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Lability of proteinaceous material in estuarine 
seston and subcellular fractions of phytoplankton 

A. K. Laursen, L. M. Mayer*, D. W. Townsend 

Department of Oceanography, University of Maine, Darling Marine Center, Walpole, Maine 04573, USA 

ABSTRACT The rate of proteolysis of armno acids was used to assess the nutntional labihty of vanous 
materials making up estuanne seston in 3 Maine, USA, estuanes Physical separations of subcellular 
fractions of phytoplankton cells led to higher proteolysis rate constants for the cytoplasmic fractlon 
(> l  2 h-') than for the membrane fraction (0 2 to 1 h-') Whole cells, copepod fecal pellets, bottom sed- 
i m e n t ~ ,  and  estuarine seston had overlapping ranges of rate constants of 0 17 to 1 3 h-', which were 
indistinguishable from one another Protein pools in the seston of these estuaries throughout the sea- 
sons were dominated by phytoplankton production and its fresh detrital products Inverse relationships 
between proteolysis rate constants for estuarine seston and the ratios of pheopigments to chlorophyll 
indicates that the average l abh ty  of seston decreases with the disappearance of cytoplasmic matenal 
in suspension This k ine t~c  approach to the quality of food resources implies the existence of different 
pools of digestible protein for estuarine heterotrophs with different gut residence times Preferential 
ennchment of membrane components in sestonlc detntus may result from the differential lability of 
proteins in cytoplasm versus membrane components of cells 

KEY WORDS- Estuaries. Seston . Protein.  Peptides . Labillty . Phytoplankton 

INTRODUCTION 

Particulate amino acids form one of the most impor- 
tant pools of nutrition for heterotrophic organisms, due 
to both their abundance relative to other compound 
classes and their critical role in blomass formation by 
the heterotrophs. As a result, this compound class has 
received considerable attention from persons con- 
cerned with nutritional ecology. The lability, or suscep- 
tibility to digestion by heterotrophs, of these com- 
pounds ranges widely-from easily digestible proteins 
in biomass to refractory peptides that persist on geo- 
logical time scales (Cowie & Hedges 1992). Most work 
concerned with nutritional quality has focused on 
standing stocks of available material, with less atten- 
tion to the kinetic aspects of availability. 

Lability is often Interpreted from changes in standing 
stocks, which of course reflects net  rather than gross 
susceptibility to loss. The nutritional ecology of hetero- 
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trophs, however, could be better understood if more 
direct measurements of lability were available. Specif- 
ically, the digestion kinetics of different pools of partic- 
ulate amino acids needs attention. The potential role of 
digestion kinetics in food quality was shown by Rein- 
felder & Fisher (1991, 1994) in their measurements of 
assin~ilation efficiencies in copepods and bivalve lar- 
vae feeding on phytoplankton. Quantities of radiola- 
belled elements assimilated were directly related to 
their presence in the cytoplasmic content of phyto- 
plankton. Their results indicated that the animals were 
obtaining nearly all of their nutrition from the soluble 
cellular material of the cytoplasm. The authors sug- 
gested that the short gut residence time in these zoo- 
plankton (130 min) is insufficient to assimilate the 
insoluble material associated with the membrane and 
cell wall. Assimilation efficiencies of animals with 
rapid digestive strategies indicated that 2 pools of cel- 
lular material (both containing significant qilantities of 
protein) were present with different labilities. 

Following these observations, we have directly mea- 
sured the susceptibility to proteolytic attack (i.e. labil- 
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ity) of several materials that contribute to estuarine 
seston, including phytoplankton cells and their cyto- 
plasmic and membranous fractions, zooplankton fecal 
pellets and estuarine bottom sediments. We have also 
measured the lability of bulk estuarine seston, along 
with other environmental variables, to test if variations 
In the seston's lability might be related to the concen- 
trations of these possible contributors. Our measure of 
lability assays the rate of hydrolysis of enzymatically 
hydrolysable amino acids (EHAA) under attack by a 
standard protease (Mayer et al. 1995). 

