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ABSTRACT: Although sustained predominantly by nutrients obtained directly from the environment, 
metabolic requirements for both gametogenesis and general maintenance in an open-shore population 
of the bivalve mollusc Mytilus edulis L. from southwest England were also 'subsidized' from substantial 
energy reserves accumulated during periods of somatic growth. Depletion of these reserves over late 
winter was associated with a greater sensitivity in the rate of oxidative metabolism to exogenous 
nutrient availability, diminished metabolic efficiencies with which absorbed ration was utilized, and 
an associated increase in the instantaneous maintenance requirements. Absorption rates, which were 
nevertheless minimal during winter, are suggested to be endogenously regulated in a manner more 
indicative of time-averaged than immediate optimization. It is proposed that such regulation may be 
especially adaptive within M. edulis, a sedentary species that experiences pronounced annual cycles of 
food availability, and in which costs deriving from feeding and associated activities are shown to add as 
much as 38 % to standard metabolic demands. 

INTRODUCTION 

The seasonal nature of gametogenesis and changes 
in gross biochemical composition among temperate 
bivalve molluscs have been researched for decades 
(reviewed by Giese, 1966, 1969; Gabbott, 1975, 1976, 
1983; Bayne, 1976; Sastry, 1979). In general, these 
studies indicate an adaptive ability to synthesize and 
store lipid, protein and glycogen substrates during 
periods of surplus nutrient availability. These reserves 
are subsequently used either to fuel energy demands 
when food is scarce, or for conversion into lipid within 
the developing gametes (Gabbott, 1975; Bayne, 1976; 
Zandee et al., 1980a). The relative importance of each 
substrate, however, together with their sites of storage 
and the timing of their utilization, varies on both an 
inter- and intraspecific basis (Giese, 1969; Bayne, 
1976; Sastry, 1979; Barber and Blake, 1981). Contem- 
porary knowledge of such variation among Mytilus 
edulis alone extends between populations from south- 
west England (Bayne et al., 1982; Lowe et al., 1982); 
north Wales (Waldock and Holland, 1979; Lowe et al., 
1982); the Dutch Wadden Sea (Pieters et al., 1979, 
1980; Zurburg et al., 1979; Zandee et al., 1980a,b) and 
Norway (Skjoldal and Barkati, 1982). 

O Inter-Research/Printed in F. R. Germany 

To achieve further understanding of the adaptations 
enabling long-term (annual) energy balance in bivalve 
molluscs, it is essential to apply the techniques of 
physiological energetics. Fundamental to this 
approach is the premise that adaptive responses con- 
cerning the mechanisms of energy acquisition and 
expenditure may only be understood upon considera- 
tion of the complete energy budget, and in relation to 
seasonal variations of field-ambient nutrient concen- 
tration (Bayne and Newell, 1983). Comprehensive 
studies of this nature are few, but include research on 
Mytilus edulis from the Lynher (Bayne and Widdows, 
1978; Widdows, 1978a,b) and Plym (Bayne and Wid- 
dows, 1978) estuaries in southwest England, and from 
Trinity Bay in Newfoundland (Thompson, 1984). 

Implicit to many of these studies is the assumption 
that seasonal changes in an organism's energy balance 
are the direct result of environmental variability in 
either temperature or, more significantly, in the supply 
of nutrients. The individual is assumed to maximize 
energy (or nutrient) gain under all circumstances, 
when endogenous factors are viewed as affecting only 
the allocation of nutrients, for example to 
gametogenesis and/or somatic growth. We were 
interested in challenging this assumption, choosing to 
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ascertain, for the first time, physiological, reproductive 
and storage cycles in an open-shore population of 
Mytilus edulis that is naturally subjected to marked 
seasonal variability in the supply of food. Further, in 
addition to providing comparative data for assessing 
the degree of physiological flexibility among M, edulis 
and other bivalves from different environments, this 
work was intended to investigate seasonal relation- 
ships between both metabolic demand and efficien- 
cies. 

MATERIALS AND METHODS 

Mytilus edulis L. of 45 to 57 mm in shell length were 
gathered at intervals between November 1980 and 
March 1982 from an open-shore population immedi- 
ately to the west of Sharrow Point, Whitsand Bay, 
Cornwall, England. Such collection was always under- 
taken at  about low-water tide level. 

The seasonal cycle of gametogenesis was deter- 
mined by measuring, within mantle tissue, the relative 
volume fractions of vesicular connective tissue cells, 
adipogranular cells, and both developing and ripe 
gametes, according to the stereological methods 
described by Lowe et al. (1982). In addition, the total 
soft tissues from groups of 10 to 12 mussels were either 
excised whole or subdivided into digestive gland, 
mantle and 'remainder' fractions. Following most sea- 
sonal collections, all dissected tissues were dried at 
80°C for 24 h prior to weighing. At other times, when 
elemental analyses were also to be undertaken, only 
half the tissues from each group were oven-dried as 
described; the remaining samples were pooled, freeze- 
dried and homogeneously powdered before storing at 
- 90 "C within airtight glass vials. 

Carbon, nitrogen, hydrogen and ash were assayed 
within aliquots of the freeze-dried and powdered tis- 
sues. Ash content was measured in 35 to 240 mg sub- 
samples following combustion by means of electrically 
excited oxygen (Gleit and Holland, 1962). Atomic com- 
position (C, H, N) was then determined for both freeze- 

dried and ashed sub-samples of 2 to 7 mg in an ele- 
mental analyser using acetanilide as a standard. 

