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Physiological energetics of the horse mussel 
Modiolus modiolus in a cold ocean environment 

J. M. Navarro*, R. J. Thompson 

Ocean Sciences Centre, Memorial University of Newfoundland. St. John's, Newfoundland. Canada A1C 5S7 

ABSTRACT: A population of Modiolus modjolus (horse mussel) inhabiting a sub-arctic environment in 
Logy Bay, Newfoundland, Canada, was studied for 2 yr. The main objective was to gain insight into the 
relationship between environmental factors (temperature and components of the seston) and the phys- 
iological response of this species. The highest values for energy acquisition (ingestion and absorption 
rates) by M. rnodiolus coincided with the spring phytoplankton bloom occurring during April-May in 
Logy Bay, whereas energy expenditure (oxygen uptake and ammonia excretion rate) was greatest 
during the summer (July and August). The result was a clear seasonal fluctuation in the 2 physiological 
integrations, scope for growth (SFG) and net growth efficiency (K,), for which lower values were asso- 
ciated with a high metabolic rate, high temperature and low quality of the food supply. Conversely, 
higher values of SFG and K2 were associated with a low metabolic rate, low temperature and a n  
energy-rich food supply provided by the phytoplankton bloom. M. modiolus appears to be a species 
which is able to compensate physiologically for the poor food conditions occurring in Logy Bay during 
a large part of the year. It does this by reducing feeding activity during fall and winter, when there is a 
poor food supply. Conversely, it increases clearance rate during spring and early summer, when the 
seston is mainly composed of phytoplankton. Furthermore, M modiolus has a high absorption effi- 
ciency, which may be an adaptation to the low seston concentration in Logy Bay Such physiological 
compensations minimise the periods dunng which SFG is negative, and enable the horse mussel to sur- 
vive in a n  environment characterised by an intermittent and often inadequate food supply. 
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INTRODUCTION 

Suspension feeding bivalves are of considerable 
importance as primary consumers in many marine sys- 
tems and play a significant role in energy transfer 
between trophic levels. These organisms frequently 
occur at hlgh densities and can therefore remove and 
store large amounts of organic matter in the form of 
body tissue. Furthermore, they possess highly efficient 
filtering mechanisms which enable them to concen- 
trate large amounts of suspended particles from the 
pelagic system and reject some of this energy-rich 
material as faeces or pseudofaeces, which reach the 
bottom, where they can be utilised as food by other 
organisms. 
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Several researchers have determined individual 
physiological functions and the integrated responses of 
many species of marine bivalves. Bayne et al. (1976) 
and Bayne & Newel1 (1983) have reviewed this litera- 
ture, which is mostly concerned with measurements 
made under laboratory conditions, often with algal 
monocultures as food. Results from such studies may 
not be representative of the natural situation, and more 
authors are placing emphasis on measurements of 
physiological rates under natural conditions, prefer- 
ably in the field (Bayne & Widdows 1978, Widdows 
1978, Newel1 & Bayne 1980, Vahl 1980, Thompson 
1984, MacDonald & Thompson 1986). 

Feeding rate is often strongly associated with food 
availability, and recent theoretical explanations of 
feeding by suspension and deposit feeders have sug- 
gested that the organisms can optimise energy yield 
when food varies in quality and/or quantity (Taghon 
1981, Bayne et al. 1988). Thus the optimal response is 
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to increase the feeding rate (or ingestion rate) when an 
increase in food quality occurs, even when this results 
in a reduced gut retention time with a consequent 
decline in absorption efficiency (AE). Bayne et al. 
(1984) reported that individuals of Perna perna from 
South Africa feeding on low-quality diets show 
reduced clearance rates (CR), slower gut passage rates 
and higher values of AE. Conversely, this species 
shows higher CR, rapid passage of food through the 
gut, and reduced AE at higher food concentrations. 
However, when calculated on a daily basis the ab- 
sorbed ration is very similar for the 2 different diets, 
showing that the physiological flexibility to max~mise 
scope for growth (SFG) is mainly based on balances 
between CR, residence time in the gut, and AE. 

The horse mussel Modiolus modiolus is abundant on 
rocky sublittoral substrates along the Atlantic coasts of 
North America and northern Europe. It is often long- 
lived, and many populations contain individuals older 
than 35 yr (Anwar et al. 1990). In the Bay of Fundy, 
Canada, M. modiolus is a dominant species on hard 
subtidal substrates (Logan 1988). In the Gulf of Maine, 
USA, M. modiolus is a foundation species of the rocky 
subtidal community and occupies a lot of space to form 
stable, persistent beds at depths of 18 to 30 m; these 
beds withstand biological disturbance and provide a 
refuge from predation for the associated diverse inver- 
tebrate community which they harbour (Witman 1985). 
Biodeposits from horse mussels also accumulate at  the 
bases of the clumps and provide a suitable environ- 
ment for deposit feeders such as polychaetes (Brown & 
Seed 1977, Witman 1985, Ojeda & Dearborn 1989). 
Beds of M. modiolus may also be colonised by those 
suspension-feeders (e.g. ophiuroids, tunicates and bar- 
nacles) that are associated with turbulent and slow cur- 
rent conditions such as those found within aggrega- 
tions of mussels (Ojeda & Dearborn 1989). 

In view of the ecological importance of the suspen- 
sion-feeder h.lodiolus modiolus, we wished to establish 
its physiological response to changing environmental 
conditions in order to gain insight into trophic inter- 
actions in this benthic ecosystem. A detailed analysis 
of the energy budget of M. modiolus may provide a 
means of understanding the effects of seasonal envi- 
ronmental changes (mainly seston) on the degree of 
physiological plasticity and adaptation of the horse 
mussel to its environment. There is very little informa- 
tion on this species, apart from some measurements of 
SFG (Lesser et  al. 1994) and some evidence that M. 
modiolus has a different growth and reproductive 
investment strategy than the better known Mytilus 
edulis. In particular, the growth rate of the horse mus- 
sel is slower (Rowel1 1967, Anwar et al. 1990) and the 
reproductive cycle is not discrete (Seed & Brown 1977). 
The objective of the present paper is to determine the 

physiological response of M. modiolus to short-term 
(hours) and long-term (seasonal) changes in tempera- 
ture and food supply in the natural environment, in this 
case the cold coastal waters of Newfoundland, Canada 
(Navarro & Thompson 1995). For this purpose, an 
analysis of size-related oxygen uptake rate ( V 0 2 ) ,  CR, 
AE and rate of ammonia excretion (VNH,-N) was car- 
ried out in M. modiolus from Logy Bay, southeastern 
Newfoundland, during 1986-1988. Two physiological 
indices, SFG and net growth efficiency (K,), were then 
derived to describe the integrated response of the 
whole organism to environmental changes. 

