to  tran sfo rm  th e  m easure­
m en ts  of ra te s  of f iltra tio n  a t  d iffe ren t te m p e ra tu re s  to  a  com m on v a lu e  for 
“ m etabo lic  b ody  s iz e”  (F R fW 0A3i): these  v a lu e s  a re  lis ted  in  T able 3. T rom  
13 to  22° C th e  r a te  of f iltra t io n  increased w ith  rise in  te m p era tu re , a n d  th e n  
declined a t  26° C.

Relationships between O xygen C onsumption, F iltra tion  and H eart Beat Frequency
R ela tionsh ips betw een  F 0 2 an d  F R  m ay  be considered in  te rm s of th e  volum e 

of oxygen  th a t  is  delivered  to  th e  resp ira to ry  su rfaces b y  th e  v en tila tio n  cu rren t, 
a n d  th e  efficiency w ith  w hich th is  oxygen is rem o v e d  (the u til isa tio n  efficiency). 
To describe th is  re la tio n sh ip  from  our resu lts , w e m u st assum e th a t  th e  ra te s  
of f iltra tio n  ap p ro x im a te  to  th e  tru e  v e n tila tio n  r a te ;  th is  assu m p tio n  w ill only 
be m e t if  f iltra tio n  efficiency is high. Our d a ta  suggest th a t  partic les  of th e  size 
used  in  th ese  experim en ts (3-8  ¡am diam eter) w ere  indeed  re ta in e d  b y  M . cali­
fornianus  w ith  80-100%  efficiency, in  ag reem en t w ith  th e  observa tions of V ahl 
(1972) on  M . edulis. O xygen u tilisa tio n  efficiencies w ere th e re fo re  calcu la ted  
(Table 4). E ffic iency  d id  n o t change sign ifican tly  betw een  13 an d  22° C, b u t 
increased  from  a n  average 4.4%  to  10.4% a t  26° C.

B ay n e  (1971b) ca lcu la ted  a  v en tila tio n  : re la tiv e  perfusion  ra tio  fo r M . edulis 
an d  fo u n d  i t  to  co rre la te  w ith  u tilisa tio n  efficiency. T h e  es tim a te  of “ re la tiv e  
p e rfu s io n ” fo r use  in  th is  ra tio  requ ires a  m easu re  of th e  am p litu d e , as well 
as th e  frequency , of th e  h e a r t  b ea t. W e d id  n o t  reco rd  am p litu d e  of h e a r t  bea t 
in  th ese  experim en ts w ith  M . californianus. H ow ever, W iddow s (1973 b) found  
no te m p era tu re -re la te d  changes in  h e a r t am p litu d e  in  M . edulis. A ssum ing th is  
to  ho ld  also fo r M . californianus, ra tio s  of f iltra tio n  r a te  to  frequency  of h e a r t 
b e a t w ere ca lcu la ted  (Table 4). T h e  ra tio  declined  du ring  rise in  te m p e ra tu re  
betw een  13 a n d  26° C, an d  a  decrease in  th e  ra tio  co rre la ted  w ith  a n  increase 
in  u tilisa tio n  efficiency.

W h e th e r o r n o t  th e re  is a  coupling betw een th e  v en tila tio n  a n d  th e  perfusion  
of th e  gili surfaces du ring  sh o rt- te rm  exposures to  increases in  tem p era tu re , 
th e  u til isa tio n  efficiency fo r oxygen  is held  re la tiv e ly  stab le , o r slig h tly  increased . 
I n  th is  w ay  a n  increase  in  th e  an im a l’s dem and  fo r oxygen can b e  m et. A t  26° C, 
how ever, th e re  is  a  decline in  f iltra t io n  (and v en tila tio n ? )  r a te  w hich, a lth o u g h

Table 4. Oxygen utilisation by M ytilus californianus a t different temperatures, and a 
“ ventilation: perfusion ratio” (see text)

Temperature Oxygen made available Oxygen utilisation Ventilation rate
(°C) by the ventilation current efficiency HearTrate

(ml 0 2 h_1) (%)