METHODS 

Field sampling. Estuarine seston samples were col- 
lected in the Damariscotta, Sheepscot, and Kennebec 
River estuaries, located adjacent to one another along 
the west central coast of Maine, USA. The 3 systenls 
share many characteristics, but differ in their fresh- 
water inflow, receiving ca loo, 10', and 10' m3 S-', 
respectively. Estuarine samples were collected during 
September 1994, and February, May, June, July, and 
August 1994, using Nisk~n bottles. Water samples 
were prefiltered through 200 or 225 pm mesh to 
remove zooplankton and larger particles determined 
to be outside the feeding range of a typical filter 
feeder. The samples were then filtered immediately 
for analysis of EHAA (2 to 4 1, 47  mm Whatman 
GF/C), phytoplankton pigments (2 1, 47 mm GF/C), 
total carbon and nitrogen (CHN) (0.5 1, 25 mm GF/C), 
and total suspended particulate material (SPM) (0.5 1, 
0 4 ].lm 47 mm Poretics PCTE). All filters, with the 
exception of SPM, were frozen shipboard at -20°C 
and transferred to a -80°C freezer within 2 to 6 h of 
collection. 

EHAA analysis. Filters for the determination of 
EHAA were analyzed uslng the enzymatic digest~on 
technique of Mayer et al. (1995), modified for filters. 
Ten m1 of 0.1 M sodium phosphate buffer (pH 8, poi- 
soned with pentachlorophenol and sodium arsenate) 
was added to the filters in plastic scintillation vials and 
incubated for 1 h to inhibit bacterial uptake of amlno 
acids. To begin the enzymatic digestion, 1 m1 of 1.0 mg 
ml-' proteinase K (Sigma, St. Louis, MO, USA, crude 
fungal protease) was added to each via1 and the 
samples were incubated on a rotary shaker for 6 h. 
Subsamples were collected immediately after buffer 
addition as sample blanks (time, t = -1 h) ,  immediately 
before and after addition of enzyme ( t  = -0 h and t = 

0 h, respectively), and at 1, 3, and 6 h. The sampling 
before enzyme addition ( t  = -0) was only necessary for 
fresh cultures and cell fractionation experiments. The 
low molecular weight material solubilized from the 
substrate was separated from the analytical enzymes 

by trichloroacetic acid precipitation, followed by 6 N 
H('1 hydrolys~s of the low molecular welght fraction, 
and analysis of total amino acids as their ortho-phthal- 
dialdehyde (OPA) derivatives with a Hitachi F-4500 
spectrofluorometer. Details are provided in Mayer et 
al. (1995). Relative standard deviations for the 8 ana- 
lytical replicates from each digested filter were <10%. 

The rate constants for hydrolysis were calculated 
by fitting the 0 to 6 h time course data to the expo- 
nential equation 

where C, is the EHAA concentration at time t ,  CA is the 
asymptotically approached total EHAA concentration, 
CS is the EHAA concentration of the slowly hydrolyz- 
able pool of peptide substrate, and k is a first-order rate 
constant describing the slower hydrolysis of the pep- 
tide substrate by the analytical enzymes. These time 
course incubations were performed on a subset of the 
samples, from 10 stations in the Damariscotta in May 
and from 3 stations in each of the 3 estuaries in the 
months June, July, and August 1995. Single-point 
EHAA concentrations (6 h incubation) were measured 
on all other samples collected, typically 4 to 6 depths 
from 6 to 11 stations in each estuary. 

