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ABSTRACT: Although deposit-feeding macrofauna consume and digest sedimentary bacteria, it is 
unclear whether feeding rates and digestion efficiencies are high enough to significantly impact the 
composition and abundance of bacteria in marine sediments. It is likely that both feeding rates and effi- 
ciency of digestion vary markedly through space and time. We used a turbidimetric assay to compare 
the rate of bacteriolysis by digestive fluids collected seasonally from the deposit-feeding polychaete 
Arenjcola manna. Under standardized, experimental conditions, bacteriolytic rates represent concen- 
trations of lytic agents. This concentration was found to vary significantly throughout the year [p = 
0.001), showing greater than a 2 x  range. Lytic agent concentration was positively correlated with 
bioavailable amino acid concentrations in the surface sediment [r = 0.85, p = 0.03) but showed no 
apparent relationship to other proxies for food resources (e.g. chl a), sediment temperature, or gut 
throughput time. In vitro, temperature has been shown to have a strong positive influence on bacterio- 
lytic rate. Temperature has no influence, however, on the in situ concentration of lytic agent in gut 
fluids, thus it appears that compensation for this temperature dependence is unimportant. These find- 
ings, combined with previous kinetics studies with A. marina gut fluids, predict that the quantitative 
influence of deposit feeding on the microbial ecology of sediments will exhibit clear seasonal variation. 
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INTRODUCTION 

The critical importance of bacteria in the biogeo- 
chemical cycling and food web dynamics of marine 
sediments has spawned much recent interest in their 
ecology. Of central importance is the determination of 
factors influencing their production and removal and 
the quantification of both processes. Deposit-feeding 
macrofauna consume and digest sedimentary bacteria. 
Whether the feeding rate and digestion efficiency of 
deposit feeders are of magnitudes so as to significantly 
impact the abundance and composition of bacteria in 
marine sediments is equivocal. Although few studies 
have addressed such questions directly, the studies of 
Kemp (1987) and Bianchi & Levinton (1981), for 
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instance, suggest that rate of removal of bacteria by 
macrofauna is insufficient to balance production in 
bulk sediments. In certain situations, however, such as 
when deposit feeders are abundant and ingestion is 
spatially restricted (e.g, to a thin veneer of surface sed- 
iment), their feeding can remove a significant portion 
of local bacterial production (e.g. Moriarty et al. 1985). 
With respect to qualitative effects, differential diges- 
tion of bacteria in macrofaunal grazers has been 
demonstrated (e.g. Findlay & White 1983, Dobbs & 
Guckert 1988, Duchene et al. 1988), although the 
impact on community compositions of bulk sediments 
remains unclear. 

Environmental factors and covariables likely hold 
strong influence over rates of bacterial removal, yet, to 
date, have not been well considered. The kinetics stud- 
ies of Plante et al. (1996) have shown that, in vitro, lytic 
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rate of environmental isolates exposed to the digestive 
fluids of Arenicola marina increases exponentially with 
temperature and is also related to concentrations of 
both subslrdle dnd lytic factors according to Michaelis- 
Menten kinetics. Thus, seasonal changes in ambient 
temperature and food quality are hypothesized to sig- 
nificantly influence rates of bacteriolysis in deposit 
feeders. One prediction might be that bacteriolytic rate 
should be lower, and thus the removal of bacterial pro- 
duction less, in winter when temperatures are at their 
lowest. The temperature dependence of enzymes in 
animals, however, may be offset by increased enzyme 
concentration (Hazel & Prosser 1974, Somero et al. 
1983). In fact, Seiderer et al. (1984) observed bacteri- 
olytic activity in the black mussel Chromomytilus 
meridionalis only at cold !ilO°C! temperat~ires. This 
observation was hypothesized to be in response to the 
changing nature of food resources, i.e. low concentra- 
tions of phytoplankton were associated with cold 
upwelled waters so that a shift in digestive enzymes 
allowed the mussel to more efficiently utilize bacteria. 
In this study we begin to assess the effects of temporal 
variability on the rate and extent of bacteriolysis in 
deposit-feeder guts. We specifically test the prediction 
that the deposit feeder A. marina compensates for the 
reduced rate of bacteriolysis at cold temperature via 
increased concentrations of lytic agents. Further, we 
examine the relationships between food quality (pro- 
tein, chl a ,  and pheopigment concentrations) and gut 
throughput time with bacteriolytic capacity. 