13 11.4 4.4 9.4
17.5 13.8 3.6 8.4
22 13.7 4.2 6.9
26 7.5 10.4 3.3
14a 10.9 3.9 9.0

a Animals returned to 14° C after 3-5 hrs a t temperatures in excess of 22° C.
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Fig. 6. The relationship between the rate of oxygen consumption (ml 0 2 h r1) and the filtration 
rate (1 h“1) in Mytilus californianus a t 13° C

i t  helps to  b rin g  a b o u t a n  increase in  u til isa tio n  efficiency, p ro b ab ly  signifies 
th e  in c ip ien t collapse of th e  gas exchange m echanism , should  th e  te m p era tu re  
inc rease  fu rth e r.

Components of the R ate of O xygen Consumption
F rom  th e  m a n y  m easurem ents of oxygen  consum ption  a n d  f iltra tio n  a t  13° C, 

25 values w ere e x tra c te d  w hich rep resen ted  near-sim ultaneous d e te rm in a tio n s of 
th e  tw o  physiological ra te s  on  an im als o f app ro x im ate ly  1 g d ry  flesh w eight. 
T hese m easu rem en ts covered a  range for V 0 2 from  0.2 to  1.4 m l 0 2 h _1, and  
from  0.6 to  3.9 1 h _1 f iltra tio n  ra te  (Fig. 6). A nalysis b y  le as t squares suggested 
th a t  th e  re la tio n sh ip  betw een  these  tw o v a lu es  is exponentia l, an d  can  be d e­
scribed  b y  th e  expression  :

V 0 2 =  0.17 e(0-5312?iî) (n  =  25; r  =  0.818)

w here V 0 2 is  th e  r a te  of oxygen consum ption  (ml 0 2 h-1) a n d  F R  is th e  f iltra ­
t io n  ra te  (1 w a te r  h-1). F ro m  th is  re la tionsh ip , th e  increase in  V 0 2 was 
ca lcu lated  for inc rem en ts of 11 h_1 in  f iltra tio n  ra te  (Table 5). W hen con­
v e rte d  to  caloric eq u iv a len ts  (1 m l 0 2 consum ed = 4 .8 0  calories), th is  calculation  
g ives an  in d ic a tio n  of th e  cost of increasing th e  ra te  of f iltra tio n , or of ven tila tion . 
T h is cost acce lera tes as th e  volum e of w a te r  to  be m oved th ro u g h  th e  m an tle  
c a v ity  increases, a n d  i t  is th is  w hich, p resu m ab ly , im poses an  u ltim a te  restric tion  
on  th e  scope fo r ac tiv ity . V alues for th e  r a te s  of oxygen consum ption  b y  “ fe d ” 
an d  b y  “ s ta rv e d ” an im als (Fig. 2) suggest a  “ ro u tin e  scope for a c t iv i ty ” (Bayne 
et al., 1973) of x 2 .3 , accom pany ing  a n  a c tu a l increase of f iltra tio n  ra te  of X l.6 . 
I t  is in te restin g  th a t ,  in  response to  a  rise in  tem p era tu re , th e  m ax im um  increase 
recorded  for f iltra t io n  r a te  (T able 3) was x  1.4.

I n  th e  re la tio n sh ip  b e tw een  th e  ra te  of oxygen consum ption  a n d  th e  ra te  
of f iltra tio n  (Fig. 6) th e  7 - in te rc e p t, or value for V 0 2 a t  zero f iltra tio n  ra te ,
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Tableo. The “ cost” (in calories per hour) to  M ytilus californianus of increasing filtration 
rate. Calculations relate to an animal of 1 g dry flesh weight, a t 13° C, as based on data

in Fig. 6

Increment in 
filtration rate 
(litres water h-1)

Increment in rate of 
oxygen consumption 
(ml 0 2 h-1)

Caloric equivalent of 
increment in oxygen uptake 
(calories hr1)

