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Abstract 

The role of mussels in cycling phosphorus in Lake St. Clair during the May-October period was examined 
by measuring concentrations in the water column and in mussel tissue, and by measuring rates of 
biodeposition and excretion. Mean rates of biodeposition and excretion for Lampsilis radiata siliquoidea, 
the most abundant species, were 6.3 pg P (g shell-free dry wt)-' h -  ' and 1.3 pg P (g shell-free dry 
wt)- ' h -  ', respectively; body tissue phosphorus content was 2.7 percent of dry wt. Seasonal changes 
in excretion rates appeared to be related to the gametogenic cycle of the organism, but seasonal changes 
in biodeposition rates were not apparent. Phosphorus assimilation efficiency for this species was about 
40 percent. Overall, the mussel population in Lake St. Clair filtered about 210 MT of phosphorus, or 
about 13.5 percent of the total phosphorus load for the May-October study period. Of this amount, about 
134 MT was sedimented to the bottom via biodeposition. Mussel biodeposition may be an important 
source of nutrients to other biotic components in the lake such as macrophytes and invertebrate 
deposit-feeders. 

1. Introduction 

Through their feeding and burrowing activities, 
benthic invertebrates can play an important role 
in the cycling of nutrients. In addition to mixing 
nutrient-rich pore waters with overlying waters, 
these organisms ingest organic material and 
excrete remineralized nutrients in forms readily 
available to phytoplankton. For example, in near- 
shore Lake Michigan, phosphorus excretion by 
benthic invertebrates was comparable to amounts 
released from the sediments (Gardner et al., 
198 1). Of the various invertebrate groups, unionid 
bivalves (mussels) in particular can have a signifi- 
cant impact on nutrient cycling (Lewandowski & 
Stanczykowska, 1975; Walz, 1978; Stanczy- 
kowska & Planter, 1985; Kasprzak, 1986; James, 
1987). These large filter-feeders have the capacity 

to remove great amounts of particulate material 
from the water column. Some of this material is 
assimilated and used for growth, metabolism, and 
the production of offspring, but a large portion is 
voided through pseudofeces, feces, and inorganic 
excretion. 

The purpose of this study was to examine the 
role of mussels in the cycling of phosphorus in 
Lake St. Clair. Mussels are the dominant 
macroinvertebrate in the lake, with standing 
stocks about four times greater than that of all 
other benthic invertebrates combined (Nalepa & 
Gauvin, 1988). A phosphorus budget through the 
mussel population was estimated from measure- 
ments of concentrations in the water column and 
in mussel tissue, and from rate measurements of 
biodeposition and excretion. Since material depo- 
sited on the bottom by mussels along with 



naturally-sedimented material may play a role in 
the cycling of phosphorus, rates of phosphorus 
release from the sediments were also determined. 

2. Description of study site 

Lake St. Clair lies at the center of the 125 km long 
waterway between Lake Huron and Lake Erie. 
The main inflow is from the St. Clair River, which 
has a flow rate of 5 100 m3 s - ' and contributes 98 
percent of the flow into the lake. The only outflow 
is through the Detroit River. Hydraulic retention 
time in the lake is about 9 days. The lake has an 
area of 1 110 km2, a volume of 3.4 km3, and a 
mean depth of 3 m. Because of its high flow- 
through rate and shallow depth, the lake is well- 
mixed; thermal stratification does not occur and 
oxygen concentrations remain close to saturation. 
Two distinct water masses have been distin- 
guished within the lake: a northwestern mass, 
which consists primarily of low-nutrient water 
flowing into the lake from Lake Huron via the St. 
Clair River, and a southeastern mass, which con- 
sists of more stable water enriched by nutrient 
loadings from Ontario tributaries (Leach, 1980). 
As a result of these two distinct water masses, 
biological (chlorophyll a and zooplankton) and 
chemical (carbon, phosphorus, nitrogen, chloride, 
and total alkalinity) features of the water column 
tend to increase on a gradient from northwest to 
southeast (Leach, 1972, 1973). Because of the 
high inflow of low-nutrient water from Lake 
Huron, the water quality of Lake St. Clair has 
remained relatively good despite extensive shore- 
line development and agricultural land use in the 
watershed. The lake has been classified as meso- 
trophic, with overall nutrient concentrations lying 
between the low values of the upper lakes and the 
high values found in western Lake Erie 
(Herdendorf et al., 1986). 