Pigment analysis. Phytoplankton pigments were 
measured in estuarine seston by 2 methods, in order to 
assess the status of its phytoplanktonic components. 
All samples collected were analyzed in duplicate for 
chlorophyll a and pheopigments, using the standard 
fluorometric technique with acidification step (Parsons 
et al. 1984). Detailed pigment compositions were 
determined on the subset of samples used for EHAA 
kinetics. Pigments were extracted according to the 
procedure of Bidigare (1991) and analyzed using high 
performance liquid chromatography (HPLC) following 
the method of Van Heukelem et al. (1992). Pigments 
were Identified and quantified based on comparisons 
with standards analyzed by the same procedure. 
(Available standards were obtained from Sigma. Fuco- 
xanthin and peridinin were graciously provided by R. 
Bidigare and D. Repeta, respectively.) For those stan- 
dards not commercially available, such as the chloro- 
phyll degradation products, retention times were 
determined using the products of controlled degrada- 
tions of pure culture extracts (Barrett & Jeffrey 1971) 
and concentrations calculated using referenced extinc- 
tion coefficients (Lorenzen & Downs 1986). 

Phytoplankton cell fractionations. Fresh cultures of 
Tetraselmis suecica, Isochrysis galbana, Rhodomonas 
sp., and Thalassiosira pseudonana (3H) were used to 
examine the lability of EHAA in live algae. Growth 
conditions were 24 h of light in f/2 medium with steril- 
ized seawater for approximately 1 wk. All 4 species 
were separated into cytoplasmic and membranous 
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fractions to determine the lability of EHAA from these 
fractions. Cytoplasmic fractions were analyzed from 
Tetr-aselmis suecica and Thalassiosira pseudonana 
samples only, while membranous fractions were ana- 
lyzed from all 4 species. In addition, all of the culture 
species were analyzed as whole unfractionated cells. 

Phytoplankton cultures were fractionated following 
the basic procedure of Hellebust & Craigie (1978). Pure 
cultures (50 to 150 ml, depending on culture density) 
were separated from the cult.ure medium by centrifu- 
gation (5 min, 8000 X g, Sorvall RC-5B), and resus- 
pended in 15 to 25 m1 artificial seawater (30 psu). 
Microscopy revealed no evident cell damage. Cells 
were lysed by sonicating over ice for a total of 1.5 min 
in 15 S bursts (Fisher 300, 35%,  4 mm tip). Samples 
were then immediately centrifuged at high speed 
(60 min, 48000 X g, 0 to 5OC) to separate into cytoplas- 
mic (supernatant) and membranous (pellet) fractions. 
These fractions were frozen (-20°C) and analyzed for 
the kinetics of EHAA digestion, as described above, 
within 1 to 2 d .  

Other analyses and experiments. Total particulate 
carbon and nitrogen concentrations were measured on 
a Perkin Elmer 2400 Series I1 CHNO/S Elemental Ana- 
lyzer Total SPh4 was evaluated according to Strickland 
& Parsons (1972). 

To establish the lability of a component representing 
digested material from zooplankton consumption, 
copepod fecal pellets were collected from the bottom 
of a culture flask of Calanus finmarchicus (fed on a diet 
of mixed flagellates), examined to remove any cope- 
pods, centrifuged to remove the culture medium, and 
frozen at  -20°C. The pellets were then resuspended in 
poisoned phosphate buffer, and analyzed for EHAA 
following primarily the procedure described above for 
filters. The only modification was a brief centrifugation 
of the sample before subsampling to prevent loss of 
pellet mass. Following the 6 h digestion process and a 
final centrifugation, the remaining buffer was de- 
canted and the pellets were freeze-dried. EHAA con- 
tent was normalized to the final dry weight of the ana- 
lyzed pellets. 

EHAA from bottom sediment samples were previ- 
ously analyzed by L Schick according to the proce- 
dure of Mayer et al. (1995). Only frozen sediment sam- 
ples were used for this study, to remain consistent with 
sample pretreatment of the seston. 

RESULTS 

The lability of several possible components of ses- 
ton, including algal cells, fecal pellets, and bottom 
sediment, was analyzed by comparing their hydrolysis 
rate constants. Our assay measures hydrolytic produc- 

tion of low molecular weight (MW) peptides and 
monomeric amino acids that are absorbable by meta- 
zoan systems (Matthews 1991). Time courses of diges- 
tion of most material showed no low MW material 
until the analytical enzymes were added. However, 
the cytoplasm separates of phytoplankton cells often 
did contain some pre-existing low MW amino acids. 
This low MW material is certainly relevant as food, 
but In order to establish comparative rate constants 
for lability of high MW material, it was necessary to 
subtract the low MW fraction (value at t = -0) and 
bring the hydrolysis curves through zero at  t = -0 
(plotted as -0.1 h). The hydrolysis rate constant then 
becomes a measure of the hydrolytic lability of the 
high MW material and is comparable among all types 
of samples analyzed regardless of the quantity of low 
MM' material present. 