MATERIAL AND METHODS 

Experimental animals. Specimens of Modiolus 
modiolus were collected approximately monthly 
(1986-1988) by SCUBA divers at 15 to 20 m depth from 
a rock face in Logy Bay, Newfoundland, near the sea- 
water intake of the Ocean Sciences Centre. The mus- 
sels were immediately transported to the laboratory, 
cleaned of any epibiota, and held in flowing unfiltered 
seawater under ambient conditions of temperature, 
salinity and seston. 

For each collection, 15 mussels covering a wide size 
range (3 to 12 cm shell length) were selected for phys- 
iological experiments. For comparisons between ex- 
periments, and to calculate SFG for mussels of stan- 
dard weight, physiological rates were standardised to 
1, 2 and 5 g dry tissue weight using the following for- 
mula: 

where Y ,  = physiological rate for an individual of stan- 
dard weight, W, = standard weight of individual, W, = 
observed weight of individual, Ye = uncorrected (mea- 
sured) physiological rate, b = weight exponent for the 
physiological rate function, determined from the 
regression equation for the appropriate sampling 
date. 

Clearance rate. Seawater was pumped directly from 
the ocean into a mixing chamber of constant volume 
(15 1) with a flow rate high enough to maintain a well- 
mixed suspension of particulate matter. Each experi- 
mental mussel (n = 15) was placed in a plastic con- 
tainer (0.8 1 capacity), and flow rates of 60 to 200 m1 
rnin-l were supplied from the mixing chamber, de- 
pending on the size of the mussel. Thus the reduction 
in particle concentration between inflow and outflow 
was kept between 20 and 40%, eliminating the possi- 
bility of recirculation through the mantle cavity of the 
mussel. One additional container with the same flow 
rate, but with no mussel, served as a control. The 
experimental mussels were left undisturbed for at least 
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12 h before the CR measurements were begun. Mea- 
sured volumes of water were simultaneously collected 
from each overflow in a given period of time to deter- 
mine the flow rate, and a Coulter Counter Model ZB 
fitted with a 100 pm orifice tube was used to determine 
the difference between the particle concentration in 
the inflow (control value) and the outflow from each 
container. 

Clearance rate (1 h-') was calculated using the for- 
mula: 

where Cl = inflow particle concentration (particles 
ml-l), C2 = outflow particle concentration (particles 
ml-l), F = flow rate through the chamber (1 h-'). 

Clearance rate experiments were run for 12 to 24 h 
and mean values of several consecutive measurements 
(8 to 15) calculated, including zero values when the 
mussel was not feeding. 

Ingestion rate. Ingestion rate was calculated as the 
product of clearance rate (1 h-') and the concentration 
of suspended particulate matter (SPM) (mg I-'), deter- 
mined by Navarro & Thompson (1995). Ingested ration 
(mg h-') was converted to energy equivalents using 
the conversion factors 1 mg protein = 24.0 J; 1 mg car- 
bohydrate = 17.5 J; 1 mg lipid = 39.5 J (Gnaiger 1983). 

Absorption efficiency. At the end of each series of 
CR measurements, faeces produced by individual 
mussels were collected with Pasteur pipettes and fil- 
tered by vacuum onto precombusted (45OoC), weighed 
Whatman GF/C filters (2.5 cm diameter). Care was 
taken to exclude pseudofaeces, which were only pro- 
duced by mussels collected in April. Three water sam- 
ples from the mixing chamber were taken during each 
CR series and filtered as described above. Absorption 
efficiency was then estimated by the ash ratio tech- 
nique (Conover 1966), which gives reproducible data 
for Modiolus modiolus (Navarro & Thompson 1994). 

Oxygen uptake. Oxygen .uptake was measured with 
a polarographic electrode (Radiometer E 5046-0) cou- 
pled to a Radiometer PHM71 MK2 acid-base analyser 
fitted with a PHA934 oxygen module (Widdows 1985). 
The output signal was monitored continuously on a 
chart recorder. The water in the respirometer was 
mixed by placing the latter on a submersible magnetic 
stirrer. The chamber and stirrer were immersed in a 
temperature-controlled water bath. All measurements 
were made a t  field ambient temperature and  natural 
concentration of SPM, and p 0 2  was not allowed to fall 
below 70% of saturation. Values of V 0 2  (m1 O2 h-') 
were transformed to energy equivalents (1 m1 O2 = 

20.3 J ;  Elliot & Davison 1975). 
Ammonia excretion. Ammonia excretion was deter- 

mined by the phenol-hypochlorite method (Widdows 

1985). Horse mussels feeding on natural seston were 
placed individually in glass beakers containing 0.2 to 
1.0 1 of filtered (0.45 pm) seawater, according to the 
size of the specimen. One additional beaker containing 
filtered seawater, but with no mussel, served as a con- 
trol. Measurements were made at field temperatures 
using a temperature-controlled incubator. Preliminary 
experiments indicated that the VNH4-N in Modiolus 
modiolus is almost independent of the increasing con- 
centration of ammonia in the experimental chamber 
during the first 20 h.  Values for VNH,-N were 
expressed in pg NH4-N h-' and transformed to joules 
using the conversion factor 1 pg NH,-N = 0.025 J (Elliot 
& Davison 1975). 

Scope for growth and  net growth efficiency. Scope 
for growth, which is a physiological index of energy 
balance to estimate production (growth + reproduc- 
tion) by a n  individual animal, was calculated after con- 
verting all the physiological rates to energy equiva- 
lents (J h-'): 

SFG = A - ( R + U )  

where A = energy absorbed (J d-l), R = oxygen uptake 
(m1 O2 d-l) X 20.3 J, U = ammonia nitrogen excretion 
rate (pg NH,-N d-l) X 0.025 J. 