0-1 0.117 0.562
1-2 0.198 0.950
2-3 0.332 1.594
3-4 0.556 2.669

is a n  es tim a te  of th e  ra te  of m etabo lism  of a n  in a c tiv e  an im al. T his value  will 
v a ry  according to  th e  n u tr itio n a l cond ition  of th e  in d iv id u a l; i.e. th e  presence 
of food  in  th e  d igestive tra c t ,  an d  th e  re su ltin g  processes of d igestion  a n d  assi­
m ila tio n  (the “ specific dynam ic a c tio n ” ), w ill im pose a  m etabo lic  dem and  th a t  
is n o t  reflec ted  in  th e  a c tiv ity -re la te d  costs of m etabolism . W e can therefore 
d is tin g u ish  betw een  a  “ m ech an ica l”  a n d  a  “ physio log ica l”  cost of feeding. 
T h e  form er refers to  th e  energy costs of c ilia ry  ac tio n  on  th e  gills an d  th e  lab ial 
palps, w hich force th e  w ater over th e  filte ring  surface, an d  p rov ide  th e  f iltra tio n  
m echan ism  itself. B y  defin ition , th is  m echan ica l cost is n o t inc luded  in  th e  es ti­
m a te  of energy  expend itu re  a t  zero ac tiv ity . T he “ physio log ica l”  cost refers
to  th e  energy  u tilised  in  d igestion  an d  assim ilation , a n d  to  th e  “ . . . non-u tilised  
energy  freed  th ro u g h  d eam ina tion  a n d  o th e r  p rocesses”  (W arren  a n d  D avis, 1967).

I f  th e  ra te s  of oxygen consum ption  a n d  f iltra t io n  for s ta rv e d  anim als (of 
s ta n d a rd  size) a re  in se rted  in to  th e  equa tion ,

V 0 2 =  ke^-53iFRl

th e  v a lu e  fo r k  reflec ts  th e  basal m etabo lic  ra te . W hen  values fo r fed anim als
are  in se rted , th e  v a lue  of k  is an  es tim a te  of th e  sum  of th e  basal m etabolic
ra te  a n d  th e  physiological cost of th e  p a r tic u la r  ra tio n . T hese values a re  as 
follows :

1. F e d  an im als: 0 .2 3 2 m l 0 2 h -1
2. S ta rv e d  an im als: 0.136 m l 0 2 h -1

T he physio logical cost m ay th e re fo re  b e  rep resen ted  as (0.232-0.136) =  0.096 m l 
0 2 h -1 o r 0.461 cals h-1 . The average ra tio n  ava ilab le  to  th e  fed  an im als in  these
ex p erim en ts  (see “ M ateria l a n d  M e th o d s” ) w as 4.93 cals I-1. A t an  average
f iltra t io n  ra te  of 1.641 h r1 th e  in g ested  ra tio n  w as the re fo re  8.08 cals h_1, and  
th e  physio log ical cost w as e q u iv a le n t to  5.7%  of th e  ingested  ra tio n .

I t  is  possible therefo re to  id e n tify  te n ta tiv e ly  th ree  com ponents of th e  m e ta ­
bolic r a te  of th ese  m ussels, as “ in d e x e d ”  b y  th e ir  ra te s  of oxygen  consum ption. 
T hese a re  : th e  basal ra te , being th e  m etabo lic  ra te  of a  s ta rv e d  in d iv id u a l show ing 
zero a c tiv i ty ;  th e  physiological cost of feeding a n d  th e  m echanical cost, w hich 
is e s tim a ted  as th e  difference b e tw een  th e  ro u tin e  m etabo lic  r a te  an d  th e  sum  
of th e  b asa l ra te  a n d  th e  physio log ical cost, a n d  w hich inc ludes th e  ac tiv ity - 
re la te d  a n d  o th e r  aerobic energy  dem ands. F o r a n  an im al of 1 g d ry  flesh w eight 
a t  13° C in  our experim ents, th e se  values a re :
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r a t e  o f  NH^ .N e x c r e t i o n :  
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Fig. 7 A—C. The rates of excretion of ammonia-nitrogen by Mytilus californianus as a func­
tion of time spent in the laboratory. (A) Animals a t high ration. (B) Animals a t medium
ration. (C) Animals starved. □ animals 4.13 ¿  1-035 (s.d.) g dry flesh weight; «■ animals 1.53 ¿  
0.309 g dry flesh weight; * animals 0.55 ¿0 .1 3 0  g dry flesh weight. Values are mean plus 

total range of three determinations
Fig. 8. The ratio, by atomic equivalents, of oxygen consumed to ammonia-nitrogen excreted 
(0 :N  ratio) in Mytilus californianus of different sizes when fed (□) and when starved (o)