3. Methods and materials 

Mussels were collected at one site (Station 73) on 
five different dates in 1985 and two sites 

Fig. I. Location of sampling stations in Lake St. Clair. 
Mussels were collected at Stations 73 and 24 and intact 
sediment cores were collected at Stations 84, 71, 24,4, and 
14. Station designations are the same as used by Nalepa & 

Gauvin (1988). 

(Stations 73 and 24) on six dates in 1986 (Fig. 1). 
The two collection sites in 1986 had different 
substrate types; sandy silt was dominant at 
Station 73, while silt was dominant at Station 24. 
Also, submergent macrophytes were present only 
at the former site during the summer months. 
Mussels were collected with an epibenthic sled, 
except in May and September 1985 when mussels 
were collected by divers. In the first year, excre- 
tion rates were determined on the first five to 
seven individuals collected, regardless of species. 
However, in the second year excretion was 
measured on only one species, Lampsilis radiata 
siliquoidea. This species is the dominant mussel in 
Lake St. Clair; it is distributed throughout the 
lake and accounts for 45 percent of the entire 
mussel population (Nalepa & Gauvin, 1988). 

After collection, individual mussels were gently 
scrubbed and immediately placed in polyethylene 
containers having 2 liters of low-nutrient, particle- 
free, culture water (Lehman, 1980). The con- 
tainers were placed in large coolers and the cul- 



ture water was maintained at the in situ tempera- 
ture. The incubation period lasted 4 hours with 
1 ml samples for phosphorus and ammonia deter- 
minations drawn at 0, 2, and 4 h. Mussels began 
to filter water within 30 min after being placed in 
the containers. Phosphate (PO,-P) concentra- 
tions in the culture water were determined with an 
autoanalyzer (Gardner & Malczyk, 1983) and 
ammonium (NH,-N) was measured after 
reaction with o-phthalaldehyde (Gardner, 1978). 
In 1986, the biodeposition rate was determined by 
drying and weighing the fecal and pseudofecal 
material produced during the 4-h incubation 
period. Phosphorus content of this material was 
determined with an autoanalyzer after block 
digestion with mercuric acid, sulfuric acid, and 
potassium sulfate (Malczyk & Eadie, 1980). Dry 
weights of the mussels (soft tissue) were deter- 
mined after drying at 60 " C for at least 48 h. After 
weighing, the soft tissue was ground to a fine 
powder and phosphorus content was measured 
as for the biodeposited material. The nutrient 
excretion rate of each individual was determined 
from the slope of a regression line between time 
and concentration during the 4-h time series. 
Since both excretion and biodeposition rates were 
determined on individuals placed in a non-food 
medium, these rates might be considered con- 
servative estimates. 

On most sampling dates in 1986, water samples 
were taken about 1 meter above the bottom with 
a Van Dorn water bottle. Total phosphorus, total 
particulate phosphorus, and total dissolved phos- 
phorus were individually determined in these 
samples; the particulate fraction was separated 
by filtering the water through a glass-fiber filter 
(Malczyk & Eadie, 1980). 

Intact cores for measurements of phosphorus 
flux out of the sediments were collected by divers 
at five sites in May and September 1985 (Fig. 1). 
The core tubes (4.2 cm dia. and 10 cm long) were 
inserted into the sediment about 5 cm, stoppered 
at both ends, and carefully brought to the surface. 
The core samples, which contained sediments 
along with bottom waters immediately overlying 
the sediments, were kept upright in a cooler dur- 
ing transport to the laboratory and were then 
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placed in an incubator set at the in situ tempera- 
ture. Aeration lines were placed through the top 
stopper and air was slowly bubbled into the over- 
lying waters. This procedure kept the water well- 
mixed and also kept dissolved oxygen concentra- 
tions at near-saturation levels. All core tubes and 
aeration lines were made of high-density linear 
polyethylene to minimize phosphorus adsorption. 
Samples for phosphorus determinations were 
taken every 3 to 4 days by drawing out 1 ml of 
overlying water through a sampling port in the top 
stopper. Phosphorus levels in lake-water controls 
were also measured on each sampling day. The 
volume of overlying water was kept constant by 
adding 1 ml of lake water after each sample was 
drawn. The incubation period lasted between 65 
and 70 days. 