A stoichiometric concept developed by Gnaiger and 
Bitterlich (1984), based upon the measured atomic 
composition of dry organic (ash free) weight, was later 
employed to predict the caloric content, together with 
fractions of carbohydrate, lipid and protein within each 
sub-sample. Predictions were undertaken assuming all 
nitrogen to be protein-bound, together with a common 
residual water fraction of 0.06. Using tissue samples 
collected during this study, we found that stoichiomet- 
rically calculated and biochemically determined prox- 
imate biochemical compositions agreed to within 13 % 
of the ash-free dry weight (Table 1). These direct 
biochemical analyses were undertaken by Miss. G. 
Bitterlich (Universitat Innsbruck, Austria, using 
methods described within Gnaiger and Bitterlich 
[1984]). Mean ranges (k 2 SE) of the fractional com- 
positions predicted froin each of 3 replicate determina- 
tions of atomic composition undertaken upon the same 
tissue samples (n = 5) were as low as 0.017 4 0.0004, 
0.015 -+ 0.005 and 0.015 k 0.011 for protein, lipid and 
carbohydrate, respectively. 

Mussels destined for physiological measurements 
were cleared of epibiotic growth and transferred to an 
indoor aquarium of recirculating seawater (33.0 + 
1.5 YW S) regulated to temperatures recorded during 
acclimation (Fig. 1). Individuals collected in March, 
June and October 1981 were divided into 2 groups, of 
which one was fed and the other starved throughout 
periods of 5 to 6 wk before the determination of phy- 
siological condition. For all other seasonal samples, 
such measurements were only undertaken upon fed 
individuals, and within 1 wk of collection. When fed, 
both during acclimation and certain of the subsequent 
experimental procedures, mussels were supplied with 
Phaeodactylum tricornutum at ambient cell concentra- 
tions between 5 and 10 X 103 cells cmp3. Starved 
mussels were supplied with filtered seawater, ensur- 
ing that ambient concentrations of particles larger than 
2 pm never exceeded 400 cm-3. 

Physiological responses were determined as follows: 

Table 1. Mytilus edulis. Comparison of stoichiornetrically calculated and biochemically determined proximate biochemical 
compositions (means for 3 replicate analyses in each case undertaken upon the same homogenate of 5 mussels), expressed as a 

percentage of the ash-free dry  weight of freeze-dried mussels 

Mussel Carbohydrate Protein Lip~d 
Biochemical Stoichiornetric Biochemical Stoichiornetric Biochemical Stoichiometric 

1 31.9 29.7 50.7 54.7 11.4 9.6 
2 28.2 15.3 54.5 67.4 11.3 11.3 
3 5.7 11.1 70.7 75.9 17.6 7 0 
4 47.9 39.1 36.3 43.6 9.7 11.3 
5 43.8 36.8 40.7 48.3 9.4 8.8 
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Fig. 1. Seasonal variations in surface water temperature at 
Whitsand Bay (closed circles, our measurements; open cir- 
cles, data extrapolated from 5 d mean isotherms determined 
by the Meteorological Office) (H. M. S. 0. Press, Bracknell) 

(1) Rates of oxygen consumption (%,; pm01 0, h-') 
were measured (n = 5-12) as described by Bayne 
(1971) and Bayne et al., (1977). 

(2) Rates of ingestion (IR; mg algae > 1.2 pm 
cleared h-') by mussels that had been maintained for 
less than l wk were calculated from the product of 
algal availability (mg I-') and clearance rates (l h-'). 
Clearance rates were measured (n = 11 to 12) as 
described by Widdows et al., (1981b). Following 
laboratory acclimation of 5 to 6 wk, however, ingestion 
rate was determined by quantifying the algal input 
required to sustain constant cell concentrations (cf. 
method of Winter, 1969; Epifanio and Ewart, 1977; 
Palmer, 1980) over 6 h within 22-1 tanks (1 per group) 
of recirculating seawater, each containing 145 to 150 
mussels. Regular corrections restricted unavoidable 
fluctuations in cell density to within + 20 % of the 
concentration desired. 

(3) Rates of net ammonia excretion (NNh; pm01 h-') 
by mussels that had been maintained for less than 1 wk 
were determined (n = 11 to 12) as described by Bayne 
and Scullard (1977a) and Widdows et al. (1981b). The 
measurement of net ammonia flux by mussels accli- 
mated over 5 to 6 wk during March, June and October 
1981 has previously been described by Hawkins et al. 
(1983); values presented here represent the mean 
(+  2 SE) derived from 40 hourly samples collected 
from each of 2 replicate groups of 5 individuals. 

(4) The efficiency with which mussels absorbed 
ingested algae (%) was determined using the ratio 
method of Conover (1966). 

Two condition indices, scope for growth and oxygen 
to nitrogen ratio, were calculated from measured phy- 
siological rates (cf. method of Bayne et al., 1979; Wid- 
dows et al., 1981a, b; and those quoted therein). Scope 
for growth, an indirect measure of production based 

upon the energy equation of Winberg (1980), makes no 
distinction between somatic growth and reproductive 
output (Warren and Davis, 1967), such that: 

P = A - ( R +  U), (1) 

where P = production; A = energy absorbed; R = 

energy respired; U = energy excreted. The calculation 
of A, R and U, all expressed as J h-', was as follows: 

A = ingestion rate (mg h-') X energy content of 
Phaeodactylurn tricornutum (18.1 J mg-l) X ab- 
sorption efficiency; 

R = metabolic rate (pm01 0, consumed h-') X 0.45" 
( J / v o l  0 2 ) ;  

U = net ammonia excretion (pm01 h-') X 0.34b (J/ 
pm01 NH,). 