B asal ra te :  0 .1 3 6 m l 0 2 (or 0.653 cals) i r 1
Physiological cost: 0.096 m l 0 2 (or 0.461 cals) h_1
M echanical cost: 0 .3 1 0 m l 0 2 (or 1.488 cals) h_1

T h e  m echanical cost w as, b y  th e se  ca lcu lations 3.2 x th e  physiological cost and 
acco u n ted  fo r 59 % of th e  ro u tin e  oxygen  consum ption.

T he Rate of E xcretion  o f Am m onia-N itrogen  
M ussels w ere grouped as large [4.13 ¿  1.035 (s tandard  dev iation) g flesh dry 

w eigh t], m edium  (1.53 ¿ 0 .3 0 9 )  a n d  sm all (0.55 ¿ 0 .1 3 )  ind iv iduals , ta k e n  from  
h igh , m edium  a n d  low ( =  s ta rv ed ) r a t io n  levels, an d  th e ir  ra te s  of excretion  
m easu red  a t  irregu la r in te rv a ls  over 23 d ay s  (Fig. 7). T he la rg e s t anim als reduced 
th e ir  excretion  ra te s  betw een  d a y s  7 a n d  18, an d  th is  w as m o st m ark ed  under 
s ta rv a tio n  conditions. T he m ed ium -sized  a n d  sm all an im als show ed negligible 
change in  th e ir  excretion  ra te s  over tim e.

T h e  excretion  ra te s  for all an im als  fro m  d ay s  12 to  23 w ere used  to  calculate 
m e an  values fo r each  condition . T h ere  w as no  clear effect due to  ra tio n , how ever, 
so th e  values w ere pooled  fo r a n  assessm en t of excretion  r a te  as a  function  of 
d ry  flesh w eigh t (in g) :

F N H 4 =  23.88 IF0-817
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w here F N H 4 is  th e  r a te  of excretion  of am m o n ia -N  in  ¡xg h -1. H ow ever, i t  is to  
he expected  t h a t  th e  num erical values of b o th  th e  param ete rs  in  th is  expression 
w ill v a ry  w ith  season .

T he ra te s  of ex cre tio n  of am m onia-N  w ere  used, to g e th e r  w ith  th e  ra te s  of 
oxygen consum ption , to  ca lcu la te  th e  ra tio , b y  a tom ic  equ ivalen ts, of oxygen 
to  n itrogen , o r 0 : N  ra tio , fo r fed  a n d  s ta rv e d  ind iv iduals of d iffe ren t sizes. 
T h is ra tio  is  a n  in d e x  of th e  ca tabo lic  ba lance  betw een  ca rb o h y d ra te , lip id  and  
p ro te in  su b s tra te s  in  th e  b ody  (Corner an d  Cowey, 1968; B ayne, 1975). The 
resu lts  (Fig. 8) show  a  red u ced  0  :N  du ring  s ta rv a tio n , a n d  a  decline w ith  increase 
in  an im al size.

D iscussion
I n  1937 W hedon  a n d  S om m er rep o rted  v a lu es for th e  ra te s  of oxygen con­

su m p tio n  b y  M y tilu s  californianus  sam pled  in  S a n  F rancisco . W e h av e  e x tra c te d  
from  th e ir  T ab le  1 21 estim ates , a ll ta k e n  w ith in  th e  te m p e ra tu re  range 17-21° C 
a n d  covering a  ran g e  of to ta l  d ry  w eigh t fro m  6 -59  g. A nalysis of th e se  values 
b y  le as t squares y ie lds th e  follow ing regression e q u a tio n :