A total of 6 to 8 sediment cores were collected 
at each site on each sampling date. Since Lake St. 
Clair is shallow and bottom sediments are easily 
resuspended, the impact of resuspension on sedi- 
ment phosphorus release was estimated by mixing 
the top 1 cm of sediment of one-half of the repli- 
cates at the beginning of the incubation period. 
This created a sediment slurry with the overlying 
waters. The sediments were mixed again every 10 
days until the end of the incubation period. Phos- 
phorus release rates in these mixed cores were 
compared to release rates in cores that were left 
undisturbed. 

The rate of phosphorus release from the sedi- 
ments was determined from the slope of a regres- 
sion line between sampling day and phosphorus 
concentration in the overlying waters during the 
incubation period. If the regression was not sig- 
nificant at the 0.05 level, the release rate was 
considered to be zero. In many cases, phosphorus 
concentrations increased rapidly at the beginning 
of the incubation period and then remained rela- 
tively constant thereafter. Consequently, a maxi- 
mal phosphorus release rate was also determined 
for each replicate core. This rate was calculated 
using concentrations at the beginning and end of 
the time period (within each incubation period) 
when phosphorus concentrations increased most 
rapidly. 



Table 1. Phosphorus content of near-bottom waters at each of the two stations sampled in 1986. TSM = total suspended matter 
(mg I-'); TDP = total dissolved phosphorus (pg I-'); TPP = total particulate phosphorus (pg I-'); TP = total phosphorus 
( ~ g 1 - I ) .  

Sampling Station 73 Station 24 
Date 

TSM TDP TPP TP TSM TDP TPP TP 

Apr 30 4.8 - 5.9 8.5 - - - - 
May 19 4.6 3.9 5.9 10.0 8.2 7.0 14.8 21.9 
Jul 10 6.5 6.0 11.0 13.8 5.2 6.7 9.9 17.0 
Aug 4 3.6 4.2 3.2 6.4 - - - - 
Sep 16 10.5 6.3 9.7 16.1 10.2 6.1 13.0 20.0 
Oct 15 8.8 5.6 10.0 15.2 25.5 5.1 24.2 28.1 

4. Results 

4.1.  Phosphorus content of near-bottom waters 

In general, more phosphorus was present at 
Station 24 than at Station 73. (Table 1). The 
former station was located farther south than the 
latter and, as mentioned, nutrient concentrations 
in the water column increase on a gradient from 
northwest to southeast. Also, the finer sediments 
present at Station 24 were more likely to be resus- 
pended in the water column; the greatest differ- 
ence in particulate phosphorus between the two 
stations occurred in October during the period of 
frequent storms. The percentage of particulate 
phosphorus in the seston ranged from 0.09 to 0.19 
percent and was highest in springlearly summer at 
both stations (Fig. 2). This peak likely reflected a 
large biotic fraction in the water column at this 
time; chlorophyll a concentrations in Lake St. 
Clair are highest between April and June (Leach, 
1972). 

4.2. Mussel nutrient excretion 

phorus and ammonia excretion were similar for 
the two years. Phosphorus excretion in the sum- 
mer declined from spring values to reach a mini- 
mum, and then increased to a peak in the fall; 
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Station 73 
0.20 

Mean rates of phosphorus and ammonia excre- 
tion by Lampsilis radiata siliquoidea in 1985 and 
1986 are given in Table 2. Since excretion rates of 
individuals from Stations 73 and 24 were not sig- 
nificantly different (t-test; P < 0.05) on any of the 
sampling dates, only a mean value for the two 
stations is given. Seasonal trends in both phos- 
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Time (months) 

Fig. 2. Seasonal fluctuations in the phosphorus content 
(mean + SE) of suspended material in the water column ( * - 0 )  

and in mussel biodeposits (0-0) at the two sampling stations. 