Energy conversion factors a and b were from 
Gnaiger (1983) and Elliot and Davison (1975), respec- 
tively. The energy content of Phaeodactylum tn'cor- 
nutum was based on a measured organic carbon con- 
tent of 42.8 + 0.09 % ( ?  2 SE, n = 5), using the rela- 
tion described by Salonen et al. (1976; Fig. 1) to com- 
pute a value uncorrected for nitrogen. 0 : N  ratios were 
computed as the ratio of oxygen consumed to nitrogen 
excreted, in atomic equivalents (Corner and Cowey, 
1968). Nitrogen quotients, where NQ = 2/0:N, are 
presented for comparison. 

Although mussels 45 to 57 mm in length were used 
for all analyses described above, in July and October 
1980, and in November 1982, shell lengths were 
related to dry flesh weights (n = 15 to 18) representing 
the full size range of mussels obtainable. Similar 
ranges of dry weight were also related to No,, IR and 
h, measured during both March and August 1981 
among mussels (n = 19-32) maintained within the 
laboratory for less than 1 wk. Least-squares regression 
analyses on log,,-transformed values of weight (W), 
length (L) and physiological rates (Y) were carried out, 
for each sample, according to the allometric equations: 

W = a. L* and Y = a. Wb, (2) 

where a and b = fitted parameters representing inter- 
cepts and slopes, respectively. Covariance analysis 
could then be applied to compare estimates of band a. 
These and all other statistical procedures used in the 
analysis of data follow Sokal and Rohlf (1969). 

RESULTS 

Allometry, tissue weight changes and 
reproductive cycle 

All regressions of total dry flesh weight (W; mg) and 
shell length (L; mm) were significant ( P <  0.01). 
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Fig. 2. Mytilus edulls. Seasonal dry weights (mean Â 1 SE; 
n = 5-12) of tissues sampled from 50 mm shell-length mus- 
sels. Only standard errors greater than 0.015 mg are indicated 

Further, despite clear (P < 0.05) seasonal variation of 
the parameter a, covariance analysis showed no sig- 
nificant difference between estimates of slope (b). A 
common expression: 

was accepted, and used to compute seasonal changes 
in dry tissue weight for a standard animal of 50 mm 
shell length (Fig. 2). During such transformations, the 
percentage contribution of each tissue division 
towards total dry tissue weight was assumed not to 
differ between individuals of different size within each 
seasonal sample. The results indicate pronounced 
annual cycles, where maximum weights recorded for 
each tissue division in June/July 1981 were 2 to 7 times 
greater than the minima recorded in March of both 
1981 and 1982. 

To account for seasonal fluctuation in mantle size, 
and thus facilitate interpretation of the reproductive 
cycle, data for volume fractions of the various compo- 
nents of this tissue (Fig. 3) were transformed to tissue 

O N D J F M A M J  J A S O N D J F M A  
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Fig. 3. Mytilus edulis. Seasonal volume fractions (mean 
2 SE; n = 10) of mantle tissue components in 45-57 rnm 

shell-length mussels. Only standard errors greater than 2 % 
are indicated 

weight equivalents for mussels of 50 mm shell length 
(Fig. 4). Seasonal comparison on this basis, for indi- 
vidual tissues, assumes constant densities over time. 

The overall reproductive pattern shown in Fig. 3 and 
4 is similar to that described for Mytilus edulis by 
Chipperfield (1953) and Lubet (1959). In addition, suc- 
cessive periods of spawning in spring and autumn 
were representative of cycles recorded among mussels 
from the Dutch Wadden Sea (Pieters et al., 1980), 
Lynher estuary (S.W. England; Lowe et al., 1982) and 
elsewhere (reviewed by Seed, 1976). Mussels from 
Whitsand Bay were largely in the resting and early 
development phase during October/November of 1980 
and 1981, followed by increasing gamete development 
through to mid winter. Declines in the volume fraction 
and weight of ripe gametes indicated that spawning 
occurred between December and March of both 1981 
and 1982. Similarly, changing weights of both ripe and 
developing gametes showed that during 1981 a period 
of rapid gamete maturation, interspersed by a minor 
spawning in April/May, then occurred until June. This 
was followed by a main summer spawning lasting to 
October, and a subsequent return to the resting phase. 
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Fig. 4.  Mytilus edulis. Seasonal weight equivalents (mean k Fig. 5. Mytjlus edulis. Seasonal percentage contributions 
1 SE) of mantle tissue components within 50 mm shell-length (mean t range; n = 3) of organic carbon, organic nitrogen 
mussels. Only standard errors greater than 0.002 are indi- and total inorganics towards the dry tissue weight of 50 mm 

cated shell-length mussels. Symbols as in Fig. 2. Only ranges great- 
er than 0.2 % are indicated 

Whereas each main period of spawning corres- 
ponded with a sharp decline in total tissue dry weight 
(0.35 to 0.45 g), both periods of gamete development 
were characterized by rapid body growth (0.22 to 
0.64 g) (Fig. 2 and 4). These fluctuations in weight did 
not derive solely from the mantle, however, but also 
from the digestive gland and remainder tissue divi- 
sions, when changes in each of these components were 
often synchronized (Fig. 2). The resultant pattern 
describes 2 main weight maxima, of which the peak in 
spring was slightly higher than that in late autumn. 

Elemental/biochemical composition and 
caloric content 

The percentage contributions of organic carbon and 
nitrogen, together with total inorganics, towards dry 
flesh weight are shown in Fig. 5. Whereas the nitrogen 
fraction of each tissue division increased from a 
minimum (5 to 8 %) in summer to a maximum (9 to 
l1 %) in spring, carbon content (range 40 to 47 %) 
followed the reverse profile, demonstrating a clear 

inverse relationship between these two organic com- 
ponents (r = -0.95, P <  0.01). 

The inorganic content of total dry tissues exhibited a 
summer minimum of 10 to 11 % alternating with 
winter/early spring maxima of 18 to 21 %. This profile 
was similar to that for organic nitrogen (r = 0.91, 
P < 0.02). 

