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ABSTRACT: We I4C-labeled cellulolytic bacteria and 3 species of bacterivorous nanoflagellates and fed 
these cultured organisms to 2 species of intertidal mussels, Geukensia demissa and Mytllus edulis. 
using a pulse-chase experimental design under controlled laboratory conditions. Ingestion and assimi- 
lation of C from these rmcroheterotrophs by mussels were calculated from measured rates of defeca- 
tion, respiration, excretion, and tlssue incorporation. The proportion of available C ingested by G. 
demissa did not dlffer significantly among bacteria (39%),  heterotrophic flagellates (58%),  or the uni- 
cellular algae Isochrysis galbana (66%),  which was used as a reference diet. In contrast, M. edulis 
ingested a signlflcantly lower proportion (19%) of the small bacterla ( < l  pm in diameter) than the 
larger ( 3  to 5 pm diameter) heterotrophic flagellates (58%).  The efficiency with which G. dernissa 
assimilated C from I. galbana (77 %) was significantly greater than that from either bacteria (42 %) or 
heterotrophic flagellates (44%) M edulis assimilated bacterial C with significantly lower efficiency 
(21 96) than C from heterotrophic flagellates (62%) These results indicate that heterotrophic flagellates 
can contribute to the C requirements of both G. dernlssa and M edulis, however, only G. demissa is 
capable of assimilating a considerable amount of C from bactena. 
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INTRODUCTION 

In marine environments phytoplankton are the dom- 
inant primary producers. Consequently, much of the 
research on the nutrition of suspension-feeding bi- 
valve molluscs has concentrated on elucidating the 
availability of phytoplankton biomass. Numerous labo- 
ratory studies have documented the efficiency with 
which these cells can be ingested, digested and their C 
assimilated (for reviews, see Webb & Chu 1982, Bayne 
& Newell 1983, Langdon & Newel1 1996). Over the last 
2 decades, it has been discovered that bacteria and 
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bactenvorous flagellates within the microbial commu- 
nity cycle large amounts of C fixed by both allochtho- 
nous and autochthonous producers (Pomeroy 1974, 
Azam et  al. 1983, Sherr & Sherr 1988, Reid et  al. 1991). 
Compared with phytoplankton, we have a poor under- 
standing of whether these microheterotrophs a re  of 
nutritional value to suspension-feeding bivalves. 

Marine bacteria a re  predominantly less than l pm in 
diameter, a size that is too small to be efficiently 
retained on the gill of most bivalves. Consequently, 
unattached bacteria meet only about 10% of the C 
requirements of suspension-feeding bivalves (Lang- 
don & Newel1 1990), except perhaps in eutrophic estu- 
aries where bacterial abundances can exceed 1 X 

107 ml-' (Crosby et  al. 1990). However, the gill of the 
ribbed mussel Ceukensia demissa (Dillwyn), which is a 
dominant organism in salt marshes of North America 
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(Odum & de  la Cruz 1967, Jordan & Valiela 1982, Bert- (Kreeger et al. 1988, 1990), it has been postulated that 
ness 1984), can retain small bacteria-sized particles bacteria and bacterivorous flagellates may make this 
with a greater efficiency (e.g.  18 to 301%) than most detritus more readily available to higher organisms 
other species of bivalves (Wright et al. 1982, Riisgird (Langdon & Newel1 1990). In contrast to G. demissa, &I. 
1988, Kemp et al. 1990, Langdon & Newel1 1990, edulis inhabits open coasts in North America and 
Newel1 & Krambeck 1995). It has been postulated by Europe, where primary production results largely from 
Wright et al. (1982) and Langdon & Newel1 (1990) that phytoplankton. 
as a consequence of this adaptation, bacteria make an 
appreciable contribution to the diet of ribbed mussel 
populations. In contrast to bacteria, most nanoplank- MATERIALS AND METHODS 
tonic heterotrophic flagellates are much larger (3 to 
15 pm), a size that is efficiently captured by most Preparation of "C-labeled diets. Microalgae: Iso- 
bivalves (Riisgbrd 1988). In the only previous investi- chrysis galbana (clone T-ISO) is widely used as  a food 
gation of bivalves feeding on heterotrophic flagellates, for cultured suspension-feeding bivalves (Epifanio 
Kemp et al. (1990) determined that G. demissa feeding 1982, Webb & Chu 1982), and in the present study, it 
on naturai particle asseinb!ages in a salt marsh in was delivered to mussels as  a sta.ndard food particle, 
Georgia, USA, retained them and phytoplankton cells against which heterotrophic diet utilization could be 
with similar efficiencies. compared. I. galbana were enumerated with a hema- 

