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Seasonal variation in C, N and P budgets and tissue
composition of the mussel Mytilus edulis
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ABSTRACT: Net C , N and P budgets of mussels were measured monthly in a field laboratory for a year.
The calculated scope for growth was compared with the observed growth rates per month, for each
element. Assuming ambient food, scope for growth was calculated and compared with changes in the
tissue composition of mussels from a n estuarine field population. When total organic material was used
as food, the calculated scope for growth overestimated the actual growth rates throughout the year.
When phytoplankton was considered to be the main food source, the scope for growth provided by
each element compared well with observed changes in tissue content, except during the spawning
period. Durlng spawning, the difference between growth and scope for growth indicated a considerable loss of C , N and P. These losses exceeded estimated loss through gametes, indicating additional
loss, ascnbed to tissue damage. Good correspondence was found between the predicted and observed
C:N:P stoichiometry of mussels. Compared with phytoplankton, mussels contained relatively more N
The absorption efficiencies of C, N and P were not significantly different, but in most cases the excretion ratios of C:N and N:P showed that N accumulated more than C and P. Average annual net growth
efficiency was higher for P than for C and N. Elemental residence time in tissue, however, was highest
for N. It is concluded that mussels are able to use N more efficiently than C and P, because they retain
it better.
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INTRODUCTION
Bivalve molluscs in many areas have been found to
show seasonal changes in body weight and biochemical composition (Dare & Edwards 1975, Bayne
& Widdows 1978, Pieters et al. 1980, Rodhouse et al.
1984a, H a w h n s et al. 1985).These changes reflect the
fluctuations in food supply and demand (Cadee 1982,
Berg & Newel1 1986, Smaal & Haas in press), and raise
the question of how the mussel regulates food acquisition optimally in relation to metabolic requirements
(see Hawkins & Bayne 1992 for review). Mussels
show adaptive responses to variable food quantity and
quality. They regulate filtration, ingestion and absorption by preferential uptake of edible material, adjust'Present address: Netherlands Institute for Fishery Research/
RIVO-OLO. PO Box 77.4400 AB Yerseke, The Netherlands.
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ment of gut content and gut-passage tlme, and resorption of metabolic faecal losses (Hawkins & Bayne 1992,
Hawkins et al. 1996).
The seasonality of the mussel's metabolic requirements is dominated by its gametogenic cycle, which in
many areas shows a typical seasonal pattern: a spawning period in spring and summer; a period of germinal
quiescence and glycogen storage; followed by a period
of gonad development in late autumn and winter
(Gabbott 1983). During periods when food intake
exceeds metabolic requirements and spawning loss,
body and shell size increase. Glycogen is used as a n
energy source during the quiescent and early stages of
gametogenesis, but in later stages it is conserved, possibly to be used in the lipid storage cycle, and protein
serves as the major energy source (Bayne et al. 1982).
By coupling the biochemical composition and the
physiological energetics of the animals, Hawkins et al.
(1985) showed that metabolic requirements were met
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from internal sources when food was scarce. They
found low absorption efficiencies during these periods,
and inferred that mussels maximize energy acquisition in a time-averaged manner rather than instantaneously. Hawkins & Bayne (1985) also demonstrated
the utilization of protein for catabolism, plus increased
protein turnover, and a higher net growth efficiency
for nitrogen than for carbon (see also Hawkins 1985).
They concluded that a mussel population feeding
mainly upon phytoplankton was more likely to have
been limited by utilizable carbon than by nitrogen. The
findings of Grant & Cranford (1991) are relevant here.
They compared net carbon and nitrogen budgets
of Placopecten magellanicus, expressed as scope for
growth, with observed growth, and showed that
carbon-based scope for growth measurements overestimated actual growth under nitrogen-limited conditions. (The latter seemed to be the case with kelp as
food). Hatcher (1994) described turnover of nitrogen
(N) and phosphorus (P) in various benthic invertebrate
species, observing that P turnover exceeded N turnover, and that P metabolism showed less physiological
plasticity than N metabolism. Hatcher suggested that a
relatively high availability of P in the diet was required
for this, and recommended measuring C:P or N:P ratios
rather than C:N ratios when evaluating potential food.
In the study described here, net C, N and P budgets
of mussels of 5 cm long were measured monthly under
semi-field conditions in a field laboratory for a year.
We compared calculated scope for growth per element
with observed growth rates per month. Net growth
efficiencies, turnover and budget stoichiometry were
analysed, in order to evaluate the relative importance
of the various elements, and to ascertain (1)whether

C, N or P are factors limiting the food available to the
mussels throughout the year, considering the seasonality in metabolic requirements, and (2) how retention
of a limiting element is regulated throughout the year.