Proportional fluctuations alone are of limited value, 
for they may result from reciprocal changes in other 
components (Dare and Edwards, 1975; Gabbott, 1976). 
Mean carbohydrate, protein and lipid contents (mg) 
have thus been quantified (Fig. 6) by combining their 
proportions (Table 2), estimated from elemental com- 
positions (Fig. 5), with ash-free dry weight data. Mean 
ash contents (mg) for each tissue division (Fig. 6) were 
computed using percentage values that had been 
determined directly (Fig. 5). 

The changing abundance of each biochemical com- 
ponent paralleled the overall annual cycle of dry 
weight (Fig. 2), which derived predominantly from the 
storage and utilization of carbohydrate. Indeed, 
between March 1981 and March 1982, over a period 
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Fig. 6. Mytilus edulis. Seasonal changes in weight of sub- 
strates and ash within tissues of 50 mm shell-length mussels. 
Symbols as in Fig. 2. Ranges indicated, for total tissues only, 
illustrate the effect of +- 2 % variation in water content: this 

variation does not affect protein estimates 

that included both main periods of spawning, about 
58 % of the spring/early summer increase (up to July 
1981 = 502 mg) in dry weight and 46 % of the subse- 
quent loss was attributable to changing levels of this 
substrate. In terms of energy units, however, the pro- 
portional decline in carbohydrate was slightly less 
(42 %) and the roles of both protein and lipid more 
significant. Clearly, glycogen, which comprises 95 to 

97 % of all carbohydrates in Mytilus edulis (Gabbott 
and Bayne, 1973), together with protein, served as the 
main energy reserves, being accumulated primarily 
within the vesicular and adipogranular cells (Fig. 4) of 
the mantle (Fig. 6). 

Non-mantle tissues also contributed to metabolic 
demands, for the digestive gland and remainder each 
supplied 28 to 30 % of energy losses between July 
1981 and March 1982. Whereas glycogen and protein 
contributed comparable shares to all energy furnished 
by the remainder tissue fraction, 55 % of that supplied 
from the digestive gland derived from lipids, relative 
to only 17 and 28 % from glycogen and protein, respec- 
tively. These findings emphasize the predominant role 
of the digestive gland in lipid storage by mussels from 
Whitsand Bay, as found among Mytilus edulis from 
Norfolk (England; Thompson, 1972). The accumulation 
of lipids (70 mg) was less than for glycogen (293 mg) 
and protein (87 mg), but the rate of utilization of this 
substrate between July and October 1981 was notice- 
ably faster (Fig. 6). As suggested by Zandee et al. 
(1980a), fatty acids may thus constitute the main source 
of energy production over summer months. 

The balance between tissue components, expressed 
in terms of both carbohydrate-to-protein and carbon- 
to-nitrogen (C:N) ratios, together with energy content, 
is shown in Fig. 7. These ratios are useful biochemical 
indices (Ansell and Sividas, 1973; Mann, 1978), pro- 
viding a measure of total organics in relation to protein 
content and thus, by inference, a measure of non- 
protein organic material available for use as respira- 
tory substrates. Whereas elevated C:N ratios represent 
the general accumulation of carbodenergy-rich sub- 
strates from early spring to mid-summer, coincident 
carbohydrate-to-protein ratios, which were especially 

Table 2. Mytilus edulis. Seasonal percentage contributions of carbohydrate (K), protein (P) and lipid (L) towards organic dry 
weight of tissues sampled from 50 mm shell-length mussels 

Date Total soft tissues Remainder 

K P L K P L 

25 Nov 1980 29.7 54.7 9.6 - - 
16 Dec 15.3 67.4 11.3 - - 
10 Mar 1981 11.1 75.9 7.0 4.8 81.2 8.0 
20 Jul 39.1 43.6 11.3 33.3 54.5 6.2 
12 Oct 36.8 48.3 8.8 34.0 54.9 5.1 
29 Mar 1982 10.5 72.0 11.6 5.6 75.7 12.7 

Mantle D~gestive gland 
K P L K P L 

10 Mar 1981 13.0 72.4 8.6 27.8 64.2 2.0 
20 Jul 52.9 35.1 6.0 25.3 36.8 31.8 
12 Oct 51.8 36.1 6.1 32.8 45.1 16.2 
29 Mar 1982 18.4 66.3 9.3 22.0 62.6 9.4 
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Fig. 7. Mytilus edulis. Seasonal changes in organic carbon-to- 
nitrogen (C:N) ratio, carbohydrate-to-protein ratio and 
energy content within tissues of 50 mm shell-length mussels. 

Symbols as in Fig. 2 

high for germinal tissue (1.6 to 1.8), reflect the predo- 
minant storage of lipid and glycogen within the diges- 
tive gland and mantle. Minimum values were recorded 
over winter months, resulting in annual (March 
1981-March 1982) means (+  2 SE, n = 4) for the total 
soft tissues of 0.49 + 0.40, 5.12 + 1.30 and 22.17 * 
0.98 for carbohydrate-to-protein ratios, C:N ratios and 
energy content (kJ g-' dry organic tissue weight), re- 
spectively. 