Laboratory mesocosm studies and field estimates of cytometer, inoculated at 70000 cells ml-l, and uni- 
bacterial productivity and heterotrophic flagellate bio- formly labeled with 14C in f/2 culture medium (Guillard 
mass by Newel1 & Field (1983a) and Linley & Newel1 & Ryther 1962) containing 2.5 pc1 NaH[14C]03 (58 mCi 
(1984) indicate that microheterotrophs represent a sig- mmol-l, ICN Biomedicals, Inc.). The culture was grown 
nificant source of C for bivalve suspension-feeders in for 3 d under continuous light (700 lux) on a shaker 
the kelp beds off South Africa. Furthermore, the role of table (75 rpm). To calculate I4C-uptake, 2 m1 samples 
microheterotrophs in supplying the N demand of these were each filtered through a 2.0 pm polycarbonate 
bivalves may exceed their value as a C source (Newel1 membrane filter (Poretics Corp.), and these filters were 
& Field 1983b). Studies that have exam.ined micro- then added to 6 m1 liquid scintillation cocktail (Univer- 
heterotroph digestibility by bivalves have mainly sol ES, ICN Biomedicals, Inc.) for analysis (Packard 
focused on bacteria (Birkbeck & McHenery 1982,  model 2200 CA) of I4C-activity. Before feeding to mus- 
Crosby et al. 1990, Langdon & Newel1 1990, Chalerm- sels, algal cells were separated from their culture 
wat et al. 1991, Douillet 1993a, b ) .  These studies yen- medium by centrifugation (100 X g, 10 min) to remove 
erally indicate that bacteria can be digested with mod- dissolved 14C (unused bicarbonate and algal metabo- 
erate efficiency (e.g. 20 to 50%) by bivalves. Baldwin & I~tes) and were resuspended in 150 m1 0.2 pm filtered 
Newel1 (1991, 1995) determined that larvae of the east- seawater. This washing procedure removed >99.8% 
ern oyster Crassosfrea virginica can ingest and assimi- of dissolved organic IL4CJcarbon (['4C]DOC) without 
late with high efficiency all sizes of microheterotrophs damaging cell integrity, which was determined by 
from natural plankton assemblages collected from comparing the similarity of algal cell concentrations 
Chesapeake Bay. There is no information available, before and after washing. 
however, on the di.gestibility of bacterivorous nanofla- Bacteria: We used a cellulolytic strain of unidentified 
gellates by adult bivalves, and hence the nutritional bacteria originally isolated from Canary Creek salt 
value of such microheterotrophs in the diet of bivalve marsh, lower Delaware Bay, USA (Crosby et al. 1990, 
molluscs is still largely unknown. Langdon & Newel1 1990), purified twice on agar plates 

In this study we examined grazing and utilization of containing only cellulose as the C source, and propa- 
mlcroheterotrophs by adults of 2 common species of gated in the laboratory for more than 8 yr on cellulose- 
bivalve mussels-the ribbed mussel Geukensia de- based medium as described by Crosby et al. (1990). For 
missa and the blue mussel Mytilus edulis. We chose our study, bacteria were routinely cultured at  2UUC and 
these species because they differ in their ability to 28 ppt salinity on glucose medium (Nagata & Kirch- 
retain particles smaller than 3 pm in diameter (RiisgArd man 3.992), but with the exception that glucose con- 
1988), and generally live in different habitats. Ribbed centrations were reduced from 10 mM to 0.1 mM. Pre- 
mussels inhabit salt marshes along the Atlantic coast of liminary experiments indicated that bacteria grown in 
North America where there are high detritus inputs 10 mM glucose were unnaturally large (e.g. 1 to 3 pm); 
from emergent vascular plants, primarily Spartina whereas, bacteria cultured in 0.1 mM glucose retain.ed 
alterniflora (Loisel.). Cellulosic detritus from such small cell sizes ( < l  pm) typical of estuarine bacteria 
plants is highly refractory, and although it can be [verified by microscopic measurement of acridine 
directly digested with low efficiency by G. demissa orange stained cells; Hobbie et al. (1977) but 0.05% 
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acridine orange, 100 W mercury lamp excitation, 
examined at 1000x1. 

Bacteria were labeled with I4C fol- 5 d. Three 1 1 
flasks, each containing 400 m1 glucose-free, sterile 
medium were inoculated with l X 107 cells ml-'. A mix- 
ture of 98% non-labeled glucose and 2%) 114C]glucose 
[ICN 11048; D-glucose (U-I4C), 43.7 pCi mg-'1 was 
added to give a final glucose concentration of 0.1 mM. 
Flasks were mixed by swirling 3 times per day. Growth 
of bacteria was monitored by daily filtering 2 m1 sam- 
ples onto 0.2 pm pore size, black polycarbonate men]- 
brane filters (Poretics Corp.) for counting. Bacterial cell 
sizes were measured microscopically. To calculate I4C- 
uptake by bacteria, a 2 m1 sample was removed daily 
from each flask, filtered onto a 0.2 pm membrane filter, 
and the filter was counted for 14C-activity. Cellular spe- 
cific activities were calculated each day by dividing 
the I4C taken up by bacteria by the cell number in each 
flask. Bacteria were assumed to be close to uniform 
labeling when cellular specific activities no longer 
increased on successive days. 

At the end of the I4C-labeling period, contents of the 
3 flasks were pooled (i.e. 1.2 l), and 60 m1 was fed to 
each mussel as described below. The final bacteria 
concentration in each 500 m1 feeding vessel was 
3.5 X 10%ells ml-' with each mussel being provided 
0.19 pCi 14C and 1.75 X log cells of ['4C]bacteria. The 
remaining bacteria culture was filtered through a 
0.2 pm membrane filter. As a control for the uptake 
of ['"IDOC from the bacteria culture media by mus- 
sels, 500 m1 of this filtrate was delivered to additional 
mussels. 