Table 2 .  Mean (k SE) excretion rates of PO,-P and NH4-N by Lampsilis radiata siliquoidea in Lake St. Clair in 1985 and 1986. 
Rates given in pg (g dry wt)- ' h -  I .  

Sampling Temp n Mean 
Date ( " c )  Dry Wt 

(g) 

Excretion Rate 

1985 
May 14 
Jul 16 
Sep 3 
Sep 19 

1986 
Apr 30 
May 19 
Jul 10 
Aug 4 
Sep 16 
Oct 15 

conversely, ammonia excretion was low in the 
spring and fall but reached a maximum in sum- 
mer. Excretion rates of other mussel species were 
similar to those of L. r. siliquoidea, but seasonal 
trends were not as pronounced (Table 3). Rea- 
sons for the strong seasonal trends in excretion 
rates of L. r. siliquoidea are not clear, but are likely 
related to changes in the gametogenic cycle of the 
organism. L. r. siliquoidea is a long-term breeder 
(Clarke, 198 1) in which gametes are formed in late 
spring/early summer, fertilized and deposited in 

the brood pouch in late summer/early fall, and 
glochidia expelled the following springlearly sum- 
mer (Coker et al., 1921). Spawning condition 
affects phosphorus excretion, since a greater 
portion of assimilated material would be used for 
the production of gametes and not for metabo- 
lism. In the marine mussel Modiolus, sexually 
mature individuals retained more phosphorus 
during the spawning season (thereby excreting 
less, given the same food source) than individuals 
in the spent condition (Kuenzler, 196 1). Dramatic 

Table 3. Mean ( + SE) excretion rates of PO4-P and NH4-N by various species of mussels in Lake St. Clair in 1985. Rates given 
in pg (g dry wt)- ' h -  I .  

Sampling Temp n Mean 
Date ( " c )  Dry Wt 

(g )  

Excretion Rate 

1985 
May 7 13.0 5" 2.4 
May 14 13.0 6b 8.0 
Jul 16 22.5 4' 2.4 
Sep 3 21.0 5* 2.3 
Sep 19 - 3' 5.5 

" Leptodea fraglis, 1 Anodonta grandis, 1 Proptera alata 
2 L.  fragilis, 1 Elliptio complanata, 1 Lampsilis ovata, 1 Ligumea recta, 1 P. alata 

" 1 Amblema plicata, 1 L .  fraglis, 1 A. grandis, 1 P. alata 
* 3 P. alata, 2 L.  fragilis 
" 1 A. grandis, 1 L. fragilis, 1 P.  alata 



seasonal trends in the phosphorus content of 
L. r. siliquoidea were not apparent; yet, although 
differences were not significant, mean content 
was highest in late spring when gamete produc- 
tion supposedly occurs (Fig. 3). The increase in 
ammonia excretion in the summer also corre- 
sponds to the period of gamete production. Active 
protein catabolism (and hence increased ammo- 
nia excretion) occurs when the glycogen normally 
used for metabolism is used instead for gamete 
production (Gabbott & Bayne, 1973; Bayne & 
Scullard, 1977). The time lag between minimal 
phosphorus excretion (May) and maximal 
ammonia excretion (July) may have been a period 
of gradually increasing protein catabolism. 
Seasonal trends in food supplies tend to confirm 
increased phosphorus retention in mid-summer; 
the proportion of particulate phosphorus in the 
total seston was actually highest during the mid- 
summer period when phosphorus excretion rates 
were minimal (Fig. 2). Of course, this difference 
may also mean that the particulate phosphorus 
present in the water in late springlearly summer is 
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Fig. 3.  Seasonal fluctuations in the phosphorus content 
(mean SE) of the body tissue of Lampsilis r. siliquoidea. 

Log n Dry Weight (g) 

Fig. 4 .  Relationship between phosphorus (upper) and nitro- 
gen (lower) excretion vs. dry-weight body tissue of 
Larnpsilis r. siliquoidea. Regression coefficients (a, b) were 
0.69 and - 0.42 for phosphorus and 2.6 and 1.03 for nitrogen. 
Correlation coefficients (r) were 0.16 (non-significant; 
P < 0.05) and 0.63 (significant; P < 0.05) for the two 

nutrients, respectively. 

more readily retained than that present at other 
times. 