METHODS 

Specimen collection and preparation. Arenicola 
marina was collected at low tide from sediments sur- 
rounding Pratt's Island, Maine, USA. Animals were 
dissected on site; details of dissection procedures and 
designations of various gut sections for A. marina have 
been provided previously (Plante & Mayer 1994). 
Specimens were collected on 6 dates (21 December 
1992, 31 March, 28 June and 29 October 1993, and 
19 May and 2 August 1994). 

Gut throughput time estimation. Egestion rates 
(which roughly equal ingestion rates in plug-flow feed- 
ers that digest only a small portion of ingested mater- 
ial) were estimated by collecting fecal coils produced 
while lugworms were submerged and recently (within 
1 h) emersed. At to, coils were gently brushed away 
and marked with small, numbered flags. After inter- 
vals ranging from 30 to 115 min, new coils were col- 
lected using a small spatula. Quantitative sampling 
was only possible when fecal coils maintained their 
integrity over this interval, so that sampling was 
restricted to calm days wlthout rain. After drying for 

>24 h at 60°C, samples were weighed and egestion 
rates (ER) were calculated and expressed as dry g h-'. 
Gut throughput time (GTT) is inversely proportional to 
ER and can be calculated if the capacity of the gut is 
known. We assumed that the gut was always full or 
nearly so, and therefore could estimate capacity by 
using the weight of sediment in the gut. This assump- 
tion will tend to result in an underestimation of GTT, 
but the error should be small in actively feeding ani- 
mals (Plante & Jumars 1993). We obtained these 
weights by first drying and weighing individual worms 
in glass vials, then combusting overnight at 550°C. Dif- 
ference between dry weight and cornbusted weight 
gave worm dry weight. Difference between com- 
busted weight and vial weight gave gut sediment 
weight. Dry weights of s c d i ~ c c t s  th;: hacl Sfeii 
removed with midgut fluid fractions were added to 
these values to get total gut capacity. GTT was then 
calculated as GTT (h) = gut capacity (g) / ER (g h-'). 

Temperature. Air, water and sediment (at 10 cm 
depth) temperatures were recorded in duplicate or 
triplicate on each of the 6 dates of collection. 

Food quality measurements. Samples were col- 
lected from the top 3 mm of sediments to estlmate food 
quality; we used protein, chl a,  and pheopigments as 
measures of food quality. Although lugworms feed at 
depth, this surface layer provides a good estimation of 
current food quality as Arenicola marina can easily 
subduct, ingest and defecate sediments from the sur- 
face during the interval from one low tide to the next 
(Jakobsen 1967. Grossmann & Reichardt 1991). Rijken 
(1979) demonstrated that very little mixing occurs with 
adjacent sediments as particles are transported from 
the surface, through the feeding funnel and ultimately 
into feces, and that this entire transit can take as little 
as 1.5 h. All food quality samples were stored in the 
dark, on ice, during transport from the field to the lab. 

Chl a and pheopigment concentrations were deter- 
mined by measuring fluorescence with and without 
HCI (Lorenzen 1966) using a Turner Fluorometer 
(Model 11 1). Samples were placed immediately into 
90% acetone upon collection and allowed to extract, 
refrigerated and in the dark, at least overnight. 

Protein samples were collected in 10 cc syringe 
cores, frozen within 2 h, and stored at -70°C until ana- 
lyzed. The method of Mayer et al. (1995) was used to 
quantify enzymatically hydrolyzable amino acids 
(EHAA). Thls method attempts to mimic digestion in 
an animal by employing digestive enzymes. Briefly, 
this method involved extracting a small amount (ca 
0.1 g)  of freeze-dried sediment in phosphate buffer 
containing sodium arsenate. The poison is to inhibit 
microbial uptake of amino acids liberated in subse- 
quent steps. Next, samples were incubated with non- 
specific proteolytic enzyme (Proteinase-K, Sigma) to 
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hydrolyze peptide bonds. The amino acids solubilized 
from the sediment include a wide range of states of 
polymerization, ranging from monomers to large 
polypeptides Our primary interest is in low-molecular- 
welght compounds that can be absorbed by an organ- 
ism (i.e. monomers and small oligomers). The Pro- 
teinase-K must also be removed. Precipitation by 
trichloroacetic acid (TCA) was used to remove the 
higher-molecular-weight peptides and enzymes The 
supernatant contains oligopeptides with <7  to 15 
amino acids (Mayer et al. 1995). This supernatant was 
then subjected to total hydrolysis by adding 6 N HC1. 
Total amino acid concentration was then quantified by 
adding orthophthaldialdehyde (OPA), then measuring 

fluorescence at  excitation-emission wavelengths of 
340/455 nm in a spectrofluorometer. For calculation of 
amino acid concentrations on a weight-weight basis, 
we assumed a n  average molecular weight of 120 g 
mol-'. 