Bacterialflagellate assemblage: Three species of 
estuarine heterotrophic nanoflagellates, Bodoparvulis, 
Paraphysomonas bandaiensis, and Cafeteria sp., were 
obtained from D. A. Caron (Woods Hole Oceanographic 
Institute, Massachusetts, USA). Nanoflagellates were 
maintained on rice grains in filtered and autoclaved 
seawater at 20°C and 28 ppt salinity, amended with 
0.1 m1 I-' metal-chelator stock solution (Guillard 1975). 
When fed solely on our cultured strain of cellulolytic 
bacteria (10' bacterial cells-' ml-' d-l), nanoflagellates 
typically underwent > l  division d-'. 

Heterotrophic flagellates were radiolabeled by cul- 
turing them on I4C-labeled bacteria for 3 d. In addition 
to the 3 flasks of bacteria that were 14C-labeled as food 
for mussels (see above), 6 additional flasks of bacteria 
were labeled similarly, but were then inoculated with 
the 3 species of flagellates in duplicate with 3000 fla- 
gellate cells ml-' 2 d after the addition of I4C. Each day 
following inoculation, 5 m1 was removed from each 
flask for flagellate and bacteria cell counts. Bacterial 
abundances were determined as described above by 
epifluorescent counting. For flagellates, samples were 
preserved with glutaraldehyde (final conc. 0.5 %), 

stained with 3-6-dianinoacridine hemisulfate (pro- 
flavin) for l min (flnal conc. 4.5 pg ml-'), filtered onto a 
2.0 pm pore size black membrane filter (Poretics 
Corp.), and examined microscopically (modification of 
technique of Haas 1982). A second 5 m1 aliquot was 
similarly filtered each day to determine the proportion 
of total culture I4C incorporated by either flagellates 
(2.0 pm filter) or bacteria (0.2 pm filter). Just before 
feeding to mussels, the 2 flasks of each flagellate/bac- 
teria assemblage were combined. A 60 m1 volun~e of 
each mixed flagellate/bacteria assemblage was pro- 
vided as food directly to mussels as described below. 
Final concentrations of flagellates in feeding vessels 
were approximately 7200 Bodo parvulis ml-l, 5400 
Paraphysomonas bandaiensis m l ' ,  and 3600 Cafeteria 
sp. ml-'. The remaining flagellate/bacteria cultures 
were filtered through 0.2 pm membrane filters. As con- 
trols for ['4C]DOC uptake, identical volumes of these 
filtrates were delivered to additional mussels. 

Mussel collection and acclimation. Thirty adult 
Geukensia demissa and 10 adult Mytilus edulis were 
collected in September 1994 from the salt marsh and 
ocean breakwater, respectively, at Canary Creek. 
Mussel sizes (shell lengths, range 41.9 to 58.9 mm; dry 
tissue weights. 272 to 1304 mg) did not differ signifl- 
cantly between species. Mussels were held in the lab- 
oratory at the field ambient water temperature of 21°C 
under intertidal conditions (6 h submerged:6 h air 
exposure, coinciding with the ambient tidal cycle) to 
avoid disrupting their natural feeding and digestive 
cycles. When submerged, mussels were held i.n 120 1 
marsh water collected directly from the marsh creek to 
maintain natural food availability. Experiments were 
initiated 12 h after the mussels were collected to mini- 
mize any physiological adjustments to laboratory con- 
ditions. 

Delivery of I4C-labeled diets. Mussels were sub- 
merged after 6 h of aerial exposure and fed I4C-labeled 
diets using a 'pulse-chase' approach, in which the 
14C-labeled diets were delivered during a 2 h pulse, 
followed by an extended depuration period. Based on 
previous reports of the gut residence time and C 
budgets of these mussels (Kreeger et al. 1988, 1996, 
Hawkins et al. 1990), the 2 h duration of the pulse was 
calculated to allow mussels sufficient time to ingest a 
substantial amount of the labeled diets, but not enough 
time to either defecate, excrete or respire the ingested 
label. The experimental treatments and number of 
replicates for each diet and mussel species are pre- 
sented in Table 1. 

At the start of the feedlng period, mussels, all of 
which had been exposed to air for 6 h,  were transferred 
to individual 1 1 vessels containing 500 m1 0.2 pm fil- 
tered, lightly aerated seawater, to which was added 
one of the I4C-labeled diets (dosages given above) in a 
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Mussel species 14C-labeled diet Mean + SD cell diameter (pm) Replication 

Geukensia demissa Cellulolytic bacteria 0.8 i 0.26 50 
Flagellate/bacteria assemblages: 

Bodo parvulis 4.4 i 0.36 10 
Paraphysomonas bandaiensis 4.1 i 0.22 10 
Cafeteria sp. 3.5 i 0.29 10 

Microalgae (Isochrysis galbana clone T-ISO) 3 to5 4 
DOC from bacteria diet - 
DOC from 3 flagellate/bacteria d~ets - - 

Mytilus edulis Cellulolytic bacteria 
Flagellate/bacteria assemblage 

Cafeteria sp. 

mixture of simulated natural seston. Simulated seston, 
which comprised more than 75% of the total diet dry 
weight, was used as a 'background' diet to prevent 
mussels from physiologically responding to a change 
in diet quality and/or quantity associated with any of 
the test diets. This simulated seston consisted of a 1:l 
DW:DW mixture of fine marsh mud screened through a 
43  pm sieve, and Isochrysis galbana, added to yield 
3 mg total DW 1-'. The background diet was sterilized 
(2 h, cobalt gamma irradiation) just before the experi- 
ment to prevent recycling by the microorganisms of 
14C excreted by the mussels. 