Cultured Tetraselmis suedca and Thalassiosira 
pseudonana samples, which were separated into cyto- 
plasmic and membranous fractions, show strong evi- 
dence of different labilities of EHAA within different 
fractions of cells. Pairwise comparisons of membrane 
and cytoplasmic lability always showed cytoplasmic 
proteins to hydrolyze more quickly (Fig. 1 ) .  Cytoplas- 
mic EHAA rate constants showed considerable vari- 
ability but were all greater than 1.2 h-' (Fig. 2). Mem- 
branous EHAA was more difficult to hydrolyze, with 
rate constants ranging from 0.22 to 0.99 h-'. There was 
no significant difference between the lability of the 
same fractions from different algal species. 

Tetraselmis 

15 .d- m 

10 

- 1 0 1 2 3 4 5 6 7 8 <  - - 
Thalassios~ra 

Time (h) 

Fig 1. Time courses of EHAA evolution from phytoplankton 
cell separations of 3 replicate cultures of Tetraselmis suecica 
and one of Thalassioslra jlseudonana. (m) C7ytop1asm; (U) 
membrane separates. F~rst-order proteolysis rate constants 
(h-') a r e  (a) cytoplasm: 18.4, membrane: 0.56, (b)  cytoplasm: 
23.9, membrane: 0.22; (c) cytoplasm: 2.49, membrane: 0.3; 

(d) cytoplasm: 1.3. membrane: 0.4 
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Fig. 2. Proteolysis rate constants (h-') for all cell separates, 
whole cells, fecal pellets, and bottom sediment. Replicates are 
grouped. l T M :  Tetraselmis suecica: Thal: Thalassiosira 
pseudonana; Iso: Isochrysis galbana; Rhodo: Rhodomonas sp.; 
memb. membrane, cyto: cytoplasm; copep fec: fecal pellets 
from Calanus finmarchicus fed on mixed flagellate diet; sedi- 

ment: bottom sediment from the Darnariscotta estuary 

The cytoplasm fractions accounted for 20 to 60% 
(mean = 46%, n = 14) of the total EHAA recovered 
and the membrane fractions accounted for the 
remaining 40 to 80% (mean = 54%, n = 14). These 
percentages can vary depending on the growth phase 
of the phytoplankton cells, with more protein in the 
membrane during the exponential growth phase 
(Reinfelder & Fisher 1991). Thus, with a significant 
fraction of the EHAA in the membrane fraction, cou- 
pled to considerable variability in rate constants, we 
found no significant difference between whole cell 
and membrane fractions with this small number of 
samples. 

The rate constant for EHAA hydrolysis in the cope- 
pod fecal pellet was 0.75 h-', similar to those of the 
membrane fractions and whole cells. Rate constants for 
3, freeze-dried, bottom sediment samples were also 
similar, at  0.37, 0.72 and 1.3 h-' (Fig. 2). 

Samples of estuarine seston showed excellent fits to 
the first-order rate law (Fig. 3). Hydrolysis rate con- 
stants of field samples from the Damariscotta, Sheep- 
scot, and Kennebec estuaries ranged from 0.17 to 
1.1 h-'. Surface and bottom water samples were col- 
lected and analyzed with the hypothesis that some dif- 
ference in the nature of EHAA would be seen between 
surface phytoplankton and resuspended bottom sedi- 
ments, but differences were not significant. 