Net growth efficiency (K2) was  calculated as follows: 

Statistical analysis. Pearson product-moment corre- 
lation and multiple linear regression analyses were 
carried out following loglo transformation (physiologi- 
cal rates) or arcsine transformation (AE percentage), to 
reduce the dependence of the sample variance on the 
mean and to normalise the distribution of the data. The 
relationships between physiological rates and body 
weight were described by a series of allometric equa- 
tions of the form Y = aXh,  where Y = physiological rate, 
X = body weight and a and b the fitted parameters. 
Both variables were transformed to logarithms and the 
data fitted to a straight line by least squares regression. 
For most of the physiological rates, data were pooled to 
provide monthly groups before regression analysis. 
SYSTAT version 4.0 for the PC was used for all statisti- 
cal analyses. 

RESULTS 

Clearance rate 

Clearance rate was determined for individuals of 
various sizes and was expressed as a function of dry 
tissue weight on different time scales (diurnal, sea- 
sonal), and subsequently related to environmental 
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Fig. 1. ~Modiolus rnodiolus. Representative short-term patterns 
of clearance rates for individual horse mussels during 
(A, B) early summer 1987 and (C, D) spring 1988. DTW: dry 

tissue weight 

conditions. Horse mussels showed periods of high and 
low CR. Higher CR values were characteristic of the 
spring and early summer, when most of the experi- 
mental animals were open and actively feeding most of 
the time (Fig. 1). In June 1987, for example, CR was 
maintained in the range 0.84 to 1.95 1 h-' for 10 h in a 
mussel of 1.5 g dry weight (Fig. lA) ,  whereas an indi- 
vidual of 6.68 g dry weight showed CR values between 
1.03 and 3.61 1 h-', although most of the values were in 
the range 2 to 3 1 h-' (Fig. 1B). Similar behaviour was 
observed in April 1988 (Fig. lC ,  D). During fall and 
especially in winter, CR in Modiolus rnodiolus fluctu- 
ated widely, with some periods of low and others of 
high activity (Fig. 2). In November 1986, for example, 
CR varied from 0 to 4.38 1 h-' over a period of 12 h in a 
mussel of 3.43 g dry weight (Fig 2A), and from 0 to 
2.59 1 h-' in an individual of 3.80 g dry weight (Fig. 2B). 
During January, CR was highly variable, and feeding 
was intermittent (Fig. 2C, D). 

November 1986 

DlW MUSSEL = 5.43 g 

0.5 

1 l u K (h) 

January 1988 

-0.s4 0 1  . , 10 , , t 2  . . 14 . . IS  . . 18 , , 20 , I 

T l M E (h) 

Fig. 2. Mod~olus rnodiolus. Representative short-term patterns 
of clearance rates for individual horse mussels during 
(A, B) fall 1986 and (C, D] winter 1988. D W  dry tissue weight 

Clearance rate in Modiolus rnodiolus showed varia- 
tion on a seasonal scale as well as short-term variation 
(Fig. 3).  High values were observed during spnng- 

0.0 
A O D F A J A O D F A  

Fig. 3. Modiolus modiolus. Clearance rates in 3 size classes of 
horse mussel Values are monthly means * SE. When no SE 

bars are shown, they were smaller than the symbols 
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summer of 1987, followed by a decrease in the fall to 
reach minimum values in wlnter (February-March). 
During the fall of 1986, however, CR values increased 
rather than decreased, which may be attributable to 
higher and less variable total particulate matter (TPM) 
values compared with the fall of 1987 (Navarro & 

Thompson 1995). 
Highly significant regressions were found between 

CR and dry tissue weight at almost all times of the year 
(Table 1).  Only in September-October 1986 and July- 
August 1988 were no significant regressions obtained, 
possibly because a small number of experimental ani- 
mals was used during these months. When all the data 
for CR were pooled in one regression equation, this 
was highly signif~cant (F1,178 = 197.4). 

Table 1 Mod101us modiolus. Regressions of clearance rate 
( l  h-') against dry weight (g)  for different dates. Regression 
equations are of the form Y = a W", where Y = clearance rate 
and W = dry weight. The statistic F tests the significance of 
the difference between O and zero. 'Significant at p 2 0.05, 

"significant at p 5 0.01; "'not significant 

Date n a 0 r F 

Aug 1986 10 0 48 0 73 0.90 32 0" 
Sep 1986 10 0 73 0 36 0 5 1  2 8"' 
Oct 1986 8 0.90 0 28 0.59 3 2"' 
Nov 1986 9 1.01 0 32 0.74 8 3 '  
Dec 1986 10 0.56 0 72 0.71 7.9' 
Feb 1987 14 0.78 0.29 0.77 17.2" 
May 1987 8 0.75 0.56 0.91 28 0" 
Jun 1987 14 0.89 0.61 0.88 42 3 "  
Jul 1987 14 1.17 0 36 0.80 21  8" 
Aug 1987 15 0.91 0 53 0 87 41.9" 
Sep 1987 14 0.66 0.67 0.92 66.1" 
Nov 1987 14 0.86 0.35 0.71 12.2" 
Jan 1988 12 0.75 0.37 0.72 10 9" 
Apr 1988 14 1.02 0.39 0 57 5.6' 
May 1988 14 0 66 0.71 0.90 51.8" 
Jul 1988 5 0 6 6  0 7 5  0 5 7  1.5n' 
Aug 1988 5 0 72 0.64 0 56 1.4"" 

Pooled data 180 0.85 0.46 0 73 197.4" 

Ingestion rate 

. -  
l -. Tota l  

A-. O r g a n ~ c  

001 > > 3 , , 8 

A O D F A J A O D F A  

Fig. 4 Mod~olus  mod~o lus  Ingestion rate [total particulate 
matter (TPM) and particulate organic matter (POM)] for a 

mussel of 2 g dry tissue weight 

to 93.3 % in September 1987, with a mean of 76.5 O/o for 
a mussel of 2 g dry tissue weight (Fig. 5) .  Only 2 low 
values were recorded during the entire p e r ~ o d  of the 
study (53.2 % and 50.3 O/o for October and November 
1986, respectively). 

Absorphon efficiency was usually independent of 
body size, as  evidenced by lack of significant regres- 
sions for all but 2 months (July and September of 1987). 
When all the data for AE were pooled in one regression 
equation, it was not significant at p = 0.05 (F,,,,,; = 

0.048). 
Absorption rate (AR) was calculated as the product 

of AE and IR. 

