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The deposit-feeding polychaete Euzonus inucronata is atypical of

abundant macrofauna of high-energy sand beaches, which are usually

filter-feeders. Based on production:biomass ratios derived from a

life history study of the Oregon study population, the production of

the most abundant reported populations would be comparable to that

of very abundant filter-feeders on other high-energy sand beaches.

The utilization of potential food resources including bacteria,

detritus, and dissolved free amino acids (DFAA) was compared to the

estimated carbon requirements of the Oregon study population,

defined as the sum of production and respiration. The production

per unit area of bacteria exceeded that of the study population,

however, individuals are incapable of ingesting sufficient bacterial

biomass to meet carbon requirements despite an unusually high

ingestion rate. Individuals fed either refractory or available

radiolabelled detritus incorporated a substantial amount of label
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a low assimilation efficiency. If only 10% of the organic matter in

the beach sand is as available as the refractory (chemically

extracted) detritus used in this study, the carbon requirements of

E.. mucronata would be met by direct assimilation of detrital matter.

Although food acquisition by individuals may be limited by their

ability to process sediment, the total number of individuals which

could share the detrital resource would be very large; this may

account for the very high abundance reported for some beaches.

E. Inucronata assimilated DFAA at concentrations observed in the

field) but at the average concentrations observed a small annual net

loss of DFAA was predicted. A strong selection for and movement

toward local areas of higher DFAA concentration would increase the

potential contribution of DFAA to carbon requirements, but DFAA

uptake is unlikely to be a major carbon source even given strong

selectivity. The importance of detrita]. carbon and lack of

importance of bacterial carbon to . mucronata are discussed with

reference to present concepts of soft-bottom trophic structure,

which may require modification if these results are common to other

deposit-feeders.
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LIFE HISTORY, PRODUCTION, AND FOOD RESOURCES

OF THE DEPOSiT-FEEDING POLYCHAETE EUZONUS MUCRONATA

(TREADWELL) ON AN OREGON COASTAL SAND BEACH.

CHAPTER 1. INTRODUCTION

Most benthic infaunal communities are based on the utilization

of detrital matter. The importance of detritus-based food chains is

emphasized by the many publications concerned with the role of

detritus, Including the recent publIcation (April 1985) of research

presented at the 1983 Symposium on Detritus Dynamics in Aquatic

Ecosystems (Bulletin of Marine Science, vol. 35, no. 3).

There are large differences between the availability of the

non-living components of detritus and the rich microbial assemblages

which inhabit detritus particles. Several early studies determined

that bacteria on detritus were efficiently removed and assimilated

(Newell, 1965; Hargrave, 1970a, b; 1{ylleberg, 1975). In contrast,

many detritivores were found to lack (or have low activity of)

enzymes capable of hydrolysing structural carbohydrates comprising

the major portion of detritus (Kristensen, 1972). These studies led

to the hypothesis that detrital material is unavailable to

macrofauna until converted to microbial biomass, and that bacteria

are the principal food resource of detritivores. Later studies

demonstrated that detrital material varies in its availability,

depending on its source. Detritus derived from seagrasses is more
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resistant to microbial degradation than detritus derived from kelp

(Tenore et al., 1979; Tenore and Rice, 1980; Tenore and Hanson,

1980). With some qualifications regarding detritus from different

sources, this hypothesis continues as one of the paradigms of

benthic ecology.

The hypothesis has been directly challenged by several studies

which found that the amount of carbon obtained from bacteria was

less than the carbon requirements of detritivores (Baker and

Bradnaui, 1976; Wetzel, 1977; Cammen, 1980a; Jensen and Siegismund,

1980; Hammond, 1983; Findlay et al., 1984). Cammen (1980a) proposed

that most macrofauna are incapable of ingesting sediment rapidly

enough to subsist on bacterial carbon, even though bacterial

production is sufficient to supply the requirements of macrofauna.

Bacterial biomass may be more important as a source of high-quality

food rich in nitrogen, phosphate, and micronutrients (e.g. B-complex

vitamins, Phillips, 1984) essential to macrofauna rather than as a

primary source of reduced organic compounds. Thus, many or most

deposit-feeders must utilize alternative carbon sources in place of

or in addition to bacteria. This may be through direct utilization

of detrital material, uptake of dissolved organic matter, or

utilization of microalgae. Some primarily deposit-feeding species,

of course, may also feed on inelofauna and other macrofauna.

Direct assimilation of artificially prepared detritus has been

demonstrated some species (Kofoed, 1975; Foulds and Mann, 1978;

Cammen, 1980a; Stuart at al., 1982; and others) but not for others

(Hargrave, 1970a; Bianchi and Levinton, 1984). Measured direct

assimilation of detritus has often been low relative to assimilation
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of bacteria. The potential nutritional importance of direct

assimilation of detrital carbon has usually not been determined,

although frequently a low assimilation efficiency has been taken as

evidence that direct assimilation is not important. Cammen (1980a)

noted, however, that a low assimilation efficiency could provide the

polychaete Nereis succinea sufficient carbon because of- the

abundance of detrital carbon in sediment.