Physiological rates and absorption efficiencies 

Analysis of covariance showed that the coefficients 
( b  values) from regressions of oxygen consumption 
(&Q, net ammonia nitrogen loss I\jN,, and ingestion 
rate (IR) against dry tissue weight of mussels from 
Whitsand Bay, did not differ significantly ( P >  0.05) 
between March and August 1981. These results are 
consistent with previous indications that the relations 
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Fig. 8. Mytilus edulis. Seasonal changes (mean k 2 SE) in the 
physiology of 0.65 g dry tissue-weight mussels either fed 
(circles) or starved (triangles) throughout < 1 wk (open sym- 
bols) and 5 to 6 wk (closed symbols, illustrated 2 wk after 
mussel collection) periods of acclimation. Shaded horizontal 

bars delineate periods of known spawning (Fig. 4)  

between physiological rates and body size in bivalve 
molluscs do not vary with season. Common coefficients 
were thus determined (N~,, b = 0.478; NW, b = 

0.720; IR, b = 0.452). and used to transform physiologi- 
cal rates measured for 45-57 mm shell length mussels 
(Table 3) to those for a standard individual of 0.65 g 
total dry tissue weight (Fig. 8), representing the 
approximate mid-point of annual fluctuations in body 
size (Fig. 2). 

In Fig. 9 are plotted seasonal measurements relating 
oxygen consumption (&) and ingestion rate (IR). This 
relation can be described by the equation: 

The 95 % confidence limits indicate the extent to 
which the ratio between these two variables may be 
modified in response to changing metabolic require- 
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ments. In addition, the intercept on the ordinate 
(3.88 ~ m o l  0, h-') is assumed to approximate the 
'standard' rate characteristic of quiescent animals 
(Bayne et al., 197'3). 
Mytilus edulis is similar to many other marine 

invertebrates in its ability to acclimate to temperatures 
between 5 and 20°C (Widdows and Bayne, 1971; Wid- 
dows, 1976; Newell, 1979). Accordingly, seasonal vari- 
ations in both and IR (Fig. 8) cannot have been in 

I N G E S T I O N  R A T E  ( r n g  h-') 

Fig. 9. Mytilus edulis. Relation between seasonal variations 
in rates of oxygen uptake and ingestion of Phaeodactylurn 
tricomutum by 0.65 g dry tissue weight mussels fed through- 
out < l wk (open circles) and 5 to 6 wk (closed circles) 
periods of acclimation between October 1980 and October 
1981 (Fig. 8). Fitted curve is described in text; dashed lines: 

95 % confidence limits 

response to changing seawater temperatures (Fig. 1) 
alone. Rather, these fluctuations appear to correlate 
with the reproductive cycle and fluxing of body 
reserves, for individual peaks of activity between Feb- 
ruary and October 1981 were in each case coincident 
with known periods of spawning and/or an increasing 
abundance of storage cells (Fig. 3 and 4). In addition, 
the overall increase in No, from March 1981, and 
subsequent decline between September and October 
1981, corresponded with the changing abundance 
(weight equivalents) of ripe gametes (Fig. 4 and 8). Not 
unexpectedly, in view of the small number of directly 
comparable values (n = 5), these associations were not 
statistically (P > 0.05) significant. Such relations, how- 
ever, concerning metabolic rate and the reproductive/ 
storage cycle, are consistent with previous findings for 
M. edulis and other lamellibranchs (Bayne, 1976; Vahl, 
1978; Newel1 and Bayne, 1980). 

As for both No, and IR, minimum rates of ammonia 
loss occurred during a period of germinal quiescence 
in early winter (Fig. 3 and 8). The subsequent rise to 
maximum values, however, paralleled both the decline 
in mantle reserves and initiation of gametogenesis 
between October 1980 and February 1981, rather than 
occurring over early summer and autumn when max- 
imum rates of both oxygen uptake and ingestion rate 
were apparent. Consequently, the ratio of oxygen con- 
sumed to ammonia nitrogen excreted (0 :N ratio) 
showed substantial seasonal variation (Fig. 8), such 
that the proportional contribution of protein to total 
catabolic substrates (W,; Table 3) was considerably 
higher in March (33 to 67 %) than in June or October 
(6 to 19 %). 

During 1981 the mean efficiencies with which mus- 
sels, fed during acclimation, absorbed organic matter 

Table 3. Mytilus edulis. Physiological responses of 45 to 57 mm shell-length mussels either fed ,or starved throughout 5 to 6 wk 
periods of acclimation in March, June and October 1981. Whereas the mean f 2 SE is given for No,, NN% and 0 :  N ratios, values 
for the rate of ingestion of Phaeodactylum tricomutum are 6 hourly means for 145 to 150 mussels. Nitrogen quotients (NQ) are 
presented for comparison, and the relative contribution of the mass of protein (W,) to the total catabolic substrates is calculated 

for RQ values of 0.95/0.85 (cf. Gnaiger, 1983) 

Response March June October 
Fed Starved Fed Starved Fed Starved 

Oxygen consumption 4.01 f 0.89 1.78 +- 0.45 8.03 + 1.34 6.25 f 0.89 7.58 + 1.34 6.69 + 1.34 
(pm01 0, h-') 
Excretion rate 0.39 f 0.04 0.29 + 0.04 0.45 f 0.05 0.34 _t 0.03 0.23 2 0.02 0.12 + 0.02 
(pm01 NH, h-') 
Ingestion rate 0.17 - 0.53 - 0.31 - 
(mg h-') 
0: N ratio 21.5 ? 5.6 11.0 -t 4.1 36.6 f 11.0 35.8 f 8.7 65.6 f 16.3 107.7 f 8.4 
(atornlc equivalents) 
Nitrogen quotient 0.093 0.182 0.055 0.056 0.030 0 019 
(NQ = 2 / 0  : N) 

W, 0.33/0.44 0.671'- 0.19/0.26 0.19/0.25 0.10/0.14 0.06/0.08 
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as a whole were slightly lower in winter (0.38) than in 
summer and autumn (0.52 to 0.55) (Fig. 10). A sup- 
plementary experiment at 9OC in February 1982 con- 
firmed the trend towards lower winter absorption 
(0.43). Absorption efficiencies may be very high (0.70 
to 0.80) upon administering mussels cultured algal 
cells, including Phaeodactylum tricornutum (Kiorboe 
et al., 1981), at ambient concentrations comparable to 
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Fig. 10. Mytilus edulis. Seasonal absorption efficiencies (Con- 
over, 1966) (mean k 2 SE) of Phaeodactylurn tn'cornutum by 
45 to 57 mm shell-length mussels fed throughout 5 to 6 wk 
periods of acclimation: n: number of replicate determinations 

undertaken, each for a group of 10 mussels 

those maintained during this study. Efficiencies 
reported here, however, generally fell within the range 
0.30 to 0.70, more typical of suspension feeders ingest- 
ing natural seston (Griffiths, 1980b; Bayne and Newell, 
1983). 