MATERIAL AND METHODS

Experimental conditions. Physiological rates (clearance, absorption, respiration, excretion) were measured monthly in the period May 1988 to April 1989,
except for December 1988, in a field laboratory at the
mouth of the Oosterschelde (Fig. l ) , an unpolluted
estuary in the southwest of the Netherlands (Nienhuis
& Smaal 1994). For each series of measurements, animals were sampled from the field and prepared for
measurements in the field laboratory. Each month, 50
of the sampled mussels were kept in raceway systems,
so that in the second week of the monthly period their
physiological rates could be determined. New animals
were taken from the field for the next series of measurements. The field laboratory was continuously
supplied with natural seawater with a salinity ranging
from 29 to 32, pH from 7 to 8 and an O2saturation ranging from 80 to 120 % throughout the year.
Animals. Each month, 100 mussels Ivlytilus edulis L.
about 50 mm long were collected from the Oosterschelde estuary (Fig. 1) at low tide and cleaned of
epibionts. Directly after sampling, their length was
measured to the nearest 0.5 mm. A subsample of 50
mussels was used for measuring biomass, C, N and P
content and gonad development stages (see below);
the other 50 individuals were kept in raceway systems,
and 14 of them were used for physiological measure-
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Fig. 1. The Oosterschelde estuary,
showing field laboratory, mussel
sampling site and routine seston
monitoring station
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ments (see next section). After 1 mo, the biomass,
gonad development stages and C , N and P content of
the remaining mussels were determined.
The shells were included when measuring biomass
(Total Wet Weight, TWW). The tissues and shells of 15
of the initial monthly subsample of 50 mussels were
separated and dried for 48 h at 70°C (Dry Flesh Weight,
DFW; Dry Shell Weight, DSW), and ashed for 4 h at
450°C. The difference between dry and ash weights
gives ash-free dry weight of flesh and shell, expressed
as Ash Free Dry Weight (AFDW) and Organic Shell
Weight (OSW), respectively.
The gonad index was determined by microscopically
examining the mantle tissue of 15 mussels, which
was removed directly after sampling, stored in liquid
nitrogen and sectioned at 10 pm, stained (Papanicolau)
and stored in histoclear. Gonads were classified according to their degree of development and gamete density
into 6 consecutive stages, with 0 = resting phase,
1 , 2 , 3 , 4 = various developing stages, 5 = gonad full of
ripe gametes (Seed & Brown 1977). The general reproductive state of these mussels was assessed by calculating a mean gonad index. An increase of the index
indicates reproductive development, while a falling
index suggests that spawning is in progress (Seed &
Brown 1977).
Tissue from the remaining 10 mussels was freezedried and homogenized for C, N and P determinations.
To analyse for C and N, a subsample of tissue was
measured with a Carlo-Erba elemental analyser. To
analyse for P, a subsample was treated with persulphate and the resulting PO, was measured by autoanalyser colorimetry (Grasshoff et al. 1983).
To analyse for glycogen, tissue from 10 mussels was
homogenized, treated with sodium hydrogenate and
ethanol, centrifuged, dissolved in sulphuric acid and
analysed as glucose at pH = 7 (Bergmeyer 1966).
Physiological measurements. Measurements were
performed on individual mussels in grazing and respiration chambers. Sixteen grazing chambers were used
to measure filtration, absorption, respiration and excretion rates. Fourteen of these contained one individual, each on a small platform. The 2 empty chambers served as a control. The volume of the chambers
was 350 ml. The flow was adjusted so that the maximum reduction of particle concentration was 30% in
the outflow. Filtration rate was measured as clearance
rate (volume swept clear per h) by collecting composite
samples of the inflow and outflow over a period of 2 h,
and then analysing subsamples for particle concentration by Coulter Counter ID. Absorption efficiency was
measured by collecting the faeces produced during
and after the clearance rate measurements. Care was
taken to avoid collecting the pseudofaeces occasionally produced. Subsamples of the seston inflow were
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taken; faeces and seston were analysed for C, N and P
(see below).
Respiration and excretion rates were measured after
the clearance rate measurements, for a period of 2 to
3 h. The chambers were cleaned, filled with oxygensaturated seawater and sealed. The oxygen concentration was recorded with Yellow Springs laboratory
polarographic electrodes, in order to check for a linear
decline. Initial and final oxygen concentrations were
determined by Winkler titration. The latter technique
was also used to calibrate the probes. Subsamples
were analysed for NH, and for PO, concentration by
auto-analyser colorimetry. For May and J u n e 1988 w e
used data on PO4 excretion from a previous experiment, reported by Prins & Smaal (1994).
Seston analysis. Total suspended particulate matter
(SPM), particulate organic carbon (POC), nitrogen
(PON),phosphorus (POP) and chlorophyll a were measured a s follows: SPM was measured after filtering l l
seawater over pre-ashed and weighed 1.2 pm Whatman GF/C filters, drying for 24 h at 70°C and weighing;
ash content was measured after ashing part of the filter
for 4 h at 450°C. The C and N contents of part of the filter were measured with a Carlo Erba atomic analyser.
Another part of the filter was treated with persulphate
and the PO, content was measured by colorimetry.
Faeces samples were measured similarly to SPM.
Chlorophyll a was measured after filtering 1 1 seawater over a Whatman GF/C filter, extraction in acetone, centrifugation a n d analysis by HPLC. The following conversions were assumed: Chlorophyll X 40 =
phyto-C (Bakker et al. 1994); molar C:N:P ratio of
phytoplankton = 106:16:1 (Redfield e t al. 1963).
Seston data from a nearby routine field monitoring
sampling site were used to calculate food availability
in the field (Fig. 1). Food was expressed as POC, PON
and POP concentration and phyto-C, phyto-N and
phyto-P concentrations, derived from converting measured chlorophyll a to C, N or P content. Seston concentration and composition are presented in Table 1.
Physiological rates and net budgets. Clearance rate
was calculated a s

where CR = clearance rate in 1 h-' per mussel, Q = flow
rate in 1 h-'. C:!$, C ~ o u ~=l rconcentration
o,
in total number of particles ml-' at the outflow of the experimental
and control chambers, respectively; 2 chambers without animals served a s control for sedimentation, and
correction for the control was done a s follows:
CO"'
control)

,

as C & , i s assumed to be sirmlar to C&,,,,l, C:",,,,,,,, can
be considered to be similar to
As the residence
time in the chambers was less than 6 min, the inflow
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Table 1. Seston concentration and composition during the experiments at the routine field monitoring station and in the field
laboratory at the mouth of the Oosterschelde estuary. SPM, suspended particulate matter; POC: particulate organic carbon;
PON: particulate organic nitrogen; POP: particulate organic phosphorus (all in mg I-'); CHL: chlorophyll a in pg I-'
Month
May
Jun
J ul
*ug