Bacteria in sediments were not quantified; numbers 
and biomass of sedimentary bacteria, however, often 
correlate with protein levels (Meyer-Reil 1984, Mayer 
& Rice 1992). Because arenicolids have been shown to 
obtain most of their nutritional needs from sources 
other than bacteria (Hylleberg 1975, Plante et al. 
1989), it is unlikely that deposit feeders would use as a 
functional or physiological cue any cellular component 
of bacteria alone. 

Bacteriolytic assay. Bacteriolytic assays were per- 
formed using gut extracts of Arenicola marina by 
methods previously described (Plante & Mayer 1994). 
Briefly, loss of turbidity in resuspensions of environ- 
mental isolates was used to measure relative lytic 
rates. Previous work (Plante et al. 1996) has demon- 
strated that bacteriolytic factors in A. marina show sea- 
sonally consistent temperature relationships, i.e. no 
allozymes or other seasonally induced lytic factors 
were evident. Therefore, when determined under 
reproducible, standardized conditions, lytic rates can 
be regarded as a measure of lytic agent concentra- 
tions. To compare the relative concentrations of lytic 
agents in seasonally collected lugworms, all experi- 
ments were conducted at  room temperature (21 to 
23°C). To avoid confusion, we refer to in situ digestion 
of bacteria in lugworms as 'bacteriolytic capacity', 
while 'bacteriolytic rate' is used to refer to to the spec- 
trophotometrically measured rate of lysis which, under 
standardized conditions, is an  indication of relative 
concentration of bacteriolytic agents. 

A pseudomonad, designated SS-1 (described previ- 
ously in Plante & Mayer 1994), isolated from surface 
sediments surround~ng Arenicola marina was em- 
ployed. Cells were cultured in filtered Marine Broth 
2216 (Difco) at 25°C on a shaker table. Standard proce- 
dure was to harvest cells at  16 h ,  with absorbances at 

450 nm (A,,,) ranging from 1.4 to 1.8 (in broth, prior to 
washing) Cells were pelleted (1200 X g, 10 min), 
washed in filtered, sterile seawater, and repelleted. 
Immediately prior to analysis, pellets were resus- 
pended in 66 mM phosphate buffer (PB; potassium 
phosphate, monobasic, pH = 6 2); these resuspensions 
were diluted wlth PB to give A,,, values between 0.6 
and 0.7 This absorbance represents a concentration of 
about 1 X 10' SS-1 cells ml-' Following centrifugatlon, 
5 p1 of midgut fluid was added to 1.5 m1 of bacterial 
resuspension in disposable 1 cm polystyrene cuvettes. 
Midgut fluids were used in all assays of bacteriolytic 
rate. The spectrophotometer (Spectronic 2000, Bausch 
& Lomb) was zeroed against PB; additions of 5 p1 of 
phosphate buffer to the bacterial resuspensions served 
as controls. Lysis was followed by optical clearing, with 
readings taken prior to additions and at  0, 0.25, 0.50, 
0.75, 1,  2, 3,  and 5 min after addition of gut fluid or 
buffer. Initial lytic rates (V,) were determined from the 
linear portions of progress curves, spanning at least 
30 S and 3 absorbance readings. 

Statistical analyses. One-way analyses of variance 
(ANOVA) were performed to determine whether lytic 
rates (= lytic concentrations), ER, or GTT varied among 
sampling dates. If a significant treatment effect was 
found by ANOVA, a posteriori multiple comparison 
tests were performed using Fisher's LSD test at a n  
expenmentwise a level of 0.05. Multiple linear regres- 
sion analysis and Pearson product-moment correla- 
tions were used to test for relationships between envi- 
ronmental (independent) variables and animal 
functional and physiological responses (i.e. ER, GTT 
and lytic agent concentration) as well as among the 
environmental variables. Both forward and backward 
stepwise selection strategies were used to determine 
predictor variables. Feeding rate parameters (ER and 
GTT) were employed as both dependent and indepen- 
dent variables (versus lytic rate). All statistical tests 
were 2-tailed. All statistical tests were performed 
using SYSTAT (version 5.2.1) for the Macintosh com- 
puter. 