The relationship between ammonia excretion 
and tissue dry weight followed the general allome- 
tric equation y = axb, where y = excretion, 
x = shell-free dry weight, and a and b are regres- 
sion coefficients, but a similar relationship for 
phosphorus excretion was not apparent (Fig. 4). 
This lack of a relationship for phosphorus con- 
trasts to other studies of bivalve excretion which 
found both phosphorus and nitrogen excretion 
related to tissue dry weight (James, 1987; 
Lauritsen & Mozley, 1989). Overall, weight- 
specific excretion rates were somewhat lower than 
those found for other bivalves (Table 4). 



Table 4 .  Mean ( k  SE) excretion rates of PO4-P and NH4-N by some bivalve species. Estimates are for an animal of about 
1 gram. Rates given in pg (g dry wt) - ' h - '. 
Benthic 
Organism 

Excretion Rate Source 

Freshwater: 
Lampsilis r. siliquoidea 
Hyridella menziesi 

Marine : 
Mytilus cal$ornianus 
Mytilus edulis 
Geukensia demissa* 
Modiolus demissus 

This study 
James (1987) 

Bayne et al. (1976) 
Bayne & Scullard (1977) 
Jordan & Valiela (1982) 
Kuenzler (1961) 

* Geukensia demissa = Modiolus demissus. 

4 .3 .  Mussel biodeposition 

Mussel biodeposition is the sum of pseudofeces 
(material filtered but not ingested) and feces 
(material ingested but not assimilated) produc- 
tion. Generally, the phosphorus content of 
pseudofeces does not change relative to the mate- 
rial filtered (Stanczykowska & Planter, 1985). A 
comparison of phosphorus content of seston to 
the phosphorus content of biodeposited material 
showed that differences were most apparent in 
late springlearly summer (Fig. 2). At this time, 
phosphorus concentrations in the seston were 
high, while phosphorus concentrations in the 
biodeposited material were low. This further 
reflects the great efficiency of phosphorus reten- 
tion during this period. 

The mean rate of phosphorus biodeposition 

was 6 .3pgPg- ' h - '  and varied from 3.1 to 
1 1.7 pg P g - ' h - ' (Table 5). Differences be- 
tween the two stations were not significant on 
any of the sampling dates (t-test, P < 0.05). The 
rates tended to be higher at both stations in the 
fall. This trend corresponded to the general 
tendency for rates to be positively related to 
amounts of particulate phosphorus in the water 
column (Fig. 5). 

4.4. Phosphorus release from sediments 

Phosphorus release from the sediments at each of 
the five stations on the two sampling dates is given 

Table 5 .  Mean ( + SE) rates of phosphorus biodeposition by 
Lampsilis r. siliquoidea on each of the sampling dates in 1986. 
Rates given in pg P (g dry wt)- ' h - '. 

Sampling Phosphorus Biodeposition 
Date 

Station 73 Station 24 

Apr 30 5.8 + 2.1 4.8 k 1.8 
May 19 3.5 + 0.5 3.1 
Jul 10 5.6 & 1.7 7.2 2 2.1 
Aug 4 5.4 & 1.5 4.5 2 0.7 
Sep 16 8.5 + 1.9 11.7 k 0.9 
Oct 15 6.2 k 1.2 8.8 + 3.2 

Total Particulate Phosphorus (pg P I - ' )  

Fig. 5 .  Relationship between biodeposition rates of phos- 
phorus and total particulate phosphorus in the water column 
(r = 0.39). Closed circles are Station 73 and open circles 

are Station 24. 



Table 6. Mean ( k  SE) rates of PO,-P release from Lake 
St. Clair sediments at each of the stations on the two sam- 
pling dates in 1985. Maximum mean release rates are given 
in parentheses. Rates are given as pg P m - 2  d ' .  Phos- 
phorus release from sediments at Station 14 in September 
occurred early in the incubation period and then declined. 