F 0 2 =  0.625 W°-Si {n =  2 1 ; r  =  0.88)

w here F 0 2 is m l 0 2 consum ed h _1, a n d  W  is th e  d ry  flesh w eigh t in  gram s. The 
ag reem ent betw een  th is  expression  a n d  our ow n m easurem ents is reasonable, 
considering th e  m a rk e d  differences in  m a te ria l an d  techn ique . Also in  1937, 
F ox  et al. m easured  th e  f iltra tio n  ra te s  (ra tes of w a te r  p ropulsion) of M . cali­
fornianus  u sing  suspensions of finely  g round  C aC 03; our values a re  in  good 
ag reem ent w ith  these . R ao  (1953) u sed  suspensions of colloidal g rap h ite  (d ia­
m eter 5 -15  (xm) to  m easure  th e  f iltra tio n  ra te s  o f M . californianus  from  d iffe ren t 
la titu d es. H e  reco rded  a  m ean  v a lue  for an im als from  F rid a y  H arb o r, w eighing 
ap p ro x im ate ly  6 g d ry  flesh, of 3.7 1 h -1 (a t 16° C); our ana lysis  p red ic ts  a  ra te  
fo r such  a n  an im al a t  13° C of 3.51 h_1. P ickens (1965) illu s tra te d  ra te s  
of h e a r t b e a t (ac tu a lly  th e  p u lsa tio n  ra te  of th e  p lic a te  m em branes w hich, accord ­
ing  to  th e  au th o r, is n um erica lly  th e  sam e as th e  tru e  h e a r t ra te ) fo r M . cali­
forn ianus  from  F rid a y  H arb o r of app ro x im ate ly  30 a n d  50 b ea ts  m in “1 a t  17 
an d  25° C, respectively . F ro m  our resu lts , p red ic ted  ra te s  of b e a t for such  an im als 
a re  28 an d  48 b ea ts  m in-1. All of th ese  com parisons betw een  our resu lts  an d  
p rev iously  pub lished  values fo r various physiological processes in  M . californianus  
therefo re in d ic a te  a n  accep tab le  level of agreem ent.

I t  is of in te re s t also to  com pare th e  responses of M . californianus  to  changes 
in  te m p e ra tu re  a n d  ra tio n  w ith  resu lts  ob ta ined , using  sim ilar p rocedures, in 
experim en ts w ith  M . edulis (B ayne, 1973 a, b ; W iddow s, 1973 a, b ; B ayne 
et a l., 1973).

W ith in  th e  te m p e ra tu re  ran g e  13-22° C th e  ro u tin e  ra te  of oxygen  con­
sum ption  (rou tine  F 0 2) b y  M . californianus  was re la tiv e ly  in d ep en d en t of te m ­
p era tu re , w ith  a  of < 1 .5 ;  betw een  22 an d  26° C th e  <310 increased  to  > 2 .0  
(Fig. 3). I n  co n tra s t, M . edulis, in  response to  su d d en  changes in  tem p era tu re , 
h as a  v e ry  h igh  Q10 for ro u tin e  F 0 2, viz. Q10 (10-20° C) =  3.12 (W iddow s, 1973a). 
T he f iltra tio n  r a te  of M . californianus  w as also re la tiv e ly  m ore in d e p en d e n t of 
te m p era tu re  increases u p  to  22° C th a n  is th e  f iltra t io n  ra te  of M . edulis (cp.
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Table 6. A comparison of the sensitivity to increase in temperature of heart beat frequency 
in two species of M ytilus. Values for M. californianus were read from Fig. 4. Values for 

M . edulis were taken from Widdows (Í973b)

Temperature interval Qio
(°C)

M . californianus M. edulis

15-20 2.00 2.71
20-25 1.74 2.36

T ab le 3 in  th is  p ap e r  an d  T ab le  I I  in  W iddow s, 1973 a). I n  T ab le  6, a  com parison 
is m ade be tw een  th e  Qw values for fre q u en c y  of h e a r t b e a t in  M . californianus 
an d  M . edulis. A s w ith  th e  o th er physio log ical processes, th e  h e a r t  b e a t of M . cali­
fornianus  is a p p a re n tly  less sensitive to  te m p e ra tu re  increase th a n  th e  h e a r t 
b e a t of M . edulis.