Oxygen uptake 

Highly significant linear regressions of logVOz 
against log (dry tissue weight) were found in every 

Values for ingestion rate (IR) were greatest during 0 \, -/ .- 
the spring (Fig. 4) ,  reflecting higher clearance rates 6 , I 'l 
(this study) as well as more particulate organic matter L 
(POM) during the phytoplankton bloom in both years 

40 

(Navarro & Thompson 1995). < 

2 0 1  . 3 -- - - - v - * -  f f . . . .  f . -  
A O D F A J A O D F A  

Absorption efficiency 1 9 8 6  1987 1 9 8 8  

Fig 5 A4odiolus modiolus Absorption efficiency. Values are  
Absorption efficiency varied seasonally in an incon- monthly means + SE. When no SE bars a r e  showi~ ,  they were 

sistent manner, ranging from 50.3 % in November 1986 smallei- than the symbols 



140 Mar Ecol Prog Ser 138: 135- 148. 1996 

Table 2. Modiolus modiolus. Regressions of oxygen uptake 
(m1 O2 h-') against dry weight (g) for different dates. Regres- 
slon equations are of the form Y = a Wh, where Y = oxygen 
uptake and W = dry  weight. The statistic F tests the signifi- 
cance of the difference between b and zero. 'All F values 

significant at  p C 0.01 
P P 

Date n a b r F"  

Aug 1986 9 0.279 0.72 0.96 89.9 
Oct 1986 12 0.167 0.45 0.92 52.1 
Nov 1986 16 0.082 0.85 0.98 276.5 
Feb 1987 15 0.053 0.87 0.88 45.7 
Mar 1987 15 0.059 0.66 0.91 61.5 
Apr 1987 15 
May1987 10 
Jun 1987 14 
Ju1 1987 15 
Aug 1987 15 
Sep 1987 13 
Nov 1987 14 

I Jan  1988 14 
Apr 1988 14 
May1988 14 

Pooled data 205 

month (p  2 0.01), and also when the data 
were pooled in one regression equation 
(Table 2). 

Oxygen uptake presented a clear seasonal 
pattern characterised by a marked summer 
peak followed by a rapid decline during the 
beginning of the fall to reach a minimum in 
winter (Fig. 6). Oxygen uptake showed no 
seasonal acclimation to temperature, with 
which it was strongly correlated (Fig. ?A) .  
There was also a significant relationship 
between V02 and the weight of the gonad 
(an index of gametogenic state) throughout 
the year (Fig. 7B). 

Ammonia excretion 

The results of linear regression of 
l.ogVNH,-N against log (dry weight) indi- 
cated that in all months there was a signifi- 
cant relationship at p 5 0.01 (Table 3). Simi- 
lar results were obtained when the data 
were pooled in one regression equation. 
Ammonia excretion followed a simj.lar sea- 
sonal pattern to VO, (Fig. 8), rising abruptly 
during the spring to reach maximum values 
in, summer during the period of elevated 
rates of oxygen consumption and higher 
temperatures. Like V02, VNH,-N de- 
creased after August, attaining minimum 

Fig. 6. Modiolus modjolus. Oxygen uptake (VOz) in 3 size 
classes of horse mussel. Values are monthly means * SE. 
When no SE bars are shown, they were smaller than the 

symbols 

values during winter and the beginning of spring. 
Excretion rate was also correlated with temperature 

170.1 (Fig. 7A) and gonad weight (Fig. 7B). 
The ratio between V02 and VNH,-N (O:N, calcu- 

lated by atomic equivalents) indicates the proportion of 
protein relative to lipid and carbohydrate that is 
catabolised for energy metabolism. A high rate of pro- 

TEMPERATURE ("C) 

Fig. 7. Modiolus modiolus Regressions of oxygen uptake (m1 h-'; 0 )  

and ammonia excretion (pg NH4-N h-'; r )  against (A) temperature and 
(B) gonad weight for a 5 g dry tissue weight mussel 
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Date n a b r F"  
- 

Aug 1986 8 11 43 0 81 0.96 71.1 
Oct 1986 10 7.89 0 87 0.99 281.4 
Nov 1986 13 2.57 0.92 0.96 137.5 
Feb 1987 13 1.88 0.62 0.76 15.0 
Mar 1987 14 2.16 0.83 0.89 47.7 
Apr 1987 15 2.51 0.91 0.93 86.9 
May 1987 10 8.09 0.92 0.98 218.1 
Jun 1987 14 5.98 0.89 0.94 83.0 
Jul 1987 15 11.97 0.74 0.96 151.8 
Aug 1987 15 16.11 0.57 0.92 67.9 
Sep 1987 13 7.53 0.96 0.73 12.7 
Nov 1987 14 6.38 0.79 0.92 65.8 
Jan 1988 14 3.05 0.90 0.88 42.7 
Apr 1988 14 2.43 0 87 0.79 19.2 
May 1988 14 4.02 0 99 0.91 56.9 

Pooled data 196 5.00 0 81 0 69 178.4 

0 --- ? I  
A O D F A J A O D F A  

Table 3. Modiolus modiolus. Regressions of ammonia excre- 
50 - tion (pg NH,-N h-') against dry weight (g) for different dates. 

Regression equations are of the form Y = where Y = 
ammonia excretion and W = dry weight. The statistic F tests 40 
the significance of the differclnce between b and zero. "All 

Fvalues significant at  p 2 0.01 
30 

0 

Fig. 9. Modiolus modiolus. Seasonal variation in the atomic 
ratio of oxygen consumed to the ammonia-nitrogen excreted 

in a horse mussel of 5 g dry tissue weight 
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Fig. 8. Modiolus modiolus. Ammonia excretion (VNH,-N) in 
3 size classes of horse mussel. Values are monthly means 
+ SE. When no SE bars are shown, they were smaller than 

the symbols 
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, , '. 1 
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i 

tein relative to lipid and carbohydrate catabolism 
results in a low 0 : N  ratio. The 0 : N  ratio for Modiolus 
modiolus fluctuated around 25,  although a higher 
value (-52.8) was obtained in February 1987 and a 
lower value (-11.4) was observed in May of the same 
year (Fig. 9). 