Station Sampling Date 

May September2 

in the summer; N. Hawley, pers. corn.). Resus- 
pension diminishes the potential for phosphorus 
release from the sediments by keeping the upper 
sediments well oxidized; under such conditions 
phosphorus tends to remain strongly sorbed to 
the sediments (Syers et al., 1973). In addition, 
frequent resuspension of the upper sediments 
reduces pore-water gradients and thus the poten- 
tial for release through diffusive flux (Quigley & 
Robbins, 1986). 

5. Discussion 

' Water temperature = 13 "C. 
Water temperature = 22 "C. 

in Table 6. Mean release rates in this table include 
values from all replicates at a given station since 
there were no significant differences (t-test; 
P < 0.05) between release rates of mixed and 
unmixed cores at any of the five stations. 

Release rates at the two sites in the north- 
western portion of the lake (Stations 71 and 84) 
tended to be lower than rates at the three sites 
farther south (Stations 4, 14, and 24), which fol- 
lows the trend of greater overall nutrient concen- 
trations from northwest to southeast. Overall, 
release rates were higher in May than in Septem- 
ber, despite the lower water temperatures during 
the former month. This difference can likely be 
attributed to the settling and subsequent minerali- 
zation of the spring phytoplankton bloom. 

The net release of phosphorus from Lake St. 
Clair sediments was generally lower than sedi- 
ment release rates in other areas of the Great 
Lakes. The mean release rate in this study was 
1 1 pg P m- d - ' and the mean maximal release 
rate was 43 pg P m - d - '. In comparison, 
release rates of 170-570 pg P m d - ' were 
reported from nearshore Lake Michigan (Quigley 
& Robbins, 1986) and 30-800 pg P m - 2  d -  ' 
were reported from Lake Ontario (Bannerman 
et al., 1974). Because Lake St. Clair is relatively 
shallow, wave-induced resuspension occurs quite 
frequently (4 to 6 resuspension events per month 
in the spring and fall and 1 to 2 events per month 

The cycling of phosphorus through the mussel 
population of Lake St. Clair during the 
May-October period can be estimated from the 
determined values of concentrations and flux 
rates (Fig. 6). Values determined for L. r. sili- 
quoidea, which was the dominant and most wide- 
spread species, were assumed to be representative 
of the entire mussel population. Phosphorus 
removal from the water column by mussels is the 
product of concentrations in the water, filtration 
rates, time spent filtering, and density. The mean 
concentration of particulate phosphorus 1 m 
above the bottom was 10.7 pg 1- ' (Table l), the 
filtration rate was 460 ml g - ' h ' (Vanderploeg 
et al., in prep.), and the mean biomass of the 
mussel population in the lake was 4.4 g (shell-free 
dry wt) m - (Nalepa & Gauvin, 1988). Removal 

Growth 

Excretion 

Gametes 

Mortality 
Maximum 
Sediment 
Release 

Biodeposition 
d~*:-~-:.j?I.v? v:: s . , . - . r : : r ' e f p ~ -  ?.%-v~?*s&~.I.wp.yl'a~-- 

Fig. 6. Phosphorus flow through the mussel population in 
Lake St. Clair for the May-October 1986 period. Units are 
in pg P m - d - ' except for standing stock which is in 

pg P m 2 .  