Scope for growth, conversion efficiencies and 
maintenance requirements 

Computations of scope for growth in both fed and 
starved 45 to 57 mm shell-length mussels acclimated 
in March, June and October 1981, are shown in 
Table 4. Because each physiological value represents 
the mean for separate mussel groups, direct estimation 
of the variance associated with each computation of 
scope for growth is not possible. Bayne and Widdows 
(1978), however, have used Monte Carlo simulation to 
calculate a variance:mean ratio of 0.55 for similar com- 
putations. 

Although not depicting the full seasonal cycle of 
scope for growth, the results indicate that whereas 
negative values determined in March (-0.76 J h-') 
and October (-0.40 J h-') related to general declines 
in condition, the highest measured value in June 
($1.23 J h-') corresponded with the period of most 

dramatic tissue growth (Fig. 2). These findings, and 
also those of Dame (1972), Bayne et al., (1979) and 
Bayne and Worrall (1980), confirm that careful analysis 
of energy budgeting may provide reasonable predic- 
tions of growth itself. 

Scope for growth, expressed as a proportion of the 
absorbed ration, represents net growth efficiency (K,) 
(Ivlev, 1961). This efficiency reached a maximum of 
0.25 during summer (Table l), reflecting the rapid 
accumulation of body reserves evident at that time. 
Similar seasonal variations occur in Mytilus edulis 
feeding upon natural particulates when, as suggested 
here, net conversion efficiency is an increasing func- 
tion of absorbed ration (Bayne and Widdows, 1978). In 
addition, estimates of the 'gross efficiency' with which 
ration was utilized to offset net energy deficits (ensu- 
ing from maintenance metabolism, together with any 
somatic growth and/or reproduction) were derived by 
computing each increment in scope for growth as a 
fraction of the associated ration absorbed (Table 4). 
Clearly, such overall efficiency was considerably 
reduced in winter (0.12) relative to summer (0.83) and 
autumn (0.86). 

To investigate the potential influence of fluctuating 
metabolic demands upon changing net growth 
efficiencies, both absorbed and ingested instantaneous 
'maintenance requirements' were estimated by equat- 
ing ration-specific increments of scope for growth in 
relation to known rates of oxidative metabolism and 
ammonia excretion (e.g. Kleiber, 1961, p. 279) 
(Table 4). For example, comparison of the scopes for 
growth of mussels either fed or starved in March 1981 
shows that: 

(a) (0.90-0.76) = 0.14 J of body energy were saved 
by 3.08 J of ingested energy; and thus that 

(b) the ingested ration necessary to sustain a zero 
scope for growth (i.e. the maintenance ration) would 
have been (3.08 X 0.90)/0.14 = 19.80 J h-'. 

These computations assume that (a) relations 
between components of energy expenditure and either 
absorption or ingestion rates are linear throughout the 
range of fed and starved conditions reported here, and 
(b) the same seasonal relations govern any changes 
required to reach a short-term steady state. Results 
indicate that, relative to summer (3.51 J h-') and 
autumn (3.56 J h-'), an increase in the absorbed 
maintenance requirement for late March (7.52 J h-') 
contributed towards reduced net growth efficiency at 
that time. This increase in absorbed maintenance 
requirement derived in part from an impaired gross 
efficiency, quite apart from the concurrent energy 
demands of vitellogenesis (cf. Thompson and Bayne, 
1974) (Fig. 3 and 4). In view of the reduced absorption 
efficiency evident during March, the winter increase in 
ingested maintenance requirement was more pro- 
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Table 4. MyD'lus edulis. Computation of scope for growth, conversion efficiencies and maintenance requirements of 45 to 57 mm 
shell-length mussels either fed or starved throughout 5 to 6 wk periods of accl~mation in March, June and October 1981 

Date and Ingested Absorp- Absorbed Oxygen Ammonia- Scope Net 'Gross Maintenance 
nutritional ration tion ration consump- N excre- for growth efficiency' requirements 

status efficiency tion tion growth efficiency Ingested Absorbed 
(J h-') (%) (J h-') (J h-') (J h-') (J h-') (%) (70) (J h-') (J h-') 

MARCH 
Fed 3.08 0.38 1.17 1.80 0.13 -0.76 -0.65 0.12 
Starved - - - 0.80 0.10 -0.90 - 

JUNE 
Fed 3.61 0.15 + 1.23 +0.25 
Starved 2.81 0.12 -2.93 

OCTOBER 
Fed 5.61 0.55 3.09 3.41 0.08 -0.40 -0.13 0.86 
Starved - - - 3.01 0.04 -3.05 - 6.46 3.56 

nounced than that for the absorbed maintenance 
requirement (Table 4). When expressed in terms of 
algal mass, this absorbed requirement varied from 
2.8 % of dry tissue weight per day in March to 1.0 and 
0.6 % in June and October, respectively. Such values, 
determined by the differencing described, correspond 
with the lower end of the range between 0.2 and about 
6 % derived for Mytilus edulis using growth efficiency 
(K-line) analyses (Thompson and Bayne, 1974; Winter 
and Langton, 1976; Bayne and Widdows, 1978; Wid- 
dows, 1978b; Widdows et al., 1979). 