Depuration protocol. Following the 2 h labeling 
period, mussels were transferred to a second set of 1 1 
vessels to depurate for the remaining 4 h of the sub- 
mergence period. Depuration vessels contained 800 m1 
0.2 pm filtered seawater, to which simulated seston 
was added at hourly intervals to yield a final concen- 
tration of 3 mg 1-l. Mussels were then held in air for 6 h 
in individual sealed glass jars to measure aerial '"CO2 
respiration (see below). During the final 6 h of the 18 h 
experiment, mussels were submerged and fed simu- 
lated natural seston as described above. 

Quantification of I4C-budget. "C-activity o f  diets: 
The actual I4C-activity present in each feeding beaker 
was determined at the start of the experiment just 
before mussels were added by counting a 2 m1 sample 
of the mixed water. For diets having mixed assem- 
blages of bacteria, heterotrophic flagellates, and DOC, 
the dietary '"-activity associated with each con- 
stituent was calculated by multiplying total beaker 
'"C-activities by the expected proportion of assem- 
blage I4C in a particular constituent, which was mea- 
sured prior to the experiment by fractional filtration 
(see above). 

Defecation o f  "C: At the end of each submergence 
period (i.e. at 6 h and 18 h),  mussels were removed 
from depuration vessels, and the feces in each beaker 
was collected on a Whatman GF/C filter. Individual fil- 

ters were added to 6 m1 scintillation cocktail and 
counted for L4C-activity. Total 14C-defecation by each 
mussel was then calculated by summing I4C-activities 
in feces from both submergence periods. 

Respiration and excretion of  14C: Seawater used to 
depurate mussels contained respired I4CO2 and possi- 
bly excreted ['4C]DOC. After feces had been filtered 
from depuration water, the amount of respired '"C in a 
5 m1 aliquot of each filtrate was calculated as the dif- 
ference between the total I4C-activity in the aliquot 
and the amount of I4C remaining after the pH had 
been lowered to < l  with 0.5 m1 2 M HCl to volatilize 
all I4CO2. Any I4C remaining after acidification was 
considered to be excreted ['4C]DOC. Respired and 
excreted 14c-activities in the aliquot were then cor- 
rected for the total volume of depuration water. During 
the 6 h period of air exposure, mussels were held in 
sealed jars containing NaOH (5 m1 25 % w/v) traps for 
quantifying 14C02 production (Kreeger & Langdon 
1994). Total '"C-respiration was calculated by sum- 
ming 14C02 production from periods of submergence 
and air exposure. 

Tissue incorporation of  "C: Following depuration, 
mussel tissues were dissected, homogenized (Polytron, 
Brinkman, Inc.), and diluted to a known volume with 
distilled water. A 2 m1 aliquot of each mussel tissue 
homogenate was added to a pre-weighed pan, dried at 
60°C for 2 d,  and re-weighed to calculate dry tissue 
weight. Two m1 of each homogenate was also added to 
4 LSC dfirjl iOuiiiej for ' J ~ - ~ ~ : i ~ ~ r i ~ ,  ccaLl<nn u u ~ . y  the U'- 

total I4C-activity of the mussel tissue (i.e. '"C-incorpo- 
ration) to be calculated. 

Calculation of dietary utilization. Ingestion (I) of the 
14C-labeled diet by each mussel was calculated by 
summing measured 14C-activities of the 4 components 
of its I4C-budget; defecation (F), excretion (U), respira- 
tion (R),  and incorporation (G), as given in Eq. (1): 
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To compare the n~ussel 's  relative ability to ingest the 
different particles, we also calculated the proportion of 
available I4C in the feeding chamber that was ingested 
by each individual: 

Proportion ingested = (IlAvailable) X 100 % (2) 

We define assimilation as material that is unequivo- 
cally utilized by the mussels. While it is possible that a 
portion of fecal and excreted C can be post-metabolic 
losses (e.g.  mucus, amino acids; see Hawkins & Bayne 
1985, Hawkins et al. 19901, we conservatively calcu- 
lated '4C-assimilation (A) as the sum of '4C-respii-ation 
and '4C-incorporation: 

To compare the mussel's relative ability to digest and 
assimilate C from the different dietary particles, we 
calculated the assimilation efficiency as the proportion 
of ingested 14C that was assimilated; 

Assin~ilation efficiency = (All) X 100% (4 1 

Finally, to estimate the mussel's relative ability to 
ingest and digest each diet, we calculated a 'percent 
utilized' as the proportion of available I4C in the feed- 
ing chamber that was assimilated; 

Percent utilized = (AlAvailable) X 100% (5) 

The reference diet of Isochrysis galbana contained 
only negligible 114C]DOC, and so the ability of Geu- 
kensia demissa to utilize I. galbana was summarized 
by the calculations given above. However, hetero- 
trophic diets of bacteria and the mixed assemblage of 
bacteria and flagellates contained between 11 and 
36% [ '4C]DOC, and the mussel's ability to utilize this 
DOC needed to be determined and,  if necessary, sub- 
tracted from their calculated utilization of the I4C- 
labeled particulates. Four control diets containing only 
[ '4C]DOC were included in the experimental design 
to be fed only to G. demissa. The [14C]DOC for these 
4 diets consisted of the filtrate from the 4 respec- 
tive heterotrophic diets; [14C]bacteria, [14C]-labeled 
Bodo parvulis and bactena, [I4C]-labeled Paraphyso- 
monas bandaiensis and bacteria, and ['"Cl-labeled 
Cafeteria sp. and bacteria. Mean '"-activities associ- 
ated with each component of the 14C-budget (i.e. avail- 
able, F, U, R, G) that resulted from these controls were 
subtracted from the 14C-activities of respective compo- 
nents of the 14C-budget of mussels fed the complete 
heterotrophlDOC diet. These corrections were applied 
before calculation of the proportion of each diet 
ingested, its assinlilation efficiency, and its percent 
utilized. 