Scope for growth and net growth efficiency 

The conversion of the physiological rates into energy 
equivalents for each month and the subsequent calcu- 
lation of SFG for a mussel of 2 g dry tissue weight is 

7J 
400 ---- - 

2 300 - STANDARD SIZE : 2 g B 

300 4 STANDARD SIZE 5 g C 

200 ! ,;\ ,'-. 
100 

' ., / 
o--- - \ *--- -. /' ./*-• - l00  *, ' 

Fig. 10. Modlolus modiolus. Seasonal cycle in the scope for 
growth (SFG] for 3 size classes of horse mussel 

presented in Table 4 .  Scope for growth in 3 size classes 
of A4odiolus modiolus at intervals over 2 yr is plotted in 
Fig. 10. During the spring, SFG was higher in both 
years of the study and in all 3 size classes ~nvestigated. 
There was a considerable decrease in SFG from May 
to August, and negative values were reported in 
August and September in both years (Fig. 10A, B). This 
was most apparent in larger mussels (5 g dry tissue 
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Table 4. Modiolus rnodiolus. Scope for growth for a standard mussel of 2.0 g dry weight. See 'Material and methods' for details 
of calculations 

Date TPM POM Clearance Ingestion Absorption Absorption Oxygen Ammonia SFG K* 
rate rate (org.) efficiency rate uptake excretion 

( m  l ]  ( m  l )  l ]  (1 d-'1 (mg d.') (J d.') ( X ]  (mg d-'1 (J d-l) (J d.') (J d-l) (J d-l)  

A u ~  1986 0.85 0.63 4.89 18.7 11.8 91.5 86.0 10.1 78.7 224.0 12.2 -157.5 -2.00 
Sep 1986 1.58 0.90 4.10 23.0 20.7 94 5 - - - - - - - 
Oct1986 1.06 0.70 4.08 27.1 19.0 110.6 54.4 10.3 60.2 115.2 8 8 -63.8 -1.06 
Nov 1986 1.37 0.76 4.67 31.2 23.7 145.7 53.1 12.6 77.4 73.2 3.0 1.2 0.02 
Dec 1986 1.13 0.75 2.47 24.2 18.2 59.9 83.9 15.3 50.3 - - - - 
Feb1987 0.99 0.65 3.14 23.3 15.1 73.1 86.8 13.1 63.5 51.2 1.9 10.4 0.16 
May 1987 2.04 1.36 16.48 27.1 31.4' 379.9-7.6 24.4 294.8 68 3 9.3 217.2 0.74 
Jun1987 1.05 0.77 9.13 34.1 26.2 311.2 71.4 18.7 222.2 139.1 6.9 76.2 0.34 
Jul1987 0.90 0.66 9.05 37.2 24.6 336.7 70.0 17.2 235.7 212.0 12.2 11.5 0.05 
Aug1987 0.89 0.68 6.43 32.4 22.0 208.3 78.0 17.2 162.5 275.0 14.6 -127.1 -0.78 
Sep 1987 0.84 0.62 6.51 25.2 15.6 164 0 91.2 14.2 149.6 171.3 9.6 -31.3 -0.21 
Nov 1987 0.70 0.53 6.87 27.1 14.4 186.3 85 7 12.3 159.7 98.1 6.8 54.8 0.34 
Jan 1988 1.83 0.57 5.49 23.8 13.5 130.4 72 9 9.8 95.2 63.9 3 5 27.7 0.29 
Apr 1988 1.57 0.75 9.47 32.9 21.0d 264.7* 83.5 20.6 221.0 40.0 2.8 278.2 0.81 
May 1988 1.25 0.81 10.85 26.9 18.5" 248.0" 82.4 18.0 204.4 83.4 

%n average of 15 % of the total food filtered was rejected as pseudofaeces during these expenments 

weight), in which SFG was negative during summer, 
fall and early winter (Fig. IOC), with values as low as 
-300 J d-' During winter, SFG was very close to zero, 
the available energy being just adequate for the main- 
tenance of the basic physiological processes. 

Net growth efficiency for Modiolus modiolus 
(Table 4 )  fluctuated widely according to season, with 
values as low as -2.0 during summer (August 1986) 
and as high as 0.81 during spring (April 1988). As with 
SFG, the lower values for KZ were associated with low 
CR, high V02, high temperature and low quality of the 
food supply. Conversely, higher values of K2 were 
associated with low V02, low temperature and an en- 
ergy-rich food supply provided by the phytoplankton 

DRY TISSUE WEIGHT (g) 

Fig. 11. Modlolus modolus. Net growth efficiency (Kz) (based 
on regressions of pooled data of each phys~ological variable) 

vs dry tissue w e ~ g h t  

bloom. Net growth efficiency was clearly dependent 
on body size (Fig. l l ) ,  ranging between 0.55 and 0.02 
for mussels of 0.3 and 10 g dry weight, respectively. 

Correlation analysis and multiple regression 

Clearance rate was not correlated with any of the en- 
vironmental variables, and the correlation between CR 
and AR was attributable to autocorrelation of these 2 
physiological rates (Table 5). Multiple regression analy- 
sis between CR and the environmental variables 
showed that no variables were entered at p 2 0.05. Sim- 
ilar results were obtained for AE, where no physlologi- 
cal or environmental variable was entered at p I 0.05. 
In contrast, AR was correlated with many of the envi- 
ronmental variables measured by Navarro & Thompson 
(1995), showing that there was a good relationship be- 
tween AR and the nutritive components of the seston 
(Table 5). The variation in AR was best explained by 
the model which included POM, particle volume 
(PartV) and chlorophyll a (CHLA) as independent vari- 
ables. accounting for 97 % of the variation (Table 6). 

Oxygen uptake was positively correlated with tem- 
perature (r = 0.93) and VNH,-N (r = 0.88), and nega- 
tively correlated with PartV (r = -0.85) and particulate 
inorganic matter (PIM) (r = 0 . 6 3 ) .  Temperature alone 
explained 86% of the total variance in VOz, and when 
PartV was included in the model, the proportion. 
increased to 92 % (Table 6). All the other independent 
variables accounted for a very small additional 
percentage. 
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Table 5 Pearson product-moment correlation coefficients between physiological and environmental variables. ' p  < 0.05, "p < 
0 01. Kumber of cases In parentheses. CK: clearance rate; TIR total ~ngestion rate; AE: absorption efficiency; VO,: oxygen uptake 
rate, 1 NH,: ammonia excretion; SFG: scope for growth; K,. net growth effirlency; TPM: total particulate matter; PIM: part~culate 
inorganic matter; CHLA: chlorophyll a ;  PON: particulate organic nitrogen; POC: particulate organic carbon; LIP: 11pid; CHO: car- 
bohydrate; PartN: particulate nitrogen; PartV: particulate volume; TEMP: temperature; FM: food material; FIDX: food index. See  