RESULTS 

Mean values of seasonal lytic rates (at room temper- 
ature) and environmental conditions are  summarized 
in Table 1. Lytic rates (i.e. concentrations) varied by 
more than a factor of 2. Food quality estimators showed 
marked temporal variability with EHAA values differ- 
ing by a factor of 4 ,  chl a exhibiting a ?-fold range a n d  
pheopigments ranging by more than a factor of 16. 
Maxima for each were generally measured in spring 
and autumn, with lower values observed in late sum- 
mer and winter. December chl a values, however, pro- 
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Table 1. Means (k SEM) of seasonal bacteriolytic rate, sediment temperature, gut throughput time, and concentrat~ons of protein, 
chlorophyll a, and pheopigment 

Date Lytlc rate 
(AU min-l) 

Temperature 
("C)  

GTT 
(h) 

EHAA 
(mg g-'1 

Chl d 

(mg g-') 
Pheopigment 

(m9 9-l) 

31 Mar 0.21 1 (0.038) 
19 May 0.272 (0.019) 
28 Jun 0 210 (0.007) 
3 Aug 0 120 (0.033) 
29 Oct 0.265 (0.020) 
21 Dec 0.157 (0.019) 

vided a notable exception to this trend. Temperature 
showed a 16.5"C range. Mean seasonal GTTs all fell 
between 1 a ~ c !  1.5 h 2nd did znt T.rarT1 * I  sinnificantly Y 

through time (p = 0.492; ANOVA). Similarly, ER did not 
show a significant seasonal variation (p  = 0.243) with 
means differing by less than a factor of 2.  

Lytic agent concentrations showed significant (p  = 
0.001; ANOVA) temporal variation (Fig. 1).  Employing 
Fisher's LSD test for pairwise comparisons, the mean 
lytic rate of August samples was significantly lower 
than all other seasons except December, the December 
mean varied significantly only from the highest Octo- 
ber mean. The 4 months exhibiting highest lytic rates, 
April, June, May and October, could not be distin- 
guished from one another statistically. 

Our initial prediction was that lytic agent concentra- 
tion in gut fluids would increase as ambient tempera- 
ture declined, i.e. that a negative correlation would be 
evident. No such correlation was observed (Fig. 2) .  

Similarly, it was apparent that mean lytic rate was 
not correlated with mean GTT for each date (r = 0.59, 
p = 0.295). We also attempted to correct GTT for indi- 
vidual body weight (dry g),  but again no correlation 

was evident (r = 0.001, p = 0.999). Lytic rate of individ- 
ual worms likewise was not correlated with GTT of the 
samc indi:.idun!s (i = 0.120, p = G.334). Analogoiis cor- 
relation tests employing ER, or ER adjusted to individ- 
ual body dry weight, rather than GTT gave similar 
results in that no clear relationship emerged. Addition- 
ally, no correlation was found between individual ani- 
mal size and lytic rate (r = 0.04, p = 0.799), nor were 
animal size and GTT related (r = 0.18, p = 0.246). 

Lytic rate did, however, show some relationship with 
food quality. Lytic rate was positively and significantly 
correlated with sedimentary EHAA (r = 0.85, p = 0.033) 
(Fig. 3). A better fit was obtained using the Michaelis- 
Menten model, V = V ,,,, SI(S + K,,,) (r = 0.91, p = 

0.014), possibly indicating saturation of the lytic rate at 
around 0.6 mg EHAA g-'; there are too few data, how- 
ever, to confidently distinguish between the linear and 
non-linear models. Multiple regression analysis indi- 
cated that EHAA was the only significant predictor of 
lytic rate and the regression was not improved by addi- 
tion of any other factors. On the other hand, no rela- 
tionship was observed with chl a (r = 0.70, p = 0.125). 

LYTlC RATE vs. SEASONAL TEMPERATURE 
SEASONAL LYTlC RATES 

1 
MAY 

I MAR - JUN 

I * 
1 OCT 

I - 
DEC 

JULIAN DAY 

Fig. 1. Arenicola marina. Mean (+ 1 SEMI seasonal bacterio- 
lytic rates (equal to concentration of lytic agent at  constant 

laboratory temperature of 22°C) of digestive fluids 

TEMPERATURE ("C) 

Fig 2. Arenicola marina. No clear relationship was observed 
between mean (i 1 SEM) bacteriolytic rate of lugworm gut 
fluids and temperature of sediments from which lugworms 

were collected 
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LYTlC RATE vs. PROTEIN 

EHAA (PROTEIN) m g l g  

Fig. 3.  Arenicola manna A significant correlation was ob- 
served between mean (k 1 SEM) bactenolytic rate of lugworm 
gut fluids and EHAA concentration of sediments from which 

lugworms were collected 

The correlation of lytic capacity with pheopigments 
was stronger (r = 0.74, p = 0.095) but still not significant 
at an  a of 0.05. 