Since it was not possible to physically separate het- 
erotrophic flagellates from the ['"]bacteria used to 
feed and label them, our flagellate diets consisted of a 

mixed assemblage of I4C-labeled bacterla and flagel- 
lates The 14C-budget was initially summarized as 
described above fol- the mixed assemblage. Utilization 
of flagellates by mussels was then separated from bac- 
teria utilization in these mixed assemblages by sub- 
traction of the proportion of the total "C-budget that 
could have been associated with ['"Clbacteria utiliza- 
tion, as measured in treatments where mussels were 
fed only ["Clbacteria. We assumed that bacteria were 
ingested and assimilated by mussels similarly between 
the diet of bacteria and the mixed assemblage diet 
because bacteria were always of similar size (mean * 
SD = 0.8 0.26 pm).  This approach also required the 
assumption that the retention efficiency of mussels for 
small particles was similar between the 2 diets; i.e. that 
they did not decrease their retention efficiency foi- 
bacteria when in the presence of larger heterotrophic 
flagellates, as has been found for oysters (Palmer & 

Williams 1980). If mussels did respond positively to the 
heterotrophic flagellates, then our approach would 
underestimate flagellate ingestion and utilization. 
Such a behavioral response was rendered unlikely in 
our experimental protocol because all I4C-labeled 
diets were delivered to mussels as supplements ( i 2 5  % 
wlw) to a common non-labeled mlxture of silt and 
microalgae, and hence, there were similar overall 
amounts of small and large particles available in the 
different diets. 

Calculation of flagellate utilization by n~ussels  first 
required multiplication of the proportion of available 
[I4C]bacteria lngested (determined in the bacteria 
treatment) by the available dietary [14C]bacteria in the 
mixed assemblage (determined above) to estimate the 
mussel's ingestion of 114C]bacteria from the mixed 
assemblage. The difference between total "C-inges- 
tion and estimated [I4C]bacteria ingestion was 
assumed to be [14C]flagellate ingestion. Second, the 
mussel's assimilation efficiency for [ '4C]bacteria 
(determined in the bacteria treatment) was multiplied 
by the estimated [14C]bacteria ingested from the mixed 
assemblage to estimate assimilation of ['4C]bacteria 
from the mixed assemblage. The difference between 
the mussel's total '4C-assimilation and  estimated 
[I4C]bacteria assimilation represented [l4C]hetero- 
trophic flagellate assimilation. 

RESULTS 

Diet cultures 

Microalgae. Isochrysis galbana delivered to Geu- 
kensja demissa had 14C-activities of 11.4 dpm 
(1000 cells)-', and more than 90000 dpm were pro- 
vided to each mussel. 
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Bacteria. At the end of the labeling period, >99°/0 of 
the '"-activity in the bacteria culture was present in 
bacterial biomass. Cell specific activities remained at 
approximately 90 dpm [lO%ells]-' after Day 2, sug- 
gesting that bacteria were uniformly labeled with 14C. 
However, bacteria cell concentrations increased from 
1 X 107 cells ml-' to only 2.92 X 107 cells ml-' during the 
5 d "C-labeling period. Further growth was inhibited 
by depletion of glucose in the culture medium. Since 
bacterial cells d.id not double multiple times, it was not 
possible to know for certain if they were completely 
uniformly labeled. If bacteria were not uniformly 
labeled, the mussel's ability to assimilate bacterial C 
could have been overestimated because '*C might 
have been more prevalent in readily digestible compo- 
nezts of bacterial biomass. To confi.rm the results 
reported in this study, we 14C-labeled a second culture 
of the same species of bacteria until cell concentrations 
doubled more than 3 times. When fed to Gcukensia 
demissa, these bacteria were assimilated with greater 
efficiency (mean 67.3%, SD 5.2%, n = 7) ,  not lower 
efficiency, compared with mussels fed the growth- 
limited bacteria in this study (41.7 % assimilation effi- 
ciency, see below). Therefore, we believe that the bac- 
teria in the present study were I4C-labeled wi.th 
sufficient uniformity to determine their food value to 
mussels. 