DISCUSSION 

In addition to various physiological measurements, 
tissue-specific biochemical contents within mussels 
from Whitsand Bay, computed from measured elemen- 
tal compositions, have indicated an  overall seasonal 
pattern concerning the storage and ultimate utilization 
of energy reserves which is basically consistent with 
findings for Mytilus subspecies elsewhere (see refer- 
ences cited in Introduction). This cycle was intimately 
linked with those of growth and reproduction. Similar 
associations, both in Myfilus edulis and other lamelli- 
branch species, have been reviewed by Giese (1969), 
Gabbott (1975, 1976, 1983), Sastry (1975) and Bayne 
(1976). 

A considerable body of evidence (reviewed by 
Giese, 1959; Kinne, 1970; Sastry, 1975) suggests that 
threshold temperatures and/or rates of change in tem- 
perature (Chipperfield, 1953; Bayne, 1975) are primary 
factors influencing bivalve reproductive cycles. Such 
an influence was not obvious upon Whitsand mussels, 
however, for 2 main periods of spawning in summer 
1981 and early spring 1982 were evident at very diffe- 
rent surface water temperature ranges of 14 increasing 

to 17 "C and l l decreasing to 9 'C, respectively (Fig. 1 
and 4). Rather, the observation that each major period 
of gametogenesis (March/June and November/Decem- 
ber 1981) coincided with weight increases of both the 
digestive gland and other tissues infers that food 
availability may be of relatively greater importance to 
gamete maturation within this population. It is well 
known that in shallow waters of the western English 
Channel there is both a spring and an autumn peak in 
diatom production (Maddock et al., 1981). Further, the 
fact that the spring peak is generally higher than in 
autumn (Boalch et al., 1978) may reflect the relative 
increases of dry tissue weight at  those times (Fig. 2). 

Mytilus edulis, together with Pecten maximus and 
Macoma balthica, often behave in a 'conservative' 
manner, utilizing large nutrient reserves to buffer 
gametogenesis from environmental changes (Bayne, 
1976; Waldock and Holland, 1979). Indeed, results 
presented here suggest that, especially in autumn, 
reserves from germinal and probably somatic tissues 
made a partial contribution, direct or otherwise, 
towards meeting the demands associated with gamete 
development (Fig. 4 and 6 ) .  Overall, however, 
gametogenesis was mostly 'opportunistic', being sus- 
tained predominantly by the input of nutrients from 
feeding alone. Such behaviour has previously been 
described for a variety of bivalves (Bayne, 1976; Grif- 
fiths, 1977; Thompson, 1977), including M. edulisfrom 
Newfoundland (Thompson, 1984). Clearly, M. edulis, 
in common with Chlamys varia (Shafee, 1981), may 
also utilize strategies intermediate between these 2 
extremes. These observations support the growing 
realization (e.g. Newel1 et al., 1982; Gabbott, 1983; 
Thompson, 1984) that, for a given species living in a 
variety of habitats, the varying interactions of tempera- 
ture and food availability, set within a seasonal con- 
text, may condition quite different adaptations con- 
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cerning the timing of gametogenesis and its relation to 
both the storage and utilization of nutrient reserves. 

Results of this study are consistent with previous 
research suggesting that seasonal changes in oxygen 
demand correlate with events in the reproductive cycle 
of Mytilus edulis (Bruce, 1926; Kriiger, 1960; Bayne, 
1973; Gabbott and Bayne, 1973; De Vooys, 1976; 
Bayne and Widdows, 1978; Widdows, 1978a). Oxida- 
tive metabolism also varied in response to changing 
food availability, although the responses appear sea- 
sonally dependent. When, in March 1981, 0 : N  ratios 
indicated a marked metabolic dependence upon pro- 
tein substrates, the rate of oxygen uptake by starved 
M. edulis (2.23 ? 0.18 [2 SE] pnol 0, h-') showed a 
significant decline to levels below the 'standard rate' 
characteristic of quiescent animals. During both June 
and October 1981, however, which represented 
periods of germinal activity and quiescence, respec- 
tively, rates of oxygen consumption remained rela- 
tively unchanged following even 5 wk of starvation. 
Such stability suggests that, when carbon-rich reserves 
are available in sufficient quantity, their controlled 
hydrolysis may operate to sustain both reproductive 
and somatic requirements independant of environ- 
mental nutrient availability. The low gross efficiency 
computed for March, relative to June and October, 
must partially reflect a reduced subsidy to ingested 
nutrients, from pre-stored reserves, by mussels starved 
at that time. These findings therefore high-light the 
need for careful appraisal of conversion efficiencies, as 
discussed by Calow (1977), for adjustments may par- 
tially derive through modification in the partitioning of 
energy between production and maintenance 
metabolism. 

The standard metabolic rate derived for Whitsand 
mussels of 0.65 g dry tissue weight comprises the 'phy- 
siological' costs of digestion and assimilation (Warren 
and Davis, 1967), together with a 'basal' component (cf. 
Bayne et al., 1976a; Bayne and Newell, 1983). In the 
context of results described here, this standard rate 
(3.88 pm01 0, h-') is interpreted as representing the 
seasonal minimum of oxidative metabolism among 
quiescent individuals. Coincident with starvation and 
the associated reduction of physiological costs, oxygen 
uptake will eventually decline to the basal level. How- 
ever, in view of the regulatory mechanism discussed 
above, only the reduced rate of oxygen consumption by 
mussels starved during March approximated such a 
minimum. Subtraction of this rate (2.23 pm01 0, h-' 
per 0.65 g dry tissue weight individual) from that esti- 
mated for standard metabolism indicates that the phy- 
siological cost of digestion and assimilation among 
Mytilus edulis was at least 1.65 pm01 0, h-' or 0.74 
J h-'. This represents a physiological cost of about 
18 % of the ration ingested (4.21 J h-'), compared with 