Navarro & Thompson (1995) for more information regarding environmental variables 

C R  TIR AE 

TIR 1.00 -0.40 
(171 (14)  

A E 1 .00 
(171 

VNH,  

AR V 0 2  VNHl SFG K2 TPbl  POIV PlM CHLA PON POC LIP C H 0  PartN PartV TEbII'  FM FIDX 

Table 6. Modiolus modiolus. Multiple regression statistics for explained 63 Yo of the variation in SFG, whereas PartV 
several physiological variables vs subsets of independent alone accounted for 52% ( ~ ~ b l ~  6) .  ~h~ introduction 
variables. ' p  5 0.05; "p 5 0.01; "'p 5 0.001 See Table 5 tor 

abbreviations 
of other variables into the model made very little 
difference. 

Dep. var. lndep. var 

A K POM 
PartV 
CHLA 

v02 TEMP 
PartV 

VNH, TEMP 
PartV 

SFG PartV 
CHLA 

Excretion rate in Modiolus modiolus was highly cor- 
related with temperature and V02, and the former was 
the main environmental factor determining VNH4-N. 
Multiple regression between VNH,-N and the en- 
vironmental variables showed that 79% of the total 
variance in VNH4-N was explained by temperature 
(TEMP) and 90% by including PartV with TEMP 
(Table 6) .  

Scope for growth was correlated (p 10 .05)  only with 
2 environmental variables, particulate organic nitro- 
gen (PON) and PartV, and only with AE among the 
physiological variables (p  1 0.05). Multiple regression 
analysis showed that the best model (PartV+CHLA) 

Nitrogen balance 

Measurements of PON in Logy Bay and of CR, AE 
and VNH,-N for Modiolus n~odiolus were made 
approximately every month to calculate the nitrogen 
balance (absorbed nitrogen minus excreted nitrogen) 
as a percentage of the total nitrogen in the tissues of a 
mussel of 2.0 g dry weight. The protein content of the 
dry tissue was measured every month for this purpose 
(Navarro 1990). It was assumed that the nitrogen con- 
tent of the protein was 17 .2% by weight (Gnaiger & 
Bitterlich 1984). In October 1986 the mussel lost 0.03 % 
of its body nitrogen per day, and  this was the only 
negative value for nitrogen balance during the entire 
study (Fig. 12). In spring the mussels gained up  to 
0.6% of their body nitrogen per day, largely as a result 
of low excretion rates and the high concentration of 
nitrogen in the seston. 

DISCUSSION 

Variability in CR has been reported as common in 
bivalves (Wlnter 1969, Griffiths 1980, Higgins 1980, 
Palmer 1980), and Modiolus nlodiolus is no exception, 
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Fig. 12. Modiolusmodiolus. Seasonal var~atlon in  the nitrogen 
balance (as 76 of body nitrogen) of a horse mussel of 2 g dry 

tissue weight 

exhibilirly short-tern~ (daily) as well as long-term (sea- 
sonal) fluctuations (Figs. l ,  2 & 3). During spring and 
early summer IM. modiolus exhibits a higher and more 
constant CR (Fig. 1) than during fall and winter, when 
feeding activity fluctuates greatly (Fig. Z), with some 
mussels either not filtering or filtering at minimum 
rates. This behavioural pattern in winter is arhythmic, 
the initiation of periods of activity and quiescence 
being apparently random and specific to each experi- 
mental mussel, showing no consistency among indi- 
viduals. These results are similar to those obtained for 
Crassostrea virginica by Epifanio & Ewart (1977) and 
Palmer (1980). 

The lowest and most variable CR values observed in 
Modiolus modiolus, recorded during fall and winter, 
seem to be associated more with the low nutritive 
value of the food than with low temperatures, because 
CR is high during early spring, when the temperature 
is approximately 0°C but seston quality is high owing 
to the phytoplankton bloom. Thompson (1984) also 
reported the ability of Plytilus edulis from Bellevue, 
Newfoundland, to maintaln a high CR at very low tem- 
peratures, and Widdows (1976) has shown that this 
species has a high capacity for acclimation to tempera- 
ture change. 

During spring and early summer the organic compo- 
nent of the seston of Logy Bay consists primarily of liv- 
ing cells, this being reflected in the concentrations of 
POM, chlorophyll a, PON, particulate organic carbon 
(POC), lipid and carbohydrate, which are all several 
times higher than during the rest of the year (Navarro 
& Thompson 1995). The intermittent feedng behav- 
iour shown by ~Vodiolus  modiolus may represent an 
adaptive mechanism to conserve energy by reducing 
the time spent filtering seston of low nutritive value. 
Worrall et al. (1983) also descri.bed a seasonal pattern 
in CR for 3 d~fferent populations of the bivalve Scro- 

bicularia plana, with reduced values during winter and 
maxima during summer. Newel1 & Bayne (1980) 
described a similar feeding behaviour for the cockle 
Cerastoderma edule, in which CR was at a minimum 
during winter when the organic seston was only half 
the summer level. Hummel(1985a) found that Macorna 
balthica quickly reduces its feeding activity when the 
concentration of available food diminishes, thereby 
eliminating the high cost of respiration associated with 
enhanced feeding activity. Riisgard & Randlov (1981) 
demonstrated that Mytilus edulis can also adapt to a 
reduced food supply by decredsiny CR considerably, 
and Widdows et al. (1979) reported high seasonal vari- 
ability in the CR of Mytilus edulis from the Lynher 
estuary, some of which was attributable to high parti- 
cle loads, conditions not observed in Logy Bay. 

The differences in CR between seasons observed in 
Modiolus modiolus are not easily explained, and the 
relationships between food availability and CR may 
depend on the nature of the particulate matter. The 
lowest ingestion rates of total particulate matter (TPM) 
and POM are observed during winter and the highest 
rates during spring (Fig. 4), when food availability and 
nutritional value are greater. These results are consis- 
tent with those of Taghon (1981), which suggest that 
the reduction of feeding rate caused by a decrease in 
food quality represents an optimal response to poor 
food conditions. 