T hese in te r-species com parisons are b ased  on th e  m easu rem en t of larger 
ind iv iduals in  th e  case of M . californianus  th a n  of M . edulis, a n d  m a y  the re fo re  
be in  e rro r shou ld  th e re  be a  s ize-dependen t v a ria tio n  in  Q10. I n  add ition , th e  
com parisons a re  b ased  on  an im als in  d if fe re n t gam etogenic cond ition . H ow ever, 
th e  com parisons a re  based  on average responses b y  ind iv iduals of average size 
for each species, a n d  th e y  do suggest a  g re a te r  degree of tem pera tu re -independence  
in  th e  eco-physiology of M . californianus  th a n  of M . edulis, a  f in d in g  w hich 
correla tes p o sitiv e ly  w ith  th e  ex trem es of te m p e ra tu re  know n to  e x is t over th e  
geographic ranges of th ese  tw o  species.

I n  sp ite  of th e se  d ifferences in  th e  q u a n tita tiv e  aspec ts of physiological 
response in  th e  tw o  species, th e re  is a  b as ic  q u a lita tiv e  s im ila rity  in  th e ir  in te ­
g ra te d  responses to  te m p e ra tu re  increase. I n  M . californianus, oxygen u tilisa tio n  
efficiency increased  from  4.4%  a t  13° C to  10.4%  a t  26° C; in  M . edulis u tilisa tio n  
efficiency inc reased  from  4.5%  a t  10° C to  12.0%  a t  25° C (W iddow s, 1973b). 
T he “ w a te r  convection  re q u ire m e n t” ( th e  volum e of w ate r v e n tila te d  p a s t  th e  
resp ira to ry  surfaces p e r u n it  of oxygen  u tilise d ; see D e jours, 1972) decreased 
w ith  rise  in  te m p e ra tu re  in  b o th  species. I t  is  likely  th a t  in  b o th  species th e  “ acu te  ” 
response (as d is tin c t from  a n y  possible “ acc lim a tio n ”  responses) to  a n  increase 
in  te m p e ra tu re  consists of an  acce le ra tion  of h e a r t b ea t frequency  w hich, coupled 
w ith  a  less-m arked  increase in  f iltra t io n  ( =  ven tila tion ) a c tiv ity , resu lts  in  a  
m ain tenance, o r s lig h t increase, in  oxygen  u tilisa tio n  efficiency, a n d  th e  regu la tion  
of oxygen consum ption  a t  a  ra te  w h ich  is, in  p a r t, in d e p en d e n t of th e  te m ­
p e ra tu re  change.

T he tw o  species of m ussel a re  also sim ila r in  the ir responses to  s ta rv a tio n , 
w hich causes a  decline in  b o th  th e  r a te  of oxygen consum ption  an d  f iltra tio n  
r a te  (B ayne, 1973 b). I n  M . edulis, s ta rv a tio n  also resu lts in  a  d is ru p tio n  of th e  
s te a d y -s ta te  p a t te rn  of th e  r a te  of am m o n ia  excretion, a n d  a  consequen t change 
in  th e  0 : N  ra tio . I n  M . californianus, am m on ia  excretion  ra te s  d id  n o t a lte r  
considerab ly  w ith  s ta rv a tio n , b u t th e  O : N  ra tio s  declined as a  re su lt of reduced  
V 0 2. T he 0 : N  ra tio  w as also reduced  in  larger re la tive  to  sm alle r ind iv iduals. 
T his m ay  be associa ted  w ith  season, s ta g e  of gam etogenesis, or th e  am oun ts
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Table 7. Components of a simple energy budget for Mytilus californianus a t four tempera­
tures and two ration levels in the laboratory. Values for feeding rate and respiratory loss 
in starved individuals assumed to  have the sam e Q10 as in fed individuals, and the 
measurements taken a t 13° C weighted accordingly to  give estimates a t other temperatures