S ~ P
Oct
Nov
Jan
Feb
Mar
*p1

SPM

Field monitoring station
POC
PON
POP

5.5
6.4
6.8
4.6
5.8
16
13
6
12.7
21.5

1.15
0.73
0.67
0.53
0.53
0.98
0.43
0.5
0.68
1.48

0.123
0.08
0.087
0 061
0.069
0.026
0.044
0.025
0.05
0.103

7.9

1.03

0.166

Field laboratory
PON
POP

CHL

SPM

POC

0.029
0.019
0.017
0.012
0.026
0.025
0.019
0.009
0.024
0.036

14.39
3.5
4.33
5.07
2.72
1.14
0.87
0.79
1.62
4.87

2.46
3.36
2.51
37
3.48
3.4 1
2.94
7.05
15.81
18.36

0.38
0.47
0.32
0.23
0.25
0.3
0.23
0.68
0.9
1.3

0.063
0.068
0.028
0.028
0.014
0.018
0.012
0.03
0.06
0.077

0.007
0.01
0.01
0.01
0.01
0.007
0.006
0.01
0.04
0.02

3.05
138
0 47
0.26
0.35
0.18
0.1
0.86
1.59
3.9

0.019

18.87

6.76

0.68

0.093

0.012

8.56

CHL

was used as internal concentration (Widdows
1985, Smaal & Widdows 1994).
Absorption efficiency (ae) was calculated according
to the method of Conover (1966), but modified for the
use of elements rather than organic matter (see Crisp
1984, Prins & Smaal 1989), as:

Scope for growth (SFG), defined as the difference
between acquisition and expenditure (Warren & Davis
1967, Smaal & Wlddows 19941, is similar to the Production term in the budget equation a n d can be calculated
on the basis of the budgets. In this study, SFG of C,
N or P was calculated as:

a e = l - (e/f)

SFG (pg h-' mussel) =
CR X food X a e - Respiration or Excretion

where f = ratio elemental content/ash weight of food,
a n d e = ratio elemental content/ash weight of faeces.
Respiration rate was calculated a s
RR

= { ( [ 0 2 1 t o - [ 0 2 ] 1 , ) X ( v h a r n b e r - Vmussel)j

/

(tl -

where RR = rate of oxygen consumption in pm01 O2 h-'
= oxygen concentration at the start (to)
per mussel, [02]
and at the end ( t , )of the linear decline, V = volume of
chamber a n d mussel in 1, a n d t = time expressed in h .
Oxygen consumption was converted to C excretion
based on a mean Respiratory Quotient = 0.85: 1 m g
O2 = 0.32 mg CO2 (Hawkins & Bayne 1985).
The excretion rate was calculated as
ER =

[(Ctesl -

Cmntrol)

(&amber

- Vmussel)l /

where ER = excretion rate in pm01 NH, or PO, h-'
per mussel, CteS,= concentration in experimental chamber a n d Cc,n,,,, = concentration in control chamber,
(Vchambe,
- Vmussel)= volume of incubation seawater ( l ) ,
and t = incubation time ( h ) .
The physiological rates of clearance, absorption, respiration a n d excretion can be integrated into budgets
per element:
Consumption =
Production + Respiration

+ Excretion + Faeces

Production is total production of shell, tissue and
gametes. For C, excretion is zero, while for N and P,
respiration is zero.

In this case respiration a n d excretion rates were
expressed not on a molar basis, but in terms of weight.
Food consisted of the organic fraction of seston in
the inflow of the grazing chambers, expressed as POC,
PON, POP, or phyto-C, phyto-N, phyto-P. The SFG was
also calculated with in situ food concentrations, based
on seston, POC, PON, POP and chlorophyll a measurements obtained at the routine field monitoring sampling site (Table 1). No data were available for absorption efficiencies in July 1988 a n d January 1989, so
average values for the season in question were used
for budget calculation.
Net growth efficiency (NGE) is defined as SFG as a
proportion of absorbed material, a n d calculated as
NGE = SFG / (CR X food

X

ae)

Elemental turnover is defined as the time needed to
excrete an amount of a n element equivalent to the
amount contained in the tissue (Hatcher 19941, and
calculated as
Elemental turnover =
tissue content / (respiration or excretion per day)
Growth rates. Growth rates were determined by
comparing weight a n d composition (DFW, AFDW, C,
N, P, glycogen content or molar stoichiometric ratios)
of mussels at the start (to)a n d at the end (t,) of the 1 mo
period in the field laboratory, and expressing this as
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change in pg h-'. Comparing mussels at 2 consecutive
to moments enabled the change in weight and composition in the field to be estimated. Weight was standardized for 50 mm mussels by monthly length/weight
relationships. For comparing the growth of standard
mussels throughout the year, it was assumed that
growth rates were similar for mussels within a cohort
with a shell length of 45 to 55 mm. No data were available on C, N and P content in January, so annual average values were used for the budget calculations for
that month.
Growth in the field situation was predicted on the
basis of SFG calculations assuming in situ phytoplankton-C, N or P as food; for each month the calculated SFG was added to the composition at the
beginning of that month, and this was expressed as
elemental weight change per mussel.
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M a y * July Sept Nov

Growth and composition

Jan Mar*

June* Aug Oct Dec

The dry-flesh weight and ash-free dry weight of standard mussels (50 mm) in the Oosterschelde showed a
clear seasonal pattern, with high values in summer
and a decline in winter and spring Glycogen content
increased in summer and fell from September to
March (Fig 2a). The gonad index showed decreasing
values in the period June to July 1988 and February to
April 1989 (Table 2). This indicates that spawning
occurred in the period March to June. The glycogen
content was negatively correlated with the gonad index
(p c 0.001).
The C content of the mussels showed low values
[35%) in April and May, and values of about 40% for
the rest of the year. The N content was lowest during

.