Bacteria/flagellate assemblage. During the 3 d cul- 
ture period after inoculation of heterotrophic flagel- 
lates into [14C]bacteria cultures, flagellate cell concen- 
trations increased from 3000 ml-' to an average (n = 6) 
of 44 900 ml-l (3.9 doublings) and mean bacteria cell 
concentrations remained similar (initial = 6.88 X 106 
ml-l, final = 6.65 X 106 ml-l). Cell sizes (mean 0.8 pm, 
SD 0.26 pm, n = 50) and aggregation of bacteria in 
these assemblages did not differ from that in bacteria 
cultures without flagellates (examined by epifluores- 
cent microscopy). At the time the 3 different (Bodo 
parvulis, Paraphysomonas bandaiensis, and Cafeteria 
sp.) mixed assemblages were delivered to mussels, an 
average 31.0% (+ 4.9% SD, n = 6) of 14C was incorpo- 
rated by flagellates and 19.0% (k 2.2% SD, n = 6) was 
present as [14C]bacteria. Bacterial cell specific activi- 
ties in mixed flagellate/bacteria assemblages were 
similar [range 65 to 108 dpm (lOh cells)-'] to those mea- 
sured in bacteria cultures (see above). Flagellate cell 
specific activities averaged 78 dpm (103 cells)-' at  the 
end of the 3 d culture period. Mussels fed the mixed 
assemblage of B, parvulis and bacteria received a total 
of 266 400 dpm, distributed as 34.8 % non-incorporated 
['4CJDOC, 32.8"/0 ['"]bacteria, and 32.4 ?A I4C-labeled 
B. parvulis. Mussels fed 14C-labeled P. bandaiensis and 
bacteria received a calculated 199 800 dpm as 36.4%) 
[I4C]DOC, 21.3. % [I4C]bacteria and 42.5 O/o I4C-labeled 
P, bandaiensis. Mussels fed 14C-labeled Cafeteria sp. 

and bacteria received a calculated 244 200 dprn as 
18.3 % [14C]DOC, 26.6% [14C]bacteria and 55.1 %I "C- 
labeled Cafeteria sp. 

Utilization of I4C-labeled diets 

A negligible amount of ['4C]DOC from [14C]hetero- 
troph cultures was taken up and utilized by mussels. 
For example, 14C-incorporation from ['4C]DOC het- 
erotroph controls represented only 1.5 to 3.5% of com- 
parable 14C-incorporation from the respective [I4C]het- 
erotroph particle diets. The proportion of each diet 
ingested and the assimilation efficiency were cor- 
rected for uptake of [I4C]DOC, and these results are 
presented for microalgae (Table 2),  bacteria (Table 2),  
and heterotrophic flagellates (Table 3). To ensure nor- 
mality of these proportional data, they were arcsine 
transformed for statistjcal analyses (Sokal & Rohlf 
1981). Compar~sons among dietary treatments were 
performed by ANOVA and Tukey's multiple range 
analyses using the software package Statgraphics (V. 
6.0). The proportion ingested, assimilation efficiency 
and percent utilization for the 3 different species of 
heterotrophic flagella.tes (Bodo parvulis, Paraphyso- 
monas bandaiensis, and Cafeteria sp.) by Geukensia 
demissa were not significantly different (ANOVA, p > 
0.05); therefore, we pooled these data in the following 
comparisons of the mussel's utilization of the various 
diets. 

A substantial proportion of the reference diet of 
Isochrysis galbana was ingested by Geukensia 
demissa (Table 2). Heterotrophic flagellates were also 
readily ingested by both G. demissa and Mytilus edulis 
(Table 3). Compared to its ingestion of heterotrophic 
flagellates, however, M. edulis ingested a significantly 
(Tukey's multiple range analysis, p < 0.05) lower pro- 
portion of dietary bacteria, whereas the proportion of 
dietary bacteria ingested by G. demissa did not signif- 
icantly differ from that for either heterotrophic flagel- 
lates or I. yalbana. 

Assimilation efficiencies of Geukensia demissa were 
significantly greater (p < 0.05) when the diet consisted 
of microalgae compared to either heterotrophic flagel- 
lates or bacteria (Tables 2 & 3). The assimilation effi- 
ciency by Myriius eauiis for C fro111 iiciytliidieh was iici 
significantly (p  > 0.05) different from that by G. 
demissa, but was significantly greater (p  < 0.05) than 
its ability to assimilate bacteria (Tables 2 & 3). When 
our measures of C ingestion and assimilation were 
integrated to calculate the percent utilized (i.e. amount 
of available dietary material assimilated), there was 
significant heterogeneity (ANOVA, p < 0.0001) among 
the 5 diets (Fig 1).  As expected, the greatest utilization 
occurred when G. demissa was fed Isochrysis galbana 
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Table 2. Calculat~on of the proportion ~ngested and assimilation efflclency for Geukens~a demissa fed on "C-labeled bacterla 
(unidentified cellulolytic marsh isolate) and the reference species of microalgae (Isochrysls galbana clone T-ISO), and for Mytilus 

edul~s fed I4C-labeled bacteria. Values are corrected for the uptake of ['"ClOC (see text for details) 

Mussel species Diet Replicate Available Ingested Proportion Ass~milated Assimilation 
dietary "C 1 4 ~  ingested "C efficiency 
(dpm X 10') (dpm X 103) ( ' m , > )  (dpm X 10{) ( ' X ,  j 

Geukensia demjssa Bacteria 1 1174 619 52 7 228 36.9 
2 653 218 33.4 148 67.8 
3 981 402 41.0 138 34.3 
4 1011 282 27.9 8 1 28.6 