No significant correlations were observed between 
Arenicola n~arina feeding rate ( E R  or GTT) and any of 
the food quality estimates (sedimentary EHAA, chl a 
and pheopigments), although the relationship of each 
with GTT was positive (Fig. 4 ) .  Similarly, no correlation 
with temperature was evident (r = 0.50, p = 0.388). Nor 
were there significant correlations among these envi- 
ronmental parameters, with the exception of the signif- 
icant correlation between chlorophyll and pheopig- 
ments (r = 0.84, p = 0.036). In addition, the relationship 
between EHAA and pheopigments trended toward 
significance (r = 0.79, p = 0.060). 

DISCUSSION 

Although lytic agent concentration varied significantly 
seasonally, this variation does not appear to be related 
to ambient temperature. The idea of compensatory pro- 
duction of additional or different enzymes has been 
supported for various marine poikilotherms (Hazel & 

Prosser 1974, Shaklee et al. 1977). Previous work (Plante 
et al. 1996), however, has demonstrated that bacteriolyhc 
factors in Arenicola marina show seasonally consistent 
temperature relationshps, i.e. no allozymes or other sea- 
sonally induced lytic factors were evident. The data 
presented here suggest that compensation in the di- 
gestion of bacteria via enhanced production of lytic 
agent at low temperatures also is not important. It is 
likely, then, that there is marked seasonal variation in 
the extent and rate of bacteriolysis in the field. 

Nutritional resource parameters, specifically bio- 
available amino acid concentrations, a re  related to 

GTT vs. FOOD QUALITY PARAMETERS 

EHAA (protein) mglg 
h\ 

1 I I I I 
-4) 

lib- 

- 

- 

- 
- 

I I I = ; l  I I 

Pheopigment (1919) 

Fig. 4. Arenicola manna. Gut throughput time (GTT) showed a 
positive, linear relationship with concentrations of (a) EHAA, 
(b)  chl a, and (c) pheopigment in sediments, although In no 
instance was the correlation significant. Error bars represent 

* 1 SEM 

concentrations of lytic agents.  A shortcoming of the 
present study is the absence of data regarding biomass 
or numbers of sedimentary bacteria. Previous work, 
however, has shown that only a subset of the bacteria 
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are affected by the lytic factor being measured (Plante 
et al. 1996, C. J. Plante unpubl. data). Moreover, it is 
unlikely that bacterial cells constitute a major fraction 
of the protein in the intertidal sediments measured 
here (e.g.  Meyer-Reil 1984, Mayer & Rice 1992). There 
is, however, often a direct relationship between bacte- 
rial numbers and sedimentary protein. Bacterial bio- 
mass or numbers normally correlate well with various 
measures of sedimentary organic matter (Dale 1974, 
Cole et  al. 1988, Danovaro et  al. 1994) including pro- 
tein (e.g. Danovaro et al. 1993, Fabiano & Danovaro 
1994), although this has not always been observed 
(Danovaro et al. 1994). Whether an animal responds to 
bacterial food substrate with changing lytic activity 
depends upon (1) whether it has the ability to respond 
with specific < ~ ~ h s e t s  of its digestive apparatns, anc! 
(2) whether the lytic activity is due to an  independent 
digestive agent relative to the other enzymes, emulsi- 
fiers, etc. in gut fluid. The lytic activity may simply be 
a function of an otherwise polyfunctional digestive 
agent, which the animal does regulate in response to 
overall food value (which we detect as EHAA). It is 
unlikely that deposit feeders would use as a cue any 
cellular component of bacteria alone, given that they 
constitute a relatively small fraction of sedimentary 
organic matter. This would be especially true in ani- 
mals that obtain most of their nutritional needs from 
sources other than bacteria, as has been shown for 
other arenicolids (Hylleberg 1975, Plante et  al. 1989). 