Time (h) 

Fig. 3. Representative time courses for EHAA release from 
severa: field sa~p!es ,  as n g  EHAA !-' estuarine water, from 
the Damariscotta estuary. Statlons D-l to D-10 progress from 
the mouth to the head of the estuary. (0, m) Surface; (0,  m) 
bottom samples. Solid symbols are t = -1 h samples, collected 
before addition of enzyme, and are not included in the first- 

order curve fits 

Concentrations of EHAA in the 3 estuaries ranged 
from 0.04 to 0.87 mg 1-' during May through August, 
with highest values in the Damariscotta estuary during 
June, closely followed by those in the Kennebec also 
during June. These high values corresponded with a 
secondary spring phytoplankton bloom during June 
in all 3 estuaries with chlorophyll a values peaking be- 
tween 4.0 and 8.7 pg I-'. Concentrations of EHAA in the 
Sheepscot were about half those of the other 2 systems, 
a ratio which remained consistent throughout much of 
the summer. Over the summer, chlorophyll a concentra- 
tions ranged from 0.16 to 10.2 pg 1-' in the 3 estuaries. 
Chlorophyll degradation products were usually present 
in lower concentrations. Chlorophyll a concentrations 
followed patterns similar to the EHAA concentrations, 
both temporally and spatially. Fucoxanthin was the pri- 
mary carotenoid found, consistent with a dominance of 
diatoms in cell counts (M. Wong pers. comm.). 

The contribution of live algal cells to particulate 
organic nitrogen (PON) was estimated assuming a 
C:chlorophyll ratio of 50 and a C:N ratio of 7 for phyto- 
plankton. In the 3 estuaries, phytoplankton con- 
tributed 31 to 93% of the total PON, with maxima 
during June. Because of the variability of the C:chloro- 
phyll ratio from the literature, this calculation merely 
shows that phytoplankton biomass made up a signifi- 
cant to major fraction of the PON Similarly, the contri- 
bution of EHAA-nitrogen to the total PON was calcu- 
lated assuming an EHAA:N ratio of 6, due to the fact 
that the amino acid composition of EHAA is similar to 
that of average biological proteins (Mayer et  al. 1995). 
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- 

Fig. 4 .  Scatter plots of 
EHAA and partlculate or- 
ganic nitrogen (PON) vs 
chlorophyll and suspended 
particulate matter (SPM), 
for all data taken in the 3 es- 
tuaries over the year. While 
all correlations are  signifi- 
cant, EHAA and PON cor- 
relate more strongly with 
chlorophyll than with SPM 

Chlorophyll a (pg I-') Chlorophyll a (pg I-') 

o l . I . , n I  
0 5  10 15 
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.l.$ l;,# G.:'.: . , <<l :v. . -v: . . 

3 
01 

0  5 10 l 5  
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EHAA thus made up 37 to 63 % of the PON, which is a ily from recent algal production rather than sediment 
much higher proportion than has been found for nitro- introduction to the water column. 
gen in bottom sediments (Mayer et al. 1995). Stronger Is the sestonic EHAA in the form of living or detri- 
correlations of both the EHAA and total PON with tal algal material? Frequency histograms of the 
chlorophyll a than with total SPM (Fig. 4 )  reinforce the EHAA:chlorophyll a ratio of the estuarine samples 
inference that the nitrogenous materials derive primar- (Fig. 5) provide some indication. Diatoms, which donl- 

400 
DAMARISCOTA 

300 

200 

100 
Fig. 5. Ratios of sestonic 
EHAA to chlorophyll for o 
each estuary from Septem- 
ber 1993 to August 1994. 
plotted as frequency histo- 
grams Maximum X-axls 
value for frequency has 
been normalized to the 
same length for all plots to 
increase legibility Length 
of bars is thus relat~ve frac- 
tion of total samples. The 
typ~cal  llve phytoplankton 
value encountered In the 
literature is 40, and is indi- 
cated by a dashed line Val- 
ues above 100 hkely lndl- 
cate the presence of detntal 
EHAA in excess of that pro- 
vlded by live phytoplankton 