Temper­
ature
(°C)

Ration
condi­
tion

Ingested 
ration 
(oals day-1)

Assimilated 
ration (A)a 
(cals day-1)

Respiratory 
loss (R) 
(cals day-1)

Scope for 
growth (A-R) 
(cals day-1)

13 Fed 223.62 134.17 61.79 72.4
17.5 293.43 176.06 61.79 114.3
22 320.65 192.39 73.53 118.9
26 189.31 113.58 98.61 15.0

13 Starved 9.48 7.58 26.56 -1 9 .0
17.5 12.40 9.92 26.56 -1 6 .6
22 13.59 10.87 31.58 -2 0 .7
26 8.02 6.42 42.29 -3 5 .9

a Assimilation efficiencies (used to derive assimilated from ingested ration) were based on 
our own estimates for fed animals (efficiency =  0.6) w ith the assumption based on Thompson 
and Bayne (1974), tha t the efficiency a t lower ration was higher (efficiency =  0.8).

of glycogen in  th e  tissues. A t th e  tim e  of th ese  experim en ts m a n y  of th e  anim als 
h a d  spaw ned, e ith e r on th e  shore or in  th e  la b o ra to ry  soon a fte r collection, 
an d  th e  glycogen level in  th e  tissues w as low, averag ing  31.0 m g p er g ram  flesh 
w eig h t (B ayne et al., 1976). W hen  in  th is  cond ition , m ussels have a  h igh ra te  
of p ro te in  catabolism , signified b y  a  low  0 : N  ra tio .

T h e  cap ac ity  to  m a in ta in  m etabo lic  r a te  re la tiv e ly  s ta b le  du ring  sh o rt-te rm  
increases in  te m p e ra tu re  is a  usefu l a d a p ta tio n  fo r a n  in te r tid a l an im al, an d  is 
in d eed  ch arac teris tic  of m an y  lit to ra l species (Newell, 1970). P rim arily , m a in ­
te n a n c e  of a  s ta b le  resp ira tio n  r a te  is  in d ic a tiv e  of th e  conservation  of m etabolic 
reserves u n d e r conditions of p o te n tia l s tress. T h e  sam e o b serva tion  can  be m ade 
fo r th e  red u c tio n  in  resp ira tio n  ra te  d u rin g  s ta rv a tio n . These aspec ts of eco- 
physio log ical a d a p ta tio n  are  well illu s tra te d  b y  ca lcu la tion  of th e  “ scope for 
g ro w th ” (W arren  a n d  D avis, 1967; W iddow s a n d  B ayne, 1971; B ayne et al., 
1973; T hom pson  a n d  B ayne, 1974). I n  T ab le  7 th e  scope for g row th  of M . cali­
forn ianus  a t  v arious te m p era tu re s  a n d  a t  tw o ra tio n s  has been ca lcu la ted  from  
la b o ra to ry  d a ta . O ver th e  te m p e ra tu re  ran g e  13-22° C th e  m ussels m a in ta in ed  
a  s ig n ifican t positive  ba lance  in  calories ava ilab le  fo r g row th , w hen  fed  a t  a 
r a t io n  level eq u iv a len t to  betw een  4 a n d  6%  of body  w eigh t p e r  day . A t 26° C 
how ever, due to  a  m uch  increased  r a te  of oxygen consum ption  an d  a  decline 
in  f il tra t io n  ra te , th e  scope for g ro w th  w as considerab ly  reduced. A t a  ra tio n  
level eq u iv a le n t to  only  0 .1-0 .2%  of b o d y  w eigh t p e r  day , a n d  in  sp ite  of th e  
red u ced  resp ira tio n  ra te s , th e  scope fo r g ro w th  w as n ega tive  a t  a ll te m p era tu re s  
te s te d , a n d  m ark ed ly  so a t  26° C.