Given that the response is related specifically to pro- 
tein, and not correlated to chlorophyll or pheopig- 
ments, it is tempting to suggest that the lytic agent is a 
proteolytic enzyme. Furthermore, the distribution of 
bacteriolytic activity along the digestive tract (Plante & 
Mayer 1994) closely resembles that for proteolytic 
enzymes in Arenicola marina (Longbottom 1970, C. J. 
Plante unpubl. data). Additional observations, h o w  
ever, suggest that the lytic factor is not an enzyme. Not 
only is the bacteriolytic factor resistant to denaturation 
via elevated temperature (2 X 1 min microwave to boil- 
ing; C. J. Plante unpubl. data) but also retains activity 
after pre-treatment with a general protease (Protein- 
ase-K, Sigma No. P8044) (C. J. Plante unpubl.). There- 
fore, although the lytic factor may play some role in the 
digestion of proteins in general, it does not appear to 
be a proteolytic enzyme, but a compound simpler and 
more stable than an enzyme. The question of identity 
will remain until bacteriolytic agents can be isolated. 

EHAA concentration was not significantly correlated 
with either sedimentary chl a or pheopigment concen- 
trations, however the relationship with pheopigments 
(p  = 0.06) was considerably tighter than that with chl a 
(p = 0.37). Also in intertidal sediments of Maine, Mayer 
& Rice (1992) observed a significant pheophytin-pro- 
tein correlation. They also recorded low chl a/pheo- 

phytin ratios (0.12 to 0.48) from which they concluded 
that in situ algal production was not an important con- 
trol at their intertidal site. Our site, with relatively high 
pheopigment concentrations but also with all chl a/ 
pheopigment ratios > 0.85, likely represents a situation 
in which labile algal and other protein sources domi- 
nate. Maxima for proxies of food quality (EHAA, chl a 
and pheopigment concentrations) were generally mea- 
sured in spring and autumn, coincident with the 
expected period in temperate systems for sedimenta- 
tion of planktonic algal blooms (Smetacek 1980, Mayer 
& Rice 1992), as well as blooms of benthic diatoms (e.g. 
Gould & Gallagher 1990, Trueblood et al. 1994). 

The evidence that the concentration of lytic agent(s) 
varies seasonally suggests that bacterial communities 
are diffcrcntial!y affected by deposit-fesder irigesiion 
over space and time. Prior work has established under 
laboratory conditions a hyperbolic relationship be- 
tween lytic factor concentration and lytic rate (Plante et 
al. 1996). It is unclear, however, whether in vivo con- 
centrations of lytic factor would limit rate of lysis. 
Although our results suggest that ambient temperature 
is not correlated with lytic agent concentration, it has 
previously been shown that temperature has a clear 
effect on the kinetics of bacteriolysis by these lytic 
agents (Plante et al. 1996). Using the equations of 
Plante et al. (1996), we can convert the rates obtained 
here at the standard temperature of 22°C to those 
which would be predicted at in situ temperatures 
(Table 2). Using these converted rates (left column, 
Table 2) ,  EHAA concentration alone no longer does 
well in explaining variation, whether a linear (R2 = 

Table 2 Means of seasonal bacteriolytic rates corrected for 
in situ temperature 

Date Lytic rate" Ly tic rate 
(AU min-l) (AU min-l) 

31 Mar 0.050 0.042 
19 May 0.112 0.097 
28 J u n  0.099 0.098 
3 Aug 0.105 0.144 
29 Oct 0.093 0.102 
21 Dec 0.036 0.037 

aMeasured lytic rates at 22°C (295 K )  corrected to ambient 
temperature at which digestive fluids were collected 
using 

E.119.15 J m o l - ' ( l  -! 
R, = RZY~ 10 , 295 r 1 

where t is ambient temperature (K) and E, IS activation 
energy. The average E, value of 55.1 kJ K-' mol-' was 
used (Plante et al. 1996) 

b ~ s  above but with predicted lytic rates at standard tern- 
perature (&) obtained using the regression equation, 
lytic rate = 0.116 + 0.184[EHAA] 
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0.21, p = 0.33) or saturation model (R2 = 0.23, p % 0.05) 
is employed. On the other hand, temperature alone 
explains 78 % of the variation assuming an exponential 
relationship (as indicated in Plante et al. 1996) (p = 

0.06), but 91 % of the variation can be explained if 
EHAA concentration is added to the model (p = 0.03). 
Thus, it appears that ambient temperature is a domi- 
nant predictor of bacteriolysis in situ, while food qual- 
ity (EHAA concentration) is significant but secondary 
via its relationship to lytic agent concentration. 