Although a seasonal pattern can be seen in the CR of 
Modiolus rnodiolus (Fig. 3),  CR is not correlated with 
temperature or any other environmental or physiologi- 
cal variable. Similar results have been recorded for 
Mytilus edulis from Newfoundland (Thompson 1984) 
and for Cerastoderma edule from England (Newell & 
Bayne 1980), although Bayne & Widdows (1978) de- 
scribed a significant negative correlation between CR 
and total seston for M. edulis over a range of SPM from 
7 to 42 mg l-L 

Absorption efficiency in Modiolus modiolus is not 
affected either by seasonal changes in the physlologi- 
cal state of the mussels or in ambient temperature. 
Similar results were found by Widdows (1978) for 
Mytilus edulis. During fall 1986, 2 low values were 
obtained for the AE of M. modiolus, at a time when CR 
and IR were high compared with the fall of 1987. This 
may represent a compensatory mechanism to regulate 
AR. The mean AE for the entire study was 76.5%, 
which is high compared with other studies for various 
bivalve species (Bayne & Widdows 1978, review by 
Bayne & Newel1 1983). However, our results are in 
good agreement with those of Winter (1969), who also 
reported very high values of AE (82 to 90%) in M. 
modiolus, using a different analytical procedure. The 
high value of AE obta~ned in the present study is prob- 
ably attributable to low particle loads (usually below 
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2.0 mg 1-l), as well as the high digestibility of the food 
present in this environment. Under these conditions, 
some organisms are able to compensate by increasing 
the gut residence time, resulting in a higher AE (Bayne 
et a1 1984). An ability to increase AE when the food 
supply decreases has been observed in Mytilus edulis 
(Thompson & Bayne 1972, Widdows 1978) and in 
Mytllus chilensis (Navarro & Winter 1982). 

In keeping with other studies on bivalves (Winter 
1969, Thompson & Bayne 1972, Navarro & Winter 
1982, Navarro 1988), no significant effect of body size 
was found on AE in Modiolus modiolus, probably 
because the processes controlling AE, such as ciliary 
and enzyme activity, are size-independent. Absorption 
efficiency in horse mussels was not correlated with any 
environmental variable, and studies on Cerastodern~a 
edule and Mytilus edulis have also shown that AE is 
not correlated with TPM or POM (Newel1 & Bayne 
1980, Thompson 1984), although Bayne & Widdows 
(1978) found that AE showed a significant correlation 
with POM (expressed as a proportion of TPM) in 
Mytilus edulis from the Lynher estuary, southwest 
England. 

The seasonal changes of V02 in bivalves have been 
studied by many authors, with a variety of results. In 
some cases VO, has been related to temperature, food 
availability and/or gametogenesis. Thus Widdows & 
Bayne (1971), Widdows (1978), Bayne & Widdows 
(1978), and Newel1 & Bayne (1980) have recorded a 
relationship between V02 and gametogenesis, e.g. 
high V02 values in Mytilus edulis at low temperature 
in the North Sea, caused by the metabolic demands of 
gametogenesis. The oxygen uptake of Modiolus modi- 
olus exibits pronounced seasonal changes which gen- 
erally follow the fluctuations in ambient temperature 
(Fig. 6). Furthermore, there is a strong correlation (p < 
0.01) between \ /02 and gonad weight for a mussel of 
5 g dry tissue weight, suggesting that the gonad 
weight also explains some of the variability in V02. It is 
difficult to separate the effects of temperature and 
gonad weight on V02 because they vary simultane- 
ously, but the data suggest that the V02 cycle is not 
strictly driven by temperature, and may be intimately 
linked with the gametogenetic cycle, as has been 
demonstrated for several other species of molluscs 
(Bayne & Newell 1983, Hummel 1985b). 

Worrall et al. (1983) also found a relationship 
between V02 and temperature in 3 populations of the 
bivalve Scrobicularia plana, although gametogenic 
activity also explained a significant part of the variabil- 
ity in V02. As in Modio1usmodiolus (this study), V02 of 
the bay scallop Argopecten irradians irradians follows 
the seasonal changes of water temperature (Bricelj et 
al. 1987). No correlation between V02 and gametoge- 
nesis was observed by Thompson (1984) or MacDonald 

& Thompson (1986) for the bivalves Mytilus edulis and 
Placopecten magellanicus, respectively, although a 
high correlation between V02 and temperature was 
obtained for the latter (MacDonald & Thompson 1986). 
Shumway et al. (1988) showed that the V02 of the 
giant scallop Placopecten mayellanlc~ls exhibits pro- 
nounced seasonal fluctuations which follow the cycles 
of temperature and gonad maturation, the highest 
rates being recorded during summer when the gonads 
are ripe, and the lowest rates during winter when 
gametogenesis is just beginning. 

Although there was a strong positive correlation 
between V02 and temperature in Modiolus modiolus 
(Fig. ?A),  negative correlations were obtained be- 
tween V02 and PIM and PartV, suggesting a relation- 
ship between food quality and WO2, e.g. an  increase in 
the inorganic component can reduce metabolic costs 
through reduced feeding activity of the mussels. The 
inverse relationship between V02 and K2 demon- 
strates the influence of respiratory losses on the growth 
rate of the horse mussel. 

In most instances, the energy losses associated with 
ammonia excretion represent less than 5% of the 
energy ingested by an individual Modiolus modiolus of 
2 g dry tissue weight (Table 4) .  Ammonia excretion in 
the horse mussel is highly correlated with gonad 
weight, suggesting that mature and developing 
gametes in the gonad may be responsible for some of 
the variation in VNH,-N, as previously reported for 
some species of bivalves (Bayne & Widdows 1978, 
Widdows 1978, Worrall et  al. 1983). 

The seasonal cycle in VNH,-N by Modiolus modio- 
lus (Fig. 8) is similar to that described previously for 
V02, and also follows the temperature cycle. Ammonia 
excretion is at a minimum in the winter and increases 
to maximum values in the spring and summer, when 
the weight of the gonad increases. Thus the seasonal 
cycle in VNH,-N is not simply temperature depen- 
dent, and factors such as reproduction and biochemical 
energy storage cycles are known to influence the phys- 
iological responses of bivalves (Bayne & Widdows 
1978, Widdows 1978, Bayne et  al. 1979, Widdows et  al. 
1979, Bayne & Newel1 1983, Worrall et  al. 1983). The 
relationship between VNH,-N and body size in M. 
modiolus is similar to that recorded for other bivalves 
in which highly significant regressions have been 
reported (Bayne 1973, Bayne et al. 1976, Bayne & 
Scullard 1977, Widdows 1978, Navarro & Winter 1982, 
Thompson 1984). 