T hese ca lcu lations of scope fo r g ro w th  suggest th a t  a t  26° C M . californianus 
f ro m  th e  S an  J u a n  Is lan d s a re  ap p ro ach in g  th e ir  th e rm a l le th a l lim it. W e d id  
n o t  exam ine th e  cap ac ity  of th e se  m ussels to  acclim ate  to  a  m a in ta in ed  te m ­
p e ra tu re  change. D uring  acclim ation  to  h igh te m p era tu re s  M . edulis is ab le
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grad u a lly  to  recover from  a  n ega tive  to  a  p o s itiv e  scope for g row th  (W iddows 
a n d  B ayne, 1971). H ow ever, i t  is  un like ly  t h a t  M . californianus  a t  F rid a y  H arb o r 
w ould  experience tem p era tu re s  in  excess of 22° C fo r  long periods; th e y  are 
m ore likely  to  be exposed to  such  h ig h  te m p e ra tu re s  for sh o r t periods during  
sum m er low tide . U nder such  cond itions th e  m ussels m a y  suffer periods during  
each  d ay  w hen th e ir  scope for g row th  is reduced , so t h a t  th e  cum ula tive  effect 
rep resen ts  a  sign ifican t stress, re la tiv e  to  o th e r  in d iv id u als  w hich do n o t ex ­
perience such  high tem p era tu re s  an d  do n o t h av e  periods of th e  d ay  w hen food 
is n o t available.

O ur m easurem ents of th e  ra te s  of oxygen  consum ption  b y  M . californianus  
a t  13° C in d ica ted  a  closer resem blance betw een  ra te s  tjrp ical of an im als on 
th e  shore an d  anim als w hich w ere s ta rv ed , ra th e r  th a n  fed, in  th e  labo ra to ry . 
T h e  ava ilab le ra tio n  for fed  an im als in  th e  la b o ra to ry  w as ra th e r  h igh , possib ly  
as m uch as tw o or th ree  tim es th e  m a in ten an ce  ra tio n  [i.e. th e  ra tio n  a t  w hich 
w eigh t is n e ith e r lost no r g a ined ; see T hom pson  an d  B ayne, 1974). E ith e r  oxygen 
consum ption  by  th e  anim als on th e  shore w as depressed  b y  th e  tech n iq u e  em ­
p loyed  in  i ts  m easurem ent, or th e  ra tio n  ava ilab le  to  th ese  an im als w as below 
o p tim um . O nly  fu rth e r  experim en ts can  help  to  c larify  th is .

I t  h a s  p roved  im possible to  d a te , to  m easure d irec tly  th e  “ w ork  d o n e” , 
a n d  hence its  tru e  energy cost, in  th e  v e n tila tio n  of th e  m an tle  c a v ity  b y  bivalve 
m olluscs. I n  th e  absence of su itab le  d irec t techn iques, to  consider th e  possible 
“ physio log ica l” a n d  “ m ech an ica l”  costs of a c tiv ity  (B ayne et al., 1973) m ay  be 
of som e help in  u n d erstan d in g  th e  cap ac ity  of a  species fo r m etabolic  ad a p ta tio n  
to  th e  environm ent. O ur p re lim inary  a t te m p t  a t  such  a n  analysis fo r M . cali­
forn ianus  su p p o rts  earlier suggestions m a d e  fo r M . edulis (B ayne et al., 1973) 
t h a t  th e  costs of v en tila tio n  are  h igh, a n d  th a t  th e y  rise exponen tia lly  w ith  
a n y  increase in  th e  v en tila tio n  ra te . O n th e  o th er h an d , th e  physiological costs 
of even a  ra th e r  high ra tio n  are  re la tiv e ly  low. T he se d en ta ry  h a b i t  of m ussels 
m a y  suggest a  v a rie ty  of possible ad v an tag es  a n d  d isadvan tages, re la tiv e  to  
a  less sessile m ode of life. B u t m ussels m u s t expend  a  considerable a m o u n t of 
energy  in  order to  prov ide a  con tinuous su p p ly  of food, an d  th is  h igh  energy 
d em and  in  tu rn  lim its th e  scope fo r a c tiv i ty  to  a  low  value, so im posing  an  im ­
p o r ta n t  re s tra in t on th e  ecological f lex ib ility  of th e  species.
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