Microalgae may be an important food resource in relatively

stable soft-bottom environments which support microalgal growth

(Bianchi and Levinton, 1984). In higher-energy environments,

sediment instability results in a low in situ photosynthetic

production (Steele and Baird, 1968; McLachlan et al., 1981) and

mieroalgae are probably less important. An exception may be surf

diatoms which while not produced in-situ, are stranded on some

exposed sand beaches. However, surf diatoms trapped in the sand may

be considered a form of fresh detrital material.

There is a considerable literature on the importance of

dissolved organic matter (principally as dissolved free amino acids,

DFAA) to the nutrition of marine invertebrates, including the

publications of an important conference in 1980 (American Zoologist,

vol. 22, 1982). Studies to date generally indicate that benthic

fauna derive a ineasureable but small amount of nourishment from the

uptake of DFAA at concentrations typical of the water column

(Ferguson, 1982). However, infauna are potentially exposed to much

higher DFAA concentrations, and DFAA uptake may be much more

important to these species (.Jørgensen and Kristensen, 1980). A

conflicting view is that infauna are physically isolated from
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interstitial water and do not experience these conc.eutrations

(Siebers, 1982). Because of the difficulty of measuring uptake by

infaunal species under simulated in situ conditions, the potential

importance of DFAA to benthic infauna remains unresolved.

An assessment of the alternative hypothesis that deposit

feeders do not subsist primarily on bacterial biomass requires an

investigation of the food resources of macrofaunal species, with

primary emphasis on examining all possible resources of a species

rather than an exhaustive study of only one food resource. Most

studies to date have taken the latter approach, which makes

assessment of the relative importance of various food resources

difficult. The research reported herein examined the relative

importance of bacteria, directly assimilated detritus, and DFAA

uptake to the deposit-feeding polychaete Euzonus mucronata.

The ophelild polychaete s mucronata (Treadwell) is

abundant in the upper intertidal of exposed sand beaches on the

North American Pacific coast. It dominates macrofaunal numbers and

biomass in the upper intertidal of many beaches, occurring at

densities up to 98,000/ni of shoreline with an equivalent biomass of

780 g dry weight/ni (Fox et al., 1948). On a per-rn2 basis, the

maximum reported biomass of, mucronata was over two orders of

magnitude greater than the average biomass of other sand beach

macrofauna (average 2.26 g dry weight/rn2: Bally, 1981). As a

deposit-feeder, E. mucronata is atypical of abundant macrofauna of

exposed sand beaches, which are usually filter-feeders or, less

commonly, scavengers. The general absence of deposit-feeders from

exposed sand beaches has been attributed to the typically low
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organic content (McLachlan, 1983), although if the sedimentary

organic matter were even partly available, even beaches with low

organic contents would contain an abundant supply of organic matter.

A study of deposit-feeding on exposed sand beaches was particularly

intriguing because the study of any process under extreme conditions

may lead to insight into its limiting factors.

The research is presented in the following four chapters.

Chapter II reports the results of a life history study. The life

history information places all further research on E. mucronata into

a meaningful perspective, and was used to estimate its annual

productivity. These production estimates are a major part of the

basis for comparisons of assimilation of potential food resources to

the requirements of the species.

Chapter III compares the annual carbon requirements of the

species to the biomass and production of bacteria at the study site,

and uses estimates of ingestion rate to evaluate the potential

importance of bacterial carbon. Annual carbon requirements were

defined as the sum of production, as reported in Chapter II, and

respiration, presented in Chapter III. Bacterial production was

measured by a tritiated thymidine method.

Chapter IV presents the results of an experiment to measure the

direct assimilation of detrital carbon. Water-extracted and

chemically extracted detrital materials were prepared from

radiolabelled Ulva expansa, representing relatively available and

refractory detritus. Each was fed to . mucronata as sterile

material and again after microbial colonization. The measured

assimilation of the radiotracer was converted to equivalent units of



carbon and compared to respiratory carbon losses to evaluate the

potential importance of direct assimilation of detritus.

A study of the potential uptake of DFAA at field concentrations

is presented in Chapter V. The study design involved measurements

of interstitial water concentrations in the field, measurements of

the uptake of DFAA by individuals fully exposed to extracted

interstitial water in vials, and comparison of uptake in vials to

uptake by individuals while burrowing in sand. Because collecting

sufficient quantities of interstitial water for the Last proved

impractical, experiments measuring uptake in sand used aged seawater

with added glycine and were compared to the uptake of glycine in

vials, to determine whether the presence of sand materially affected

uptake rates.

Chapter VI summarizes the major results of the research and

their implications with regard to soft-bottom trophic relationships,

as discussed in Chapters lI-V.
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CHAPTER II.