-p

1988

Feb Apr*

1989

Fig. 2. Mylilus edulis. Seasonal changes in dry flesh weight
(DFW), ash-free dry weight (AFDW) and glycogen content
(GLYC) (k SE in g), molar C:Nand N:P ratio of standard mussels (5 cm length) in the Oosterschelde estuary from May 1988
to April 1989. 'Spawning periods

summer (7.5%) and was about 9 % for the rest of the
year. The P content was also lowest (0.4% I ) in summer
and autumn, but in winter and spring, values were in
the range 0.7 to 1'70 of DFW (Table 2 ) .
The C:Nratio of the mussels varied from 5 in March,
April and May, to values of about 6 during the rest of
the year (Fig. 2b). The N:P ratio was 20 to 25 in spring

Table 2. Mytjlus eduljs. Dry flesh weight (DFW),standard DFW of 50 mm mussels, organic shell weight (OSW).gonad index and
tissue C, N and P content in % of standard DFW of mussels, sampled monthly on given dates from the Oosterschelde estuary

Date

Temperature

("c)
2 May
6 Jun
4 Jul
15 Aug
12 Sep
11 Oct
7 Nov
13 Jan
6 Feb
6 Mar
6 Apr

Mean

1988
1988
1988
1988
1988
1988
1988
1989
1989
1989
1989

13.5
16.1
16.7
18.2
16.1
13.2
9.5
5.1
6
7.5
8.5

DFW

DFW standard
(9)

OSW

0.71
1.17
1.07
1.20
1.44
1.40
1.36
1 27
1.17
1.04
0.77

0.881
1.274
1.143
1.22
1.48
1.39
1.38
1.264
1.174
1.129
0.8

0.32
0.33
0.31
0.33
0 43
0.36
0.36
0.37
0.34
0.34

1.15

1.19

0.35

(9)

(9)

-

Gonad
index
2 33
3.30
1.60
1.20
0.90
1.70
1.SO

'%I

C

'!(.

N

P

nd

nd

nd

4.10
3.70
2.90

42.25
40.02
35.10

9.28
9.64
8.46

0.69
0.85
0.40
0.4 1
0.41
0.37
0.40
nd
0.60
1.02
0 76

36.56

7.79

0.54

36.02
42.84
39.7 1
39.98
42.08
43.00
41.13

8.45
9.37
7.67
7.77
8.54
8.64
7.84

'%,
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and 40 to 50 during summer and autumn; in winter,
values decreased again (Fig. 2c). Both ratios were low
during the spawning period. Average annual C:N:P
ratio was 173:32:1.

Table 3. Mytdus eddis. Absorption efficiencies (%)of C (ae,,,),
N ( ~ ~ P o Nand
) P ( ~ ~ P o vPer
) month, with s t m d a r d error (SE)
Month

aepoc

SE

%

lMa y
Jun

Physiological rates

Aug

The clearance rates of the mussels varied throughout
the year, with minimum values in autumn and spring
and high values in summer and winter (Fig. 3a). There
was no significant correlation between clearance rate
and SPM (p = 0.109) and chlorophyll a ( p = 0.201) concentration, and a weak correlation with POC (p = 0.023,
r2 = 0.675, n = 11).Annual average clearance rate was
2.2 1 h-' for mussels with a n average length of 50 mm
and weight of 1.15 g DFW
The absorption efficiencies of C, N and P fluctuated
considerably throughout the year, with low values for
all elements in October. Average annual absorption
efficiencies did not show significant differences, and
were 62.0, 60.9 and 61.4 O/o for C, N and P respectively
(Table 3).
Respiration rates showed a seasonal pattern, with
high values in early spring and summer, and relatively
low values in autumn and winter (Fig. 3b).The seasonal
pattern correlated significantly with the gonad index

S ~ P
Oct

aem3

SE

aepop
X

SE

3.4
1.8
1.9
5.8
28
28
2.1
1.1
0.4
(5.9)

46.2
63.3
84.2
81.7
37.2
76.6
48.8
39.6
75.3

6.6
1.4
1.0
1.6
3.6
0.5
3.6
3.8
0.7

61.4

(7.3)

'%

64.7
28.2
67.4
68.8
46.7
66.4
69.3
69.7
76.8

1.1
1.5
1.1
34
2.2
0.8
0.7
0.7
0.5
(4.5)

Nov
Feb
Mar
AP~
Mean (SE) 62.0

72.7
63.0
78.9
27.8
32.5
58.8
63.3
66.6
84.4
60.9

(p < 0.001).Peak values were recorded in March 1989.
There was some correspondence with clearance rates,
but the convection requirements (respiration per unit
clearance) varied considerably throughout the year.
Ammonia excretion peaked in spring and was low
during the rest of the year (Fig. 3c). The seasonal
changes resembled respiration rates, but the main
pesk occur:^:! !atcr Th:s was demons:ra:ed by :he C . X
excretion ratio: low values, which occurred from May
to July 1988 and in April 1989, indicated increased
ammonia excretion relative to respiration, i.e. during
and after the spawning periods (Fig 3e).
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May' July Sep Nov Jan M a r "
June' Aug O c t Dec Feb Apr'

1988

1989

May' July Sep Nov Jan Mar"
June' Aug Oct Dec Feb Apr'

1988

1989

Jan

Dec

Mar*

Feb Apr'