previous estimates of 4 % in Mytilus edulis (Bayne and 
Scullard, 1977b), 6 % in M. californianus (Bayne et al., 
1976a), 18 to 30 % in M. chilensis (Navarro and Winter, 
1982) and values from 5 to 40 % in various fish (Warren 
and Davis, 1967; Pierce and Wissing, 1974; Vahl and 
Davenport, 1979; Soofiani and Hawkins, 1982). During 
winter, when nutrient reserves are depleted and mus- 
sels mostly reliant on protein substrates, such a cost 
clearly contributes to both the low gross efficiencies 
and high maintenance requirements documented here. 

Whereas the basal rate of oxygen consumption 
(J h-') by March-acclimated mussels represented only 
24 % of the ingested ration, supplementary costs deriv- 
ing from feeding and associated activities added a 
further (5.35-3.88 = 1.47 pm01 0, h-' or 0.66 J h-') 
38 % to the standard metabolic demand. An expense of 
this magnitude constitutes sound energetic grounds for 
the temporally variable rates of filtration by Mytilus 
edulis which, apparent under environmentally 
invariant conditions (Jerrgensen, 1949; Theede, 1963; 
Winter, 1969, 1973; Schulte, 1975; Bayne et al., 1977; 
Davenport and Woolmington, 1982), probably relate to 
rhythms of digestion and excretion (Hawkins et al., 
1983). 

The integration of physiological processes into gen- 
eral condition indices can provide fundamental mea- 
sures of an animal's overall performance in response to 
changing environmental parameters. In particular, 
scope for growth, as an index of the energy available 
for production, has descriptive validity over a wide 
range of environmental conditions, and has been com- 
puted extensively in studies upon bivalve molluscs 
(reviewed by Bayne et al., 1976b; Newell, 1979; Bayne 
and Newell, 1983). During the present study, values of 
this index derived after periods of laboratory acclima- 
tion, throughout which Mytilus edulis were adminis- 
tered algal monoculture alone, remained consistent 
with seasonal changes in the dry tissue weight of 
mussels within their natural environment. Clearly, the 
absence of resuspended bottom material (detrital, 
bacterial and/or inorganic), which has been found to 
stimulate rates of both absorption and growth (Winter, 
1976, 1978; Kisrboe et al., 1980, 1981), does not effect 
the bioenergetic steady-state evident among Whitsand 
mussels. These findings conform with those of Riisgard 
and Randlov (1981), who reported that a 'restricted' 
diet of Phaeodactylum tricornutum enables M. edulis 
from Denmark to grow at rates comparable with those 
found in nature. 

Given that experimental nutrient availability and 
salinity were standardized, it is significant that scope 
for growth remained negative among Mytdus edulis 
fed throughout 5 to 6 wk of acclimation in both March 
and October, when rates of absorption were well below 
those recorded in June (Table 4). This finding suggests 
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an endogenous (e.g. Naylor, 1976; Saunders, 1977) 
influence concerning seasonal variation in rates of 
feeding and energy (or nutrient) utilization. Many 
bivalves (Griffiths, 1980a; Palmer and Williams, 1980; 
Navarro and Winter, 1982; Gerdes, 1983; Seiderer et 
al., 1984). including M. edulis (Thompson and Bayne, 
1972, 1974; Winter, 1973; Foster-Smith, 1975a, b; Wid- 
dows, 1978a), display some ability to regulate feeding 
in response to short-term changes in food availability. 
It is also widely recognized that endogenous factors 
(nutrient reserves, hormonal cycle, etc.) influence the 
initiation and duration of seasonal activities such as 
gametogenesis. It seems likely, then, that endogenous 
variables may also regulate the long-term balance 
between acquisition and utilization of resources 
among bivalves. In this context it is of interest that 
seasonal alterations of the kinetic characteristics of 
several regulatory enzymes have been linked to 
observed or indicated changes of metabolic flux ir! 
both M. edulis (Livingstone, 1975, 1981; Gabbott et al., 
1979; Livingstone and Clarke, 1983) and M. gallo- 
provincialis (Goromosova and Tamozhynyaya, 1980). 

The observation that Mytilus edulis may not maxi- 
mize its net energy balance in the short-term, at least 
during certain times of the year, lends credence to the 
'general' form of Doyle's (1979) energy-maximization 
hypothesis, which predicts that feeding behaviour may 
be optimal only in 'some time-averaged sense'. 
Endogenous regulation concerning seasonal changes 
in feeding and energy expenditure may be especially 
adaptive among sedentary species that experience 
both short-term fluctuations and pronounced annual 
cycles of food availability. By this means, for example, 
wasteful metabolic (enzyme) adjustment to short-term 
fluctuations in either the quality or quantity of nutrient 
supply might be avoided. Negative scope for growth, 
when recorded for M. edulis in its natural environ- 
ment, occurs concurrently with minima in the organic 
content of total seston, and derives largely from 
decreases in absorption efficiency and/or ingestion 
rate (Bayne and Widdows, 1978; Bayne et al., 1979; 
Widdows et al., 1979. 1981a). The reduced rate of 
absorption among Whitsand mussels fed throughout 
acclimation during March, at least, and which was 
sustained despite coincident utilization of stored 
reserves, may thus represent a widespread time-aver- 
aged and energy saving adaptation in response to 
potentially high costhenefit ratios associated with 
processing largely inorganic field-ambient seston. 
Physiological variables effecting such regulation are 
considered elsewhere (Hawkins and Bayne, 1984). 
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