Our values for 0 : N  (12 to 53) in Modiolus modiolus 
are at the low end of the range reported for other 
mytilids, particularly Mytilus spp. (Bayne & Thompson 
1970, Bayne 1973, Bayne & Scullard 1977, Widdows 
1978, Thompson 1984), although direct comparisons 
are difficult because 0 : N  is sensitive to environmental 
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conditions, especially nutrition. According to Wlddows 
(1985), 0 : N  values of approximately 25 to 30 corre- 
spond to the maintenance ration, except during the 
spawning period, when 0 : N  tends to be low regardless 
of nutritional condition. In a study of M. modiolus from 
the Gulf of Maine, Lesser et al. (1994) recorded lower 
0 : N  values (range 3 to 16, measured in August) than 
those we obtained for Newfoundland mussels, and 
suggested that protein was being catabolised as an 
energy substrate. Our highest values (maximum 53) 
were found in the winter of 1986-87, suggesting some 
utilisation of carbohydrate and/or l~pid reserves, but 
values this high were not observed during the follow- 
ing winter. During spring and summer, values were 
lower (12 to 30), suggesting less catabolism of lipid and 
carbohydrate reserves, but the 0 : N  data must be inter- 
preted with caution, since the cycles of gametogenesis 
and energy storage are less discrete in M. modiolus 
than in many bivalves (Navarro 1990), and 0 : N  values 
are closely coupled to these cycles, tending to be low 
during the spawning period, regardless of food avail- 
ability (Widdows 1985). 

The overall effects of environmental factors on the 
horse mussel are reflected in SFG and KZ. The energy 
demands of respiration (V02) during the summer are 
higher than the energy absorbed, resulting in negative 
values for SFG and KZ (Table 4) .  Durlng this time, the 
temperature in Logy Bay is at its maximum (-14°C) 
and V02 is high. In addition, SPM is lower, resulting in 
reduced ingestion and absorption rates. On the other 
hand, the food absorbed during the spring bloom is 
rich in energy, and this, together with the low V02 at 
this time, results in a positive SFG (Fig. 10) and high K2 
for Modiolus modiolus. Several estimates of SFG have 
been made for Mytilus edulis, the highest values being 
observed during summer for populations in southwest 
England (Bayne & Widdows 1978, Widdows et al. 1979) 
and for a population from Newfoundland (Thompson 
1984). Lesser et al. (1994) reported values for SFG in 
M. modiolus, but they cannot be compared with ours, 
since the authors used our CR and AE data (Navarro 
1990) to derive SFG, and the 2 sets of observations are 
therefore not independent. The lower but still positive 
SFG values which we recorded in smaller individuals 
of M. modiolus during fall and winter are a conse- 
quence of the lower maintenance ration or food 
requirement during these seasons, which is advanta- 
geous to these small horse mussels at a time of the year 
when food availability is minimal. 

Thus the high values for SFG and K2 observed in 
spring for Modiolus modiolus from Logy Bay result 
from the high nutritional value of the food supplied by 
the phytoplankton bloom. Similarly, Widdows et al. 
(1984) provided evidence that variability in the physlo- 
logical responses of Mytilus edulis is largely deter- 

mined by certain environmental factors, and the 
positive effect of the high quality and quantity of par- 
ticulate material on SFG during the spring bloom is 
particularly important. Conversely, these authors re- 
ported a low SFG when the same mussels were trans- 
planted to a location with poor food conditions. 

The value of SFG as a measure of the response of the 
whole organism is illustrated by data for Modiolus 
modiolus from the fall of 1986, in which high CR values 
were recorded, but AE was low. The net result was an 
estimate of SFG which fitted the seasonal pattern 
observed in other years. Such compensatory processes 
are not apparent if one relies exclusively on the mea- 
surement of individual physiological rate functions. 
The seasonal pattern of fluctuation in SFG observed in 
M. modiolus throughout the year is similar in the 3 size 
classes, although the smaller sizes show prolonged 
periods with a positive SFG (Fig. 10), largely because 
of the difference in slopes relating C R  and V02 to body 
weight, which favours smaller individuals. Further- 
more, according to Rowel1 (1967) horse mussels from 
Canadian waters are not sexually mature until they are 
4 yr old, which means that small individuals are not 
subjected to the metabolic demands of gametogenesis, 
resulting in a higher SFG. Similar results have been 
found in other species of bivalves by Widdows (1978), 
MacDonald & Thompson (1986), Navarro (1988) and 
Iglesias & Navarro (1991). 

The SFG data suggest that the production of Modio- 
lus modiolus is primarily governed by the amount of 
phytoplankton in the water, the spring bloom being the 
most important period (Navarro & Thompson 1995). 
The lower values of SFG and K2 observed during the 
rest of the year are associated with food sources con- 
taining relatively little chlorophyll a. Our results are 
very similar to those reported by MacDonald & 

Thompson (1986) for Placopecten magellanicus and by 
Vahl (1980) for Chlamys islandica, in which the higher 
SFG values observed during the spring are attribut- 
able to the high nutritional content of the seston, and to 
a reduced V02 associated with low temperature and 
reduced gametogenesis. Although partially attribut- 
able to an increase in V02, the sharp fall in SFG 
observed in M. modiolus between May and August 
(Fig. 10) is associated with the disappearance of the 
phytoplankton bloom, supporting the contention of 
Bayne & Newel1 (1983) that SFG and KZ are more 
dependent on food availability than on temperature. 

Modiolus modiolus 1s a species which is able to com- 
pensate physiologica1ly for the poor food conditions 
occurring in locations such as Logy Bay during a large 
part of the year. It does this by reducing the time spent 
filtering during fall and winter, when food availability 
is low. Conversely, higher values for CR are found dur- 
ing spring and early summer, when the seston is 
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mainly composed of phytoplankton. Furthermore, AE 
values are high for most of the year. Such physiological 
compensations minimise the periods during which 
SFG is negative and enable the horse mussel to survive 
in a n  environment characterised by a n  intermittent 
and often inadequate food supply. Thus the success of 
a suspension-feeder in maximizing its energy gain will 
depend on the physlological plasticity which it can 
show in a given environment. 
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