38.6 41.7 
6.4 10.7 

Mean 
SD 

Algae 

Bacteria 

Mean 
SD 

Mean 
SD 

Table 3. Estimat~on of the proport~on ingested and assimilation eff~ciency for heterotrophic flagellates (Bodo parvul!~, Pal-a- 
physomonas bandaiensis, Cafeteria sp.) fed to Geukensia demissa and Mytilus edulis as a 'v-labeled assemblage of flagellates 

and bacteria. Values are corrected for the uptake of [14C]DOC (see text for details) 

Mussel specles Diet Flagellate I4C ingested Proportion 14C assimilated Assimilation 
dietary I4C (dpm X 103) ingested (dpm X lo3) effic~ency 
(dpm X 10" )ram From (Yo) From From ('%) 

bacteria flagellates bacteria flagellates 

Geukensia demissa B. parvulis 131 51.1 111 85.2 21.3 44.7 40.2 
B. parvulis 156 61.1 108 69.4 25.5 45 4 41 9 
B. parvul~s 178 70.2 102 57.3 29.3 45 3 44 4 

P. bandaiensis 160 30.6 3 1 19.6 12.8 19.6 62 5 
P. bandaiensis 144 27.5 85 59.3 11.5 31.9 37.3 
Cafeteria sp. 356 66.4 221 61.9 27.7 89.4 40.5 
Cafeteria sp. 496 92.4 432 87.0 38.6 216.4 50.1 
Cafeteria sp. 230 42.8 4 9 21.5 17.9 17.8 36.1 

Mean 58.2 44 1 
S D 18.6 5.3 

Mytilus edulis Cafeteria sp. 130 18.0 69 53.0 3.8 40.1 58.3 
Cafeteria sp. 144 16.3 38 26.2 3.5 27.3 72.3 
Cafeteria sp. 138 24.4 124 89.8 5.2 68.4 55.4 

Mean 58.0 62.2 
SD 24.0 6.5 

(50.6%). Although significantly (p c 0.05) lower than DISCUSSION 
that for microalgae, G, demissa assimilated similar pro- 
portions of available I4C-labeled heterotrophic flagel- The suspension-feeding mussel Geukensia demissa 
lates (24 .0%)  and bacteria (15.6%). M, edulis also was adept at ingesting and assimilating C from both 
assimilated a substantial proportion of dietary C from heterotrophic flagellates and bacteria. Heterotrophic 
heterotrophic flagellates (32.6%) but utilized signifi- flagellates, but not bacteria, were ingested and assimi- 
cantly less (4.3%) C from bacteria. lated well by the mussel Mytilus edulis. Although 
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M~croalgae Protists Bacteria Prot~sts Bacteria 

Geukensia demissa Mytillus edulis 

Fig. 1. Percent utilizated (i.e. proportion of dietary particulate 
carbon that was assimilated) for rnicroalgae, heterotrophic 
flagellates and bacteria by Geukensia demissa and Mytilus 
edulis. Sign~ficant ( p  c 0.05, Tukey's multiple r d r ~ y e  analysis) 

differences are denoted as different letters above bars 

heterotrophic microorganisms were not used as readily 
as a reference species of microalgae, our data nonethe- 
less suggest that microheterotrophs could be a signifi- 
cant component in the natural diet of suspension-feed- 
ing bivalves, depending on the relative abundance in 
the seston of heterotrophic and autotrophic microor- 
ganisms. Particularly for G. demissa, which lives high 
in the intertidal zone of detritus-dominated salt 
marshes of the eastern USA, the dietary abundance of 
phytoplankton can be low and variable compared with 
heterotrophic members of the decomposer food web 
(Langdon & Newel1 1990). In these systems. Langdon & 
Newel1 (1990) postulated that detrital C from vascular 
plants is mainly utilized by detritivorous bacteria that 
are in turn grazed by bacterivorous flagellates. Stable 
isotope ratios of mussel tissues indicate that G. dernissa 
derives a large proportion of its C ultimately from vas- 
cular plants Spartina alterniflora (Peterson et al. 1986, 
Peterson & Howarth 1987, Langdon & Newel1 1990). 
However, Kreeger et al. (1988, 1990) reported that the 
mussel's abllity to directly utilize refractory cellulosic 
detritus derived from S. alterniflora, although greater 
than that of other bivalve species, could only con- 
tribute a minor share of the mussel's annual C demand. 
Our present results support the hypothesis that ribbed 
mussels obtain at least some of this vascular plant C via 
the ingestion and assimilation of microheterotrophic 
intermediaries. 

Microheterotroph utilization depends on the mus- 
sel's ability to ingest, digest and assimilate such food 
items. Ingestion depends primarily on particle size. 
Earlier studies (for review, see Hawkins & Bayne 1992) 
have shown that Mytilus edulis, like most suspension- 

feeders, has only a limited capacity to ingest small, nat- 
ural-sized ( c  1 pm) bacteria. As an exception, however, 
Geukensia demissa has been reported capable of f i l -  
tering natural-slzed bacteria with efficiencies 18 to 
30% of those of larger dietary particles (Wright et al. 
1982, Riisgdrd 1988, Langdon & Newel1 1990). Our 
ingestion results are consistent with these findings. We 
intentionally cultured cellulolytic bacteria in media 
that had low C availability in order to retain the small 
cell size characteristic of natural populations of estuar- 
ine bacteria. A significantly lower proportion (19%) of 
these < l  pm bacteria were ingested by M. edulis com- 
pared with 3 to 5 pm bacterivorous flagellates (58%). 
In contrast, there were no significant differences in the 
proportion of available bacteria, bacterivorous flagel- 
lates and microalgae ingested bv G. demissa; 39, 58 
and 66 %, respectively. 