The calculated range in bacteriolytic capacity cor- 
rected for temperature (Table 2) is 3-fold, so that, given 
similar GTTs, the extent of removal could vary by a 
similar factor. Although the estimates for the role of 
deposit feeders in removing bacterial production range 
up to 10%, in general, values are much lower (Bianchi 
& Levinton 1981, Kemp 1987). Therefore, even if 
removal rates varied up to 3 X more than the published 
estimates, macrofaunal removal would still be small 
relative to production rates. It should be noted that 
bacterial production rates also exhibit seasonal varia- 
tion, at times seemingly correlated with protein 
(Meyer-Reil 1983) or other measures of nutritional 
resources (e.g. Meyer-Reil 1987. Cole et al. 1988) so 
that enhanced rate of bacteriolysis could be offset by 
increased bacterial production in sediments. Because 
digestion appears to be selective (Plante et al. 1996, 
C. J .  Plante unpubl. data), however, a low rate of bac- 
terial removal relative to total production of sedimen- 
tary bacteria does not preclude the possibility that 
geochemical effects are large - certain bacteria ex- 
hibiting lower than average production may be greatly 
influenced by macrofaunal removal, particularly if 
they are highly susceptible to digestion. 

In our analysis we treated the animals' feeding 
response (ER or GTT) as both an independent (poten- 
tially influencing lytic agent concentration) and de- 
pendent (potentially influenced by environmental 
variables) variable. GTT (or ER) and bacteriolytic 
concentration showed no significant correlation and 
thus do not appear to be directly linked. 

Food quality and temperature are the most likely 
environmental factors dictating ingestion rate and 
GTT. Although previous field studies have docu- 
mented seasonal differences in feeding rate (Linke 
1939, Cadee 1976), laboratory experimentation has 
shown this variation to be largely independent of tem- 
perature in Arenicola marina, and to be rather a func- 
tion of food content (Cadee 1976, de Wilde & Berghuis 
1979). Efforts to model deposit-feeder responses to 
food quality have typically focused on behavioral 
responses, with the assumption that an animal's physi- 
ological state does not vary (e.g. the reactor-theory 
models of Penry & Jumars 1986, Dade et al. 1990). A 
non-monotonic relationship between ingestion rate 

and food resource is predicted (Phillips 1984, Dade et 
al. 1990). As food abundance increases from a mini- 
mum, an animal can achieve increased rates of energy 
gain by increasing food processing rate and decreas- 
ing throughput time to a point. There is an ingestion 
rate above which rate of gain decreases, however, 
because throughput time is insufficient for absorption. 
Laboratory tests have provided some confirmation of 
these predictions; Taghon & Greene (1990) for the 
confamilial Abarenicola pacifica observed this inter- 
mediate peak at a protein concentration [using the 
Coomassie Blue (CB) method] of about 0.05 to 0.10 mg 
g-'. Further, they provided evidence that this range of 
available protein may represent the critical concentra- 
tion eliciting maximum sediment-processing rates for 
deposit feeders in general (Taghon & Jumars 1984, 
Taghon & Greene 1990). Our mean seasonal EHAA 
values ranged from 0.24 to 0.95 mg g-' but would cor- 
respond to lower CB protein values (by a factor of 1.5 to 
2x; Mayer et al. 1995) as measured by Taghon & 
Greene (1990). Nevertheless, our calculated values still 
exceed the peak noted by Taghon & Creene (1990), 
even when they are conservatively halved. Thus, a 
negative relationship between egestion rate and food 
quality (and a positive relationship between GTT and 
food quality) would be predicted for our samples. In 
contrast, field observations of A. marina fecal produc- 
tion have shown the opposite pattern (10x increase 
from winter to summer; Cadee 1976) to that predicted 
and noted in the laboratory. Our data show no evi- 
dence of a significant seasonal change in feeding rate 
or gut throughput time, nor was there evidence of an 
intermediate peak. 