1989

Fig. 3. Mytilus edulis. Seasonal changes
in (a) clearance rate (volume swept clear
in 1 mussel-' h-' + SE), (b) respiration rate
(iSE In pm01 O2 h-'), (C) N excretion rate
(i SE in pm01 NH, h"), (d) P excretion
rate ( 5 SE in pm01 Pod3'
h-'), and (e) C:N
and (f) N:P excretion rat~os
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Phosphate excretion showed a clear seasonal pattern, and varied between 0.2 pm01 h-' in spring and
0.004 pm01 PO, h-' in winter (Fig. 3d). The N:P excretion ratio showed values of around 10 in late spring,
summer and October, and higher values, up to 80 in
autumn and winter (Fig. 3f).
The carbon budget, based on the uptake of total
POC, showed a positive SFG throughout the year;
highest values were observed in winter and early
spring (Fig. 4a). Net budgets with phyto-C as food
showed positive SFG only in May 1988 and in March
and April 1989 (Fig. 4b). The N and P budgets had
similar annual variation (not shown). With PON and
POP as food, the SFG was positive in most cases, while
phyto-N and -P as food resulted in positive SFG only
in May 1988 and March and April 1989.

content only increased in February 1989. In the other
periods there was a net release of N and P per mussel
(Fig. 5).
Based on total POC, PON or POP as food, predicted
SFG (pred 1) was much higher than the observed
growth rates (Fig. 5). The phyto-C SFG (pred 2)
showed loss of C from June to February, and net C gain
in March, April and May. The tissue C content showed
comparable changes. The phyto-N SFG and the change
in N content of the mussels were both positive in February and March 1989, and negative in the rest of
the year In the period September to January, the
measured N loss of the mussels was larger than predicted. The phyto-P SFG and the changes in P content
showed the same pattern, with a slight underestimation of growth rates in May, July and August; the
difference was largest in February (Fig. 5 ) .
From these results we conclude that phytoplanktonbased SFG gave a better prediction of tissue changes
than estimates based on the C, N and P composition of
total organic material in seston.

Scope for growth and growth
Experiments
The calculated SFG was compared with measured
elemental weight changes of the same mussels as used
for the physiological measurements during their maintenance in the field laboratory for 1 mo. The measured
C content of these mussels increased in May 1988 and
in March 1989 and decreased in the other months; this
is shown in Fig. 5 as (measured)net uptake and release
rates respectively. The N content increased in February and March 1989, shown as net uptake, but the P

-
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o predl

+ pred2

= measured

ING phyto-C

+ ABS
0

SFG

e--0.2 1

,

I

I

M a y * ' July I Sep I Nov Jan ' M a r *
June* Aug Oct Dec Feb Apr*

Fig 4 Mytllus edulis.Ingestion (ING), absorption (ABS) and
carbon scope for growth (SFG) in mg h-' of standard mussels,
per month In the field laboratory, ( a ) with POC or ( b ) with
phytoplankton-C as food. "Spawning periods

0

1

-

May' July Sep Nov Jan Mar"
June* Aug O c t Dec Feb A p r *
1988
1989

Fig. 5. Mytilus edulis.Uptake a n d release rates of C, N a n d P
as measured from differences in mussel tissue content during
1 mo in the field laboratory, a n d predicted from the net
budgets with total organic matter (pred 1) and with phytoplankton (pred 2) a s food 'Spawning periods
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Field situation
Comparison of growth and SFG was tested for the
field situation, by predicting growth from net budgets
with ambient phytoplankton as food source (Table l),
and comparing it with measured weight and composition changes of mussels from the field site. Observed and predicted growth were expressed as weight
changes per month, and presented as an annual cycle
(January to November), in order to better account for
the spawning phase.
There was a good similarity between predicted and
observed C content, except in March to June, when
predicted growth exceeded observed growth. We
attribute this to the occurrence of spawning in this
period (Fig. 6). Also the nitrogen content of field
mussels is compared with predicted values. It can be
seen that the predicted values exceeded the observed
values in the spawning period and in July. The
mussels' actual phosphorus content and the predicted
values were similar in winter; in autumn, the predicted
values were higher, but their trend matched the trend
in ehcer\rec! \ra!ues. During t h e spawning period the
predicted P content greatly exceeded the observed
content (Fig. 6).

observed

+

predicted

-0.8~

MAM

JJA

SON

DJF

YR

I

Fig. 7. Mytilus edulis. Net growth eff~ciency(NGE; with SE)
based on ambient phytoplankton a s food, per season. MAM:
March, April, May; JJA: June, July, August; SON:September,
October, November; DJF: December. January, February) and
per year (YR) for C, N and P

Net growth efficiencies and elemental turnover
NGE for C, N and P with ambient phytoplankton
as food were calculated per season, and for the
whole period. As shown in Fig. 7, they were negative
for C and N in autumn and for C also in winter. For
P, NGE was always positive. The average annual
NGE was high for P and N and almost zero for C.
Differences were not significant in most cases, except
for the average annual carbon NGE. This shows that
a relatively large proportion of absorbed P and N
was available for growth, whereas carbon is accumulated in spring and summer and lost in autumn and
winter.
The turnover time per element, relative to tissue content, in spring and summer was relatively short: loss of
elements was relatively great in comparison with tissue content (Table 4 ) . In autumn and winter the
turnover time was longer, particularly for N and P. On
an annual basis, N turnover was slower than P and C
turnover.

Table 4. Mytilus edulis. Turnover time per element (d) per
season and per year, with standard error (SE)

0 1 .