cells SEPTEMBER FEBRUARY MAY J U N E  JULY AUGUST 
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inated the flora in these estuaries, typically have pro- 
tein:chlorophyll a ratios of 20 to 100 on a wt/wt basis, 
though values up to 172 have been reported (Moal et 
al. 1987, Dortch & Packard 1989) Values >l00 were 
commonly found at most times of the year in our study, 
which probably indicates the presence of detrital 
EHAA in addition to the EHAA provided by live cells. 
The June samples, with a strong mode at a ratio of 40, 
corresponded to the secondary spring bloom with high 
chlorophyll a concentrations. Samples from other 
months were typically dominated by higher values, 
with an occasional mode also at ca 40 (e.g. May Ken- 
nebec samples). The summer values following the 
June bloom (July, August) were particularly high, cor- 
responding with maximum levels of algal pigment 
decay products (authors' unpubl. data). Overall, the 
EHAA :chlorophyll a ratio and its close proximity to 
typical phytoplankton culture ratios suggests that the 
EHAA was contained in either living cells or fairly 
fresh detritus derived from recent algal production. 
However, the uncertainty in the ratio for living cells 
precludes accurate quantitation of the relative 
amounts of live and detrital algal material. 

Concentrations of SPM reflected the different vol- 
umes of freshwater inflow. SPM in the Damariscotta 
ranged from 0.1 to 8.0 mg 1-l. The Sheepscot, with an 
order of magnitude greater freshwater input, had 
slightly higher SPM concentrations ranging from 0.4 to 
12.3 mg I-' SPM in the Kennebec, which has still 
another order of magnitude greater inflow, was the 
most concentrated of the three, ranging from 0.5 to 44 
mg I-'. Values increased towards the heads of all 3 
estuaries. Particulate organic matter (POM, calculated 
as 2 X particulate organic carbon) generally made up 
20 to 50 % of the SPM. 

DISCUSSION 

The algal fractionation experiments showed that 
EHAA from cytoplas.mic material is much more labile 
than that from cell membranes. The slowness of diges- 
tion of the membrane proteins is due to their partial 
embedding in the lipid bilayer. The embedded por- 
tions of membrane proteins are protected against 
access by proteolytic enzymes (Walker & Fearnley 
1986), until they can be separated from the lipid by 
lipolytic or detergent action. We found occasional 
rapid hydrolysis of a small fraction of membrane pro- 
teins, which likely represents their exposed peptide 
constituents. Lability of algal proteins is therefore 
dependent on their location in the cell. Growth phase 

in the cytoplasm during the stationary phase (Rein- 
felder & Fisher 1991). 

Analysis of the kinetics of EHAA digestion in fresh 
algal cultures (fractionated and whole cells), copepod 
fecal pellets, and sediments demonstrate a range in 
peptide lability. Different labilities of possible seston 
components indicated that fast and slow pools of 
EHAA do exist, and evidence for these pools can be 
sought in field situations. The correlations between the 
nitrogenous components of seston and chlorophyll, as 
well as the organic-rich nature of the seston (Fig. 4) ,  
indicate that the seston from these estuaries offer an 
opportunity to seek variations in EHAA lability that 
correspond to the transition from fresh phytoplankton 
cells to their detrital products. 

The conversion of algal biomass to detritus might be 
expected to change the EHAA lability in seston from a 
relatively high value due to the presence of cytoplas- 
nlic material to lower values that reflect loss of the 
cytoplasmic component. Evidence for this change is 
observed in this data set through the inverse correla- 
tion between hydrolysis rate constants and chlorophyll 
a degradation products (Fig. 6). The inverse relation- 
ship is highly significant (p < 0.001), showing that the 
conversion of algal biomass to detritus, likely resulting 
from grazing activity, lowers the average lability of the 
remaining peptide material. 