The data presented here suggest a physiological 
response by a deposit feeder to changes in food quality 
in that the levels of at least 1 digestive catalyst are cor- 
related with EHAA concentrations. On a seasonal 
scale, physiological adaptations may increase maximal 
rates of digestion and absorption (VMAx and WMnx) in 
response to increasing food resources so that digestive 
saturation does not occur. Over short time scales, there 
is a resource level at  which some peak feeding rate 
occurs, however, this level may vary over longer time 
scales due to physiological acclimation (Mayzaud & 
Poulet 1978). Higher food abundances then could be 
exploited by increasing ingestion rate. The observa- 
tions of Cadee (1976) support this predicted relation- 
ship. Alternatively, higher food concentrations could 
be exploited by digestively degrading and absorbing a 
relatively greater fraction of ingested food (Penry & 
Frost 1991), with little change in feeding rate. Our find- 
ings are more consistent with the latter scenario. We 
can attempt to reconcile our observed ingestion rate 
trends with the observations of Cadee (1976) by noting 
the extremely high day to day variability in Cadee's 
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observations and the small number of days (N  = 5) for 
which we have feeding rate estimates. Much of the 
variation likely results from the behavioral responses 
in feeding rate to short-term fluctuations in resources 
(either a positive or negative relationship dependent 
upon the level of resources relative to the position of 
the peak) superimposed upon a longer-term acclima- 
tion to higher rates as resource levels increase. Labora- 
tory experiments in which both the ingestive and 
digestive responses to varied food conditions are 
recorded over the long term are needed to further 
address the relationship between ingestion rate and 
resource level. 

In addition to potential influences of bacteriolysis on 
the ecology of sedimentary microbes, digestion of bac- 
teria likely is a!ss cf impcrtzncc frcm thc anima!'~ per- 
spective. Lysis of ingested bacteria may be either a 
strategy of predation or one of competition (or both). 
With the present data we cannot adequately address 
this issue since it is unclear whether the action of the 
lytic agent is specific to bacteria or whether lysis is 
incidental to degradation of some more general sub- 
strate type (e.g. protein). We can say, however, that our 
findings offer little challenge to the paradigm that bac- 
terial biomass constitutes a minor fraction ( ~ 1 0 % ;  
Cammen 1980, 1989, Kemp 1990) of the bulk carbon 
requirements of deposit feeders. Although higher con- 
centrations of catalytic factors can enhance the effi- 
ciency of digestion, since GTT did not vary signifi- 
cantly throughout the year, the effect of a higher 
efficiency is limited. At most a 2 X increase in bacterial 
contribution could result from higher Vblax values 
since measured values of digestion efficiency for bac- 
teria are already quite high, on average about 50% 
(Kemp 1990). Although the relative importance of bac- 
teria may be much greater if other nutritional curren- 
cies, e.g.  nitrogen, are considered (e.g.  Phillips 1984, 
Cammen 1989), this constraint stlll holds. 

If competition with bacteria in the gut for digestive 
products is the main concern, the same correlation 
between food resource and lytic agent concentrations 
would be predicted. The higher the food quantity the 
greater the amount of unabsorbed digestive product 
(Dade et  al. 1990), which would stimulate growth and 
activity of competing microbes in the gut. Efficient 
elimination of ingested bacteria via stimulated produc- 
tion of lytic factors would provide one mechanism to 
combat this challenge. 

Our results indicate significant seasonal differences 
in bacteriolytic agent concentration in Arenicola 
man'na and that this concentration is correlated with 
sedimentary EHAA levels. These findings suggest 
numerous areas of further research. First, although the 
results of Plante et al. (1996) illustrate the kinetic 
effects of varying lytic agent concentrations, it is 

unclear whether a 2 to 3 x  change would significantly 
affect bacteriolytic rate in situ. Sediment incubations 
with gut fluids collected seasonally and at varied tem- 
peratures are needed. Second, identification of the 
agent(s) responsible for lysis would reveal whether a 
simple proteolytic agent is involved, allow cleaner 
kinetics experiments (see Plante et al. 1996) and pro- 
vide further mechanistic information. Lastly, one of the 
chief goals of our research is to answer whether 
deposit-feeding macrofauna significantly influence the 
ecology of bacteria in bulk sediments. Studies such as 
the one presented here will help quantify the effect of 
macrofaunal ingestion through the provision of 
removal rate estimates which can be compared with 
rates of production by sed~mentary microbes. Ulti- 
mate!~, however, animal iemoval oi :ransplan: experi- 
ments will be needed since 'baseline' data of this sort, 
i.e. bacterial growth rates in the absence of animals, 
needed for such comparisons are not available and 
cannot be obtained without such manipulations. More- 
over, species-specific responses of bacteria to deposit- 
feeder ingestion must be considered in order to 
address potential qualitative effects on microbial com- 
munities. 
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