Jan

h

C

I

,

M a y * July
Sep
Nov
Apr* J u n e * Aug
Oct

N

P
107 (51)
101 (14)
561 (244)
937 (24)
380 (114)

Mar*

Feb

Fig. 6. Mytilus eduhs. Tissue content of field mussels of 5 cm
length for C, N and P, in comparison with predicted contents
based on net budgets with phytoplankton as food, expressed
per year "Spawning periods

Mar, Apr, May
Jun, Jul, Aug
Sep, Oct, Nov
Dec, Jan, Feb

92 (8)
304 (28)
222 (9)

155 (56)
269 (38)
1050 (343)
456 (27)

Year

l89 (25)

485 (137)

151 (9)

Smaal & Vonck: Seasonal variation in C, N and P budgets of A4ytllus edulis

175

the absorbed ratios a n d the phytoplankton-Redfield
ratio provided further evidence for N accumulation
exceeding P accumulation.

DISCUSSION

"

MAM

4 ABS

SON

JJA

4 EXCR

ITISS. PRED.

DJF

0 TISS. MEAS.

Fig. 8. Mytilus edulis. Seasonal changes of C:N and N:P ratios
of absorption, excretion, predicted and measured tissue content of field mussels per season (see legend of Fig. 7)

Stoichiometric comparisons
C:N ratio
The C:N ratio of excretion was lowest in spring (Fig.8),
when the N excretion rates were high (see Fig. 3c), and
peaked in autumn. The excretion ratios were always
higher than the absorbed C:N ratios, which indicates
net accumulation of N over C . The latter is confirmed
by the predicted tissue C:N ratios, which were lower
than absorption and excretion ratios, and also lower
than the phytoplankton-Redfield ratio, resulting in
accumulation of N. The predicted ratios were very similar to the observed tissue ratios. Tissue C:N ratio was
low in spring, due to a low C content of the mussels
(Table 2 ) , which corresponded with a low glycogen
content (Fig. 2).

N:P ratio
Comparison of the N:P absorption with excretion
ratios showed that N accumulated more than P in
spring and summer (Fig. 8). The N:P excretion ratio
was relatively low in that period. In autumn, the N:P
absorption ratio was low, while the N:P excretion ratio
was high, indicating that P was accumulating more
than N. Yet the reverse was indicated by the predictions: the predicted N:P tissue ratio was relatively high
in autumn and the observed tissue ratio was even
higher. The fact that the tissue ratios always exceeded

Seasonal changes in weight and tissue composition
of mussels in temperate zones generally show a pattern of increase in glycogen content in late spring and
summer, and a decrease in autumn and winter to niinimum values in the spawning period. Protein content
also increases in spring and summer, but decrease
later than glycogen. These patterns have been observed in locations such as the Conwy estuary. Wales,
UK (Dare & Edwards 1975), Dutch Wadden Sea (Pieters
et al. 1979, 1980), Killary Harbour, Ireland (Rodhouse
et al. 1984a, b) and Whitsand Bay, England (Hawkins
et al. 1985). The latter authors also demonstrated
correspondence between biochemical (protein) and
elemental (N) tissue composition. We too found that
the dry weight a n d glycogen content of 5 cm mussels
increased from May to September and then declined.
It seems probable that the dry weight losses we
measured in March and June were associated with
2 spawning peaks (see Hummel et al. 1989). Weight
decrease of mussels in autumn and winter is a normal
phenomenon in temperate zones, and is attributed to
food scarcity (see Pieters et al. 1979).
The tissue C:N ratio revealed that C content was
relatively high in summer, but bottomed out in winter,
concomitantly with the glycogen content. The tissue
C:N ratios we found are similar to observations on
seasonal variation reported by Rodhouse et al. (1984b)
and Hawkins e t al. (1985), but are higher than the C:N
ratio of 3.85 presented by Vink & Atkinson (1985).The
N:P ratio we found had a similar pattern, with relatively low N values in winter. Vink & Atkinson (1985)
observed an N:P ratio of 58; the annual average tissue
N:P ratio we measured was 32. We found the P content
showed more pronounced seasonality than N content,
with relatively low values in summer and high values
in spring. The only comparable study we know of is
one by Kuenzler (1961),in which the seasonal variation
in P content of Modiolus demissus in a Georgia (USA)
salt marsh is reported to be between 0.45 and 0.65%
for individuals of 1 g DFW, with maxima during the
spawning period.
Ingestion and absorption of food showed a clear seasonal pattern. The lower clearance rates in spring
might be a n effect of Phaeocystis blooms (Prins et al.
1994, Smaal & Twisk 1997), which occurred in May
1988 and April 1989 in the western part of the Oosterschelde estuary (Bakker et al. 1994). In autumn, when
food concentrations were at a minimum, relatively low
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clearance rates were observed. Bayne (1993) has
clearly shown that, under conditions of food scarcity,
mussels may show a seasonal shift in feedlng and
digestion potential, towards reduced investment in
food acquisition (see also Hawkins et al. 1985). In
research related to the study reported here, Smaal et
al. (In press) d ~ d
not find any seasonality in clearance
rates, but the anlmals in their experiment were kept in
natural seawater and given additional food. We therefore conclude that low clearance rates in autumn might
be a response to low food concentrations.
Absorption efficiencies fluctuated greatly over the
year. The lowest values for absorption efficiencies, particularly nitrogen, were found in the period of food
scarcity. However, whereas Hawkins et al. (1985) and
Hawkins & Bayne (1985) observed that mussels fed
with Phaeodactylum tricornutum displayed a clear
seasonal pattern in absorption efficiencies of C, N or P,
we found no such pattern.
The seasonal pattern of respiration obviously
reflected the reproductive cycle. Others have also
been able to correlate respiration rate with gametogenic cycle ( R a y n ~t% Widdows 1978, Hawk?r?s et a!.
1985, Smaal et al. in press). Bayne & Widdows (1978),
Hawkins et al. (1985) and Kreeger et al. (1995)
reported ammonium excretion rates comparable to
those we found, with high values in periods when
glycogen reserves were depleted.
Kuenzler (1961) reported an average phosphate excretion rate of 0.086 pm01 P-PO, g-' h-' for Modiolus
demissus, while for Mytilus edulis, Kautsky & Wallentinus (1980) reported rates from 0.01 to 0.77 pm01 g-'
h-' in February and August, and Asmus et al. (1994)
measured phosphate excretion rates in mussels ranging from 0.07 pm01 g-' h-' in September to 0.17 pm01
g-' h-' in May. Vink & Atkinson (1985) reported excretion rates of 0.016 pm01 P-PO, g-' h-', but also additional organic P loss of up to 40% of inorganic P
excretion. Their total P excretion rates, however,
were relatively low. We measured rates from 0.004
to 0.20 pm01 P-PO, mussel-' h-'; the maximum rates
agree well with those previously reported in the literature, but the excretion rates in winter may have been
underestimated. Thls might be due to adsorption of
dissolved P-PO, into the faeces produced dunng the
P excretion measurements (Balzer et al. 1983).
Low C:N excretion ratios in spring, similar to the
phenomenon we found, have previously been described by Bayne & Scullard (1977),Bayne & Wlddows
(1978) and Hawkins et al. (1985), expressed as 0 : N
ratio. According to Gabbott (1983) protein is being
exploited as a n internal energy source in spring,
because glycogen reserves had bottomed out in early
winter As a result, nitrogen excretion increases relative to respiration.