rates of phosphate phosphorus and dissolved 
organic phosphorus were not considered since 
phosphate uptake comprises only a small fraction 
of total uptake (0.6% of particulate phosphorus 
uptake; Kuenzler, 1961) and the use of dissolved 
organic phosphorus by mussels has not been 
proved. The filtration rate of L. r. siliquoidea was 
determined in October 1987 and compares favor- 
ably to filtration rates of other mussel species of 
comparable size (Alimov, 1969; Lewandowski & 
Stanczykowska, 1975; Paterson & Cameron, 
1985). The proportion of time spent filtering by 
individuals during the determination of their fil- 
tration rates was assumed to be equal to the pro- 
portion of time spent filtering by in situ popu- 
lations. Given all the above values, the removal 
rate of phosphorus by mussels in Lake St. Clair 
was 520 pg P m - d - '. However, in examining 
other measured components of phosphorus flux 
through the population, the amount of phos- 
phorus filtered should have been much higher. 
For instance, the mean excretion rate was 
158 pg P m - d - ' and the biodeposition rate 
was 665 pg P m P 2  d -  ', giving a total of 
823 pg P m P 2  d - ' or an amount 1.6 times higher 
than that filtered only for these two budget com- 
ponents. A possible reason for this discrepency is 
that amounts of phosphorus in the water column 
at 1 m above the bottom are not the same as 
amounts occurring at a few centimeters above the 
bottom where the mussels are actually filtering. 
Indeed, although Lake St. Clair is well mixed, 
amounts of suspended material are about two 
times higher at 0.4 m above the bottom than at 
1 m (Hamblin et al., 1987). Therefore, a more 
accurate estimate of the amount of phosphorus 
actually filtered would be at least 
1040 pg P m - d - ', or two times the amount 
originally calculated, assuming a similar propor- 
tional increase in the amount of particulate 
phosphorus. Since biodeposition equaled 
6 6 5 p g P n 1 - ~ d - ' ,  about 3 7 5 ~ g P m - ~ d - '  or 
36 percent of that assumed to be filtered is 
assimilated by the population. This proportion is 
generally comparable to that found for other 
bivalve species from a variety of habitats. For 
example, the freshwater mussel Dreissena poly- 

morpha assimilated 49 percent of the phosphorus 
filtered in some Polish lakes (Stanczykowska & 
Planter, 1985) and Hyridella menziesi assimilated 
80 percent in an oligotrophic lake in New Zealand 
(James, 1987). The estuarine species Corbicula 
japonica assimilated 41 percent in a poikilohaline 
lagoon (Fuji, 1979). In contrast, the marine mus- 
sel Mytilus effectively assimilated only 6 percent of 
the phosphorus filtered in a Georgia salt marsh 
(Kuenzler, 196 1). This proportion is likely more a 
function of the quality and quantity of seston, and 
subsequently the amount of pseudofeces pro- 
duced, rather than of great differences in assimi- 
lation efficiencies. Typically, as amounts of seston 
increase, the amount lost as pseudofeces also 
increases (Tenore & Dunstan, 1973; Fuji, 1979; 
Stanczykowska & Planter, 1985). Particulate 
phosphorus concentrations were ten times higher 
in the Georgia salt marsh (44 pg 1- ') than in the 
New Zealand lake (4 pg 1- '). 

Of the phosphorus assimilated by the Lake St. 
Clair mussel population, 158 pg m - d ' or 42 
percent was excreted, with the remainder used by 
the population for production of biomass and 
generative elements, or lost through mortality dur- 
ing the period. The amount incorporated into 
standing stocks of the population can be esti- 
mated from growth rates and average content 
in the body and shell fractions. Production 
of L. r. siliquoidea in Lake St. Clair is 
0.2gm-'y-l  and mean biomass is 1 .5gm-2  
(Nalepa & Gauvin, 1988). Extrapolated over the 
entire population, the mussel production rate in 
the lake is equal to 0.57 g m - y - '. Considering 
that most all growth in mussels occurs during the 
warmer months (Isely, 1914; Coker et al., 1921), 
production during the May-October period was 
about 3.1 mg m- d - '. Mean phosphorus con- 
tent of mussel tissue was 2.7 percent, so the 
amount stored in the body fraction equals 
1 19,000 pg P m - and the rate of incorporation 
into the body equals 84 pg P m-2 d- ' .  The 
standing stock of shells was 55.5 g m - (Nalepa 
unpublished). Assuming that the phosphorus 
content of the shell fraction is equal to 0.02 per- 
cent (Kuenzler, 1961) and that phosphorus is 
incorporated into the shell fraction at the same 



rate as into the body fraction, phosphorus 
contained in the shells equaled 11 100 pg P m P 2  
and incorporation into the shell fraction was 
8 pg P m P 2  d -  I. Thus, the total amount of phos- 
phorus incorporated into growth for the period 
was 92 pg P m-2  d-I .  