Our finding that bacterivorous flagellates and micro- 
algae were ingested similarly by Geukensia demissa 
supports the results of Kemp et al. (1990) who reported 
that G. demissa filtered these types of naturally occur- 
ring microorganisms with an efficiency of 89 %. Kemp 
et al. (1990) estimated that despite being efficiently 
captured, heterotrophic flagellates and bacteria com- 
prised only 8 and 10%, respectively, of the total C f i l -  
tered by a population of G. demissa in a Georgia marsh 
during August; in comparison, autotrophic algae com- 
prised 75 % of C filtered. We believe these calculations 
of Kemp et al. (1990) may not reflect the seasonal role 
of microheterotrophs in the diet of mussels from all 
marshes for several reasons. First, stable isotope ratios 
of mussel tissues seem to ind~cate that G. demissa 
inhabiting southern salt marshes such as those studied 
by Kemp et al. (1990) in Georgia derive less C from 
vascular plants and more C from phytoplankton 
(Haines & Montague 1979) than comparable northeast- 
ern (Peterson et al. 1986, Peterson & Howarth 1987) 
and mid-Atlantic salt marshes (Langdon & Newell 
1990). Second, Kemp et al. (1990) conducted their fil- 
tration measurements during August; however, micro- 
heterotrophs may comprise a greater proportion of the 
particulate seston during months when primary pro- 
duction is minlmal (Langdon & Newel1 1990). 

Baldwin & Newel1 (1995) recently demonstrated that 
veliger larvae of the eastern oyster Crassostrea vir- 
ginica can ingest and digest heterotrophlc organisms. 
Although previous studies have shown that bacterivo- 
rous nanoflagellates can be ingested by adult suspen- 
sion-feeding b~valves (for example, see Kemp et al. 
1990), ours is the first investigation of the ability of 
adult bivalve molluscs to digest and assimilate these 
organisms. Both species of mussels assimilated be- 
tween 44 and 62% of C from ingested heterotrophic 
flagellates, which is moderately lower than the assimi- 
lation efficiencies we measured for Geukensia demissa 
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feeding on Isochrysis galbana (77'%). Bacteria were 
assimilated by G, denijssa with similar efficiency 
(42%) to flagellates; however, Mytilus edulis assimi- 
lated bacteria less efficiently (21 "4,). Assimilation effi- 
ciencies of microheterotrophs in situ could differ from 
these results depending on the digestibility (e.g. cell 
wall strength and type) of dominant species (Jiirgens & 
Giide 1994). We assume the heterotrophs used in our 
work were typical of natural types found in salt 
marshes. The strain of bacteria was isolated from the 
same marsh where mussels were collected and is cel- 
lulolytic, and the 3 species of flagellates were isolated 
from coastal systems and are typical of those found in 
salt marshes (D. Caron pers. comm.). 

The majority of studies that have examlned the nutri- 
tional importance of microheterotrophs have focused 
on pelagic consumers, such as  zooplankton (Gifford & 
Dagg 1988, Stoecker & Capuzzo 1990, Gifford 1991, 
Sanders & Wickham 1993). Trophic coupling between 
pelagic microheterotrophs and benthic suspension- 
feeders is typically not considered in modern models of 
aquatic food webs (e.g. see Legendre & Le Fevre 
1995). Yet, the biomass of heterotrophic bacteria and 
flagellates in shallow and hence benthic-dominated 
aquatic habitats (Davis et al. 1985, Dolan & Gallegos 
1991, Sanders et al. 1992) can exceed the biomass of 
phytoplankton, and this might be especially true in 
detritus-dominated salt marshes and during certain 
times of the year. Since ribbed mussels are  able to 
ingest and assimilate microheterotrophs, we suggest 
that microheterotrophs could indeed mediate the flow 
of C from vascular plants to benthic suspension-feed- 
ers. This would supplement the ribbed mussel's ability 
to directly digest refractory lignocellulosic detritus 
(Kreeger et  al. 1988, 1990). 

In coastal and estuarine habitats, bivalve molluscs 
such as mussels are abundant and,  as active suspen- 
sion feeders, they can be the dominant metazoan con- 
sumers. More work is needed to characterize the rela- 
tive availabilities of different food particles over an  
annual cycle to deduce how bivalves balance their 
nutritional requirements. Although in this study we 
examined microheterotroph utilization, it is important 
to note that mussels are most likely true omnivores, 
balancing their C (and N) requirements by utilizing a 
wide variety of living and dead material. In addition to 
phytoplankton, microzooplankton, and bacteria, mus- 
sels can derive nutrition from organic aggregates 
formed during detritus decon~position (Alber & Valiela 
1994) and perhaps also from benthic diatoms that get 
suspended in the benthic boundary layer. We are  
undertaking further field work to examine the diet of 
Geukensia demissa under field conditions. Our pre- 
sent results clearly suggest, however, that a strong 
trophic relationship exists between microheterotrophs 

and  suspension-feeding bivalves, which could be of 
profound importance for the transfer of C (and proba- 
bly also N) from the microbial food web to higher 
trophic levels (Kemp et  al. 1990). 
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