Calculated SFG for the field situation was based on
ambient food concentrations and physiological rates
measured in the laboratory. Prins et al. (1996) found
that clearance rates measured i n situ in the Oosterschelde estuary were reasonably similar to laboratory
measurements. In our experiments, seston concentration and composition were in the same range in the
laboratory and the field situation (Table 1 ) . Prins &
Smaal (1989) found no correlation between clearance
rate and SPM concentrations in the range 2 to 50 mg
I-'. Similarly, Bayne et al. (1993) found no correlation
between clearance rate and SPM concentrations between 1 and 10.3mg 1-', nor did they find a correlation
between absorption efficiency and SPM concentration.
Therefore, w e believe that our laboratory-derived
physiological rates could be extrapolated to the field
situation. Since no data on selective ingestion were
available, we implicitly assumed a high selection efficiency of organic rnalerial when SPM concentration
exceeded the pseudofaeces threshold of 5 mg I-'
(Bayne & Newel1 1983).
Budgets of C, N and P with total POC, PON or POP
fnnd shcrvcd 2 :c!B~:vc!~ high scope fcr grov<:h per
element, both for the laboratory and for the field situation. This cannot have been due to enhanced absorption efficiencies, because these were comparable with
reported values for natural food particles (Bayne &
Newel1 1983). Our comparison of SFG based on total
organic matter with measured changes in tissue content and with SFG based on phytoplankton as food
suggests that food availability was less than total
organic matter concentration would suggest.
A possible explanation for the difference between
phytoplankton-based and total organic matter-based
SFG under the conditions of low SPM prevailing in
laboratory experiments could be that the organic
content of seston was measured using all particles
>1.2 pm, whereas mussels of 5 cm only retain particles
> 4 pm efficiently (Mrahlenberg & Riisgdrd 1978). A
considerable amount of the organic material in seston
consists of the smallest particles, which are not available as food (Kautsky & Evans 1987).Therefore, phytoplankton, which IS generally > 4 pm in the Oosterschelde estuary (Bakker et al. 1994),can be considered
as a better indicator of food availability than organic
matter. The amount of phytoplankton-C in total POC
varied over the year, from 2 % in November to 50%
in April (see TabIe 1). Except during the spawning
period, phytoplankton-based SFG calculations and observed tissue content were very similar throughout the
year, both for the field and for the laboratory situation.
A further explanation for the difference between
predicted tissue content of field mussels based on total
organic matter as food and measured growth, might
be our assumpt~onthat mussels select phytoplankton
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more efficiently than detritus. Indeed, Prins et al.
(1996) have shown that phytoplankton was retained
more efficiently by a mussel bed than POC. The similarity w e found between measured growth and phytoplankton-based scope for SFG supports this hypothesis.
Bayne & Worrall (1980) compared growth of mussels
from Lynher and Cattewater (2 estuarine sites near
Plymouth, UK) with calculated SFG and found good
similarity, particularly for the Lynher population. In
that case, food consisted of POM, at concentrations
from 1 to 5 m g 1-', which was absorbed with a n efficiency of only 34% on average (Bayne & Widdows
1978). They did not present any data on SPM concentration in their paper. Clausen & RiisgArd (1996)
compared the laboratory and field growth of small
mussels, and for both conditions showed that specific
growth rates were a function of the phytoplankton concentrations. Given these findings and those reported in
the preceding paragraphs, w e conclude that phytoplankton can be considered as the main food source
of the mussels.
We did not measure the allocation of elements in
shell and byssus threads, but they are (by definition)
incorporated in the scope for growth calculations.
Total organic shell growth, however, was of limited
importance in comparison with tissue weight changes
(Table 2). Hawkins & Bayne (1985) report byssal
thread secretion of 2.86 pg C and 0.75 pg N per h for
45 to 57 mm mussels, which is low compared to the
growth rates of -100 to + 25 pg C h-' and -10 to + 10 pg
N h-' w e measured.
During spawning, calculated tissue content based on
SFG was much higher than observed tissue content,
particularly for carbon. Bayne (1984) estimated fecundity (loss of gametes) of mussels of various size classes
from different areas, observing considerable variation
in fecundity, with a maximum loss of 20 % body weight
to spawning for mussels of 1 g DFW. A similar fecundity figure was reported by Rodhouse et al. (1985).
Pieters et al. (1980), however, observed much larger
weight changes of mussels during spawning; up to
50% in Wadden Sea mussels in April. Kautsky (1982)
also observed weight losses of this magnitude due to
spawning. Rodhouse et al. (1984a) reported weight loss
up to 30% d u e to spawning in late summer. Similar
values were presented by Thompson (1979). It seems
probable that spawning loss not only consists of the
loss of gametes, but also of losses due to cell damage of
reproductive tissue and loss of dissolved organic material. This could explain the large difference we found
between SFG and tissue content during spawning:
integrated over the spawning period, the difference
between SFG and growth was 2132 m g C, 285 mg N
and 43 m g P; loss ratios were 8.7 for C:N and 14.7 for
N:P. Rodhouse et al. (198413) give a C : N ratio of 3.19
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for spermatozoa and 4.34 for eggs. These ratios are
lower than our calculated C:N loss ratios, suggesting
that there was additional loss, particularly of C .
Average annual NGE with ambient phytoplankton
as food were positive for P a n d N and approximately
zero for C . The negative growth efficiencies w e found
in autumn and winter can be attributed to food
scarcity, as excretion rates were relatively low in this
period. Hawkins & Bayne (1985) also showed higher
net growth efficiencies for N than for C They observed
a clear seasonal pattern, with negative efficiencies for
both C and N in winter (March) and for C in autumn
(October), and concluded that their mussel populations
were likely to be limited by carbon. In contrast,
Grant & Cranford (1991) observed higher C than N net
growth coefficients of Placopecten magellanicus fed
phytoplankton. They compared SFG with actual
growth a n d observed that energy-based scope for
growth overestimated observed growth. Poor quality
food sources with a higher C:N ratio (aged kelp) or a
high inorganic content (sediment) gave lower growth
rates and corresponded better with SFG. They concluded that energy or carbon-based SFG overestimated
growth under nitrogen-limited conditions. Kreeger et
al. (1995) demonstrated excretion of the carbon fraction of amino acids which were hydrolysed and transaminated for biosynthesis of proteins, and suggested
that mussels were more likely to have been nutritionally limited by their quantitative amino-N requirements rather than by their energy demand. In our
study, seasonal NGE for P was always positive and,
on average, was higher than for N. However, possible
underestimation of P excretion in winter might account
for the high NGE for P. A high NGE indicates that a
relatively small fraction of the absorbed material is
used for maintenance, and a relatively large fraction is
available for growth and reproduction. Our observations show that the mussels use relatively more N and
P than C for growth a n d reproduction.
Hatcher (1994) analysed the turnover time of N a n d
P in benthic marine invertebrates, defined as the time
needed to excrete a n amount of a n element equivalent
to the amount contained in the body. There was a
higher turnover of P than of N in most species. P turnover correlated with tissue P content, and seemed not
to be regulated in response to fluctuations in food
supply. This is in contrast to N turnover a n d protein
sparing, as described by Hawkins & Bayne (1985). We
calculated the average annual turnover times of C, N
and P as 189, 485 and 380 d respectively, which shows,
in contrast to Hatcher (1994), that nitrogen was retained better than P and C.
Comparison of tissue ratios with absorbed ratios
shows that nitrogen was accumulated over carbon.
This was achieved by adjustment of the C a n d N excre-
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tion rates, reflected in t h e h i g h e r C : N excretion t h a n
a b s o r b e d ratios, w h i c h c o n s e q u e n t l y result i n lower
C : N ratios of t h e S F G . E x c e p t for t h e s p a w n i n g period,
t h e p r e d i c t e d a n d o b s e r v e d tissue C : N ratios w e r e
q u i t e similar.
T h e l o w N : P absorption ratio i n a u t u m n is attributa b l e t o l o w absorption efficiency of N in this period.
H i g h N : P excretion ratios i n a u t u m n a n d w i n t e r w e r e
r e l a t e d to low P excretion rates. T h e p r e d i c t e d tissue
N:P ratio i n a u t u m n w a s relatively h i g h a n d n o t consist e n t with e v i d e n c e for t h e accumulation of P d e m o n s t r a t e d by t h e absorption a n d excretion ratios. S F G
based o n P was higher than observed growth in that
period, possibly b e c a u s e P excretion w a s underestim a t e d . Predicted tissue ratios a g r e e d well with obs e r v e d tissue ratios. T h e fact t h a t tissue N:P ratios
( a v e r a g e N:P = 32) w e r e h i g h e r t h a n ratios of food
(N:P = 16) a n d absorption indicates t h a t nitrogen w a s
actively r e t a i n e d over p h o s p h o r u s .
I n conclusion, o u r study s h o w e d t h a t food availability, acquisition a n d metabolic r e q u i r e m e n t s w e r e diff e r e n t for C, N a n d P. Quantification of C, N a n d P
h ~ ~ d g e at sn d calculation of S F G provided a tool for
p r e d i c t i n g t h e e l e m e n t a l composition of mussels i n t h e
field, w h e n p h y t o p l a n k t o n w a s c o n s i d e r e d a s t h e m a i n
food s o u r c e . Although t h e N G E b a s e d o n P w a s h i g h e r
t h a n b a s e d o n N , t h e turnover of N w a s slower t h a n for
P a n d C. It is t h e r e f o r e c o n c l u d e d t h a t n i t r o g e n w a s
r e t a i n e d m o r e effectively t h a n C a n d P. In phytop l a n k t o n t h e C : N ratio of phytoplankton w a s generally
h i g h e r a n d t h e N:P ratio w a s lower t h a n i n mussel
tissue, w h i c h implies t h a t N availability i n food is relativeIy limited. A s absorption efficiencies w e r e similar
for C , N a n d P, w e infer t h a t effective N retention w a s
a c h i e v e d b y efficient N metabolism.
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