The amount of phosphorus lost from the popu- 
lation in gametes can be inferred from the de- 
crease in phosphorus content of the population 
over the study period (Kuenzler, 1961). Mean 
phosphorus content of the soft tissue was 2.82 
percent on the first sampling date (April 30) and 
2.48 percent on the last sampling date (October 
15). Therefore, the net loss for the May-October 
period was 82 pg P m- d -  '. Overall, the 
amount incorporated into biomass and generative 
elements was equal to 174 pg P m - d - I, or 17 
percent of the amount filtered; this compares to 
the 12 percent estimated for the freshwater mussel 
Dreissenapolymorpha (Stanczykowska & Planter, 
1985). 

The sum of biodeposition, growth, excretion, 
and gamete loss over the period, all measured 
independently, equaled 997 pg P m- d - '. This 
sum is very similar to the estimated filtration rate 
of 1040 pg P m - d - ' . The difference of 
43 pg P m - d - ' may be shown in Fig. 6 as mor- 
tality loss, which is the remaining pathway for 
phosphorus flux through the population during 
the period. This loss seems reasonable since mor- 
tality in adult mussels is generally low. The esti- 
mate of phosphorus loss due to mortality was 0.03 
percent of the phosphorus contained in standing 
stocks (tissue and shell), whereas this loss was 
0.06 percent in the marine mussel Modiolus 
demissus (Kuenzler, 196 1). 

As noted, total biodeposition by the mussels 
equaled 665 pg P m- d - I. This amount is 
potentially available for further use by deposit- 
feeding benthic invertebrates along with material 
that has been deposited on the bottom through 
natural sedimentation. Release from the sedi- 
ments averaged 1 1 pg P m - d - ' with a mean 
maximal release rate of 43 pg P m-2 d - '. 
Because additional phosphorus was not released 
when the sediments were resuspended, the differ- 
ence between sediment input and sediment 

release is phosphorus which either remains bound 
to sediment particles and is transported out of the 
system or buried, or which is incorporated into 
standing stocks of macrophytes or other benthic 
invertebrates besides the mussels. Accumulation 
in the sediments is not likely because wave-induced 
resuspension of the upper sediments is intense 
and phosphorus concentrations in the upper sedi- 
ments are quite low (0.01% to 0.07%; Upper 
Great Lakes Connecting Channels Study - Sedi- 
ment Workgroup, unpublished report). In addi- 
tion, estimates of phosphorus loads and losses are 
not significantly different, indicating no apparent 
sources or sinks within the lake (Lang et al., 
1988). 

The role of mussels in cycling phosphorus in 
Lake St. Clair can be evaluated by comparing rate 
measurements to total loading from outside 
sources. The total mean load of phosphorus into 
the lake is about 3100 MT (metric tons) y- '  or 
1550 MT for the May-October period (Lang 
et al., 1988). Over this same period, mussels fil- 
tered 210 MT of phosphorus, or 13.5 percent of 
the total load. Part of the phosphorus is incorpo- 
rated into biomass or excreted, but a large 
amount, 134 MT, is sedimented to the bottom via 
biodeposition. Thus, it appears that the primary 
role of mussels is to increase the retention of 
phosphorus in the lake by removing particles from 
the water column and depositing them on the 
bottom. Small suspended particles that may not 
easily settle to the bottom are made available as 
a food resource to other benthic components, 
thereby stimulating benthic productivity. Stand- 
ing stocks of deposit-feeders are generally higher 
in areas with mussels than in areas without them 
(Sephton et al., 1980; Radziejewska, 1986). Also, 
mussel biodeposits can stimulate the growth of 
aquatic macrophytes, presumably by enhancing 
nutrient levels in the sediments (Bertness, 1984). 
Phosphorus uptake by macrophytes in Lake St. 
Clair has been estimated at 219 MT y- '  (Lang 
et al., 1988). Mussel biodeposition may be espe- 
cially important in enhancing nutrient availability 
in Lake St. Clair considering the high frequency 
of resuspension in the lake and the low rate of 
natural sedimentation. 
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Note added in proof 

This article was completed before the discovery 
and subsequent population increase of the zebra 
mussel, Dreissena polymorpha in Lake St. Clair. 
Since the phosphorus budget in this article is 
based on the activities of the unionid population 
only, all estimates of the role of the entire mussel 
population in the Lake must now be considered 
as minimum values. 
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