We had originally expected more pronounced 
changes in the hydrolytic rate constant with different 
samples. It is possible that variations were dampened 
somewhat by freezing of the filters before analysis; 
loglstic considerations prevented doing this study with 
unfrozen seston. Mayer et al. (1995) showed that freez- 
ing increases both the amount and rate constant of 
amino acids released upon proteolytic attack on sedi- 
ment. Sun et al. (1993) showed that freezing increases 
the susceptibility of chlorophyll, another compound 
contained within lipid bilayers, to decay in sediments. 

may affect labllity phytoplankton as Fig. 6 .  Proteolysls rate constants for estuarine seston vs the 
protein is more concentrated in the membrane during pheopigment:chlorophyll a ratio (p < 0.001) for the months 
the exponential growth phase and more concentrated June. July, and August. Pigments by the Parsons et al. method 
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Freezing may thus partially expose membrane pro- 
teins to proteolytic attack and obscure differences 
among samples. 

Nevertheless, the overall correlations in Fig. 6 illus- 
trate that the presence of intact phytoplankton cells 
provides a source of quickly digestible substrate for 
consumers. A low rate constant does not necessarily 
indicate lack of such quickly digestible substrate, 
because these rate constants represent averages of 
heterogeneous particle assemblages present in the 
seston. Averaging of EHAA lability across the many 
particles on a filter may not present an appropriate 

picture of the food available to an  individual animal. 
Quickly digestible substrate is available to zooplank- 
ton through selective feeding (Poulet 1983, Cowles et 
al. 1988), even when its presence is not strongly indi- 
cated in the overall lability of particulates collected on 
a bulk-sampling filter. 

These results suggest that detritus may be selec- 
tively enriched in membrane fragments of cells with 
associated proteins that have survived gut passage. 
Many zooplankton are  capable of digesting compo- 
nents of membranes; for example, polyunsaturated 
fatty acids can be removed during gut passage (Prahl 
et al. 1984). Nevertheless, some membrane compo- 
nents, e .g .  sterols, can transit the gut with relatively 
little loss. Sterols can rigidify regions of lipid bilayer 
membrane, so that this transit may represent gut pas- 
sage of relatively indigestible membrane fragments. 
perhaps with associated proteins. Such a scenario 
would imply appearance of membrane fragments in 
the fine particle and colloidal size range, a s  in the pre- 
diction of Jumars et  al. (1989) that inefficient digestion 
should lead to excretion of 'dissolved' materials. Evi- 
dence for this pathway includes the appearance of 
plant pigments in the colloidal size fraction (Bianchi et 
al. 1995), direct expulsion of lipid-associated proteins 
after protozoan d~gestion (Nagata & Kirchman 19921, 
and the budgetary loss of pigment from particulate 
fractions during copepod digestion (Roy et al. 1989). 
Bacterial membrane materials, which do not contaln 
sterols, may also selectively survive gut passage; evi- 
dence is the recent discovery of bacterial porin pro- 
teins in the 'dissolved' fraction of seawater (Tanoue et  
al. 1995). 

This suggestion that membrane proteins may be a 
source of slowly decomposable proteins in seston does 
not exclude other possibilities. For example, Mayer et 
al. (1995) suggested that bacterial S-layer proteins 
make up the slowly hydrolyzable fraction of EHAA in 
sediments. 

The kinetics of EHAA digestion shown in this study 
does not necessarily equal the kinetics in animal guts. 
Hydrolysis rates under the protease conditions of this 
assay have been shown to equal those of the digestive 

fluids of a sea cucumber for unfrozen sedlment (Mayer 
et  al. 1995), but their relation to the digestive kinetics 
of other animals is not known. The hydrolytic rate con- 
stants presented here, therefore, provide a n  ordinal 
rather than an  absolute estimation of lability. Never- 
theless, the results of this study are  consistent with the 
relative gut residence times of animals in marine set- 
tings. Zooplankton, such as  copepods and  bivalve lar- 
vae, have gut residence times of 10 min to 1 h ,  and 
some may specialize in consuming algal cytoplasm 
(Reinfelder & Fisher 1991, 1994). On the other hand, 
benthic deposit- and suspension-feeders, such as 
bivalves and polychaetes, have gut residence times of 
1 to 12 h and may be more capable of digesting mem- 
branous components. Intracellular digestive capability 
may be especially important in allowing digestion of 
membrane materials (McHenery & Birkbeck 1985). 
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