LIFE HISTORY AND PRODUCTIVITY OF THE OPHELIID

POLYCHAETE EUZONUS MUCRONATA (TREADWELL) ON AN

OREGON, U.S.A. COASTAL SAND BEACH

ABSTRACT

The life history and productivity of the opheliid polychaete

Euzonus mucronata (Treadweil) were studied on an exposed sand beach

of Oregon, U.S.A. Recruitment occurred over one to two months in

early summer and the number of recruits varied greatly between

years. Although adults were restricted to a sharply defined, narrow

band in the upper intertidal, juveniles settled both within and

below this band. Juveniles settling below the band grew slowly and

apparently died within three months after recruitment. Within the

band, the growth of juveniles and one-year-old adults was slow in

winter, possibly because of low winter temperatures. Individuals

lived for up to two years and spawned at both one and two years of

age. A brief episode of increased mortality of adults occurred in

summer at the same time as the arrival of recruits, possibly due to

reproductive stress. Few two-year-old individuals remained after

spawning. Mortality also increased in fall, possibly because of the

seasonal abundance of predatory shorebirds.

The estimated productivity (ash-free dry weight) in 1980-1981

was 61.68 glEn/yr for individuals 0-1 year of age and 52.68 g/m/yr

for individuals 1-2 years of age. The population-averaged ratio of

production to mean biomass was 2.17, and the estimated annual PB

ratio averaged over the lifetime of a cohort was 1.82. Gametes



contributed approximately 31Z of total annual production in

1980-1981. As a deposit-feeder, E. mucroriata is atypical of

abundant niacrofauna of exposed sand beaches, which are usually

filter-feeders or scavengers. If the production:biomass ratio is

similar between populations of E. mucronata, the production of the

most abundant reported populations would be similar to the

production of abundant filter feeders on other exposed sand beaches.

Thus, the low organic content and low bacterial density of exposed

sand beaches do not constitute an absolute barrier to high

production and density of deposit-feeding macrofauna.

INTRODUCTION

The deposit-feeding opheliid polychaete Euzonus mucronata

(Treadwell) is abundant in the upper intertidal of exposed sand

beaches of the North Anierican Pacific coast, It dominates

macrofaunal numbers and biomass, occurring at densities up to 98,000

per meter of shoreline with an equivalent biornass of 780 g dry

weight/rn (32,000/rn2, 256 g dry weight/rn2: Fox et al., 1948;

NcConnaughy and Fox, 1949). As a deposit-feeder, it is atypical of

abundant inacrofauna of exposed sand beaches, which are usually

filter-feeders or, less commonly, scavengers (McLachlan, 1983). In

1980, a study was initiated into the mechanisms by which

E. mucronata succeeds as a deposit-feeder in an apparently

unsuitable environment. As a basis for this research, the life

history and productivity of E. mucronata were studied. The

productivity of this abundant deposit-feeder was compared to that of

other abundant macrofauna of exposed sand beaches and to other



polychaetes. While the main purpose of this study was to evaluate

the productivity of E. mucronata, a second objective was to examine

little-known aspects of the life history of this abundant inhabitant

of Pacific beaches.

METHODS

Species and site description

Euzonus niucronata is dioecious, with a 1:1 sex ratio and very

little sexual dimorphism. Eggs and sperm are released into the

coelom early in their development and when they mature, the coelom

is packed with gametes (NcConnaughy and Fox, 1949). Adul.t

. mucronata occur in a sharply delineated region (hereafter

referred to- as the "band") between the higher and lower high water

levels. Juveniles are sometimes found below this band (Dales,

1952). Sympatric macrofaunal species include the amphipods

Eohaustorius brevicuspis and Proboscinotus loguax, and the isopod

Cirolana harfordi, all of which reach maximum abundances within and

below the lower part of the band (Bosworth, 1976). The polychaetes

Nepthys californiensis and Pygospio californiana occurred

infrequently in samples in the present study. Talitrid amphipods

were often observed in the supratidal but were never collected in

this study.

The study site was an outer coast, exposed sand beach 7 km

south of Yaquina Bay, Oregon, USA (44°38'N, 124°04.4'W). Tides are

mixed semi-diurnal with a maximum daily amplitude of about three

meters. Sediment consists of well-sorted medium sand (0.27 mm
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median grain size; Bosworth, 1976). The beach sand contains

0.5-0.7% dry weight organic matter (weight loss after ashlng 4 hr at

500°C, exclusive of macrofauna). Nearshore water temperatures range

from 9-15°C (Gonor et al., 1970; Huyer, 1977). Sand surface

temperatures during sampling were generally between 9°C and 15°C,

although lower and higher temperatures (0-20°C) were occasionally

observed. Freshwater seepage occurs near the elevation of higher

high water, and ground water salinities there were frequently near

6-7%,. Winter storms may erode 1-2 m of sand from the beach and in

some years expose the underlying mudstone bench.

Sampling

Quantitative sampling was initiated immediately after juveniles

first appeared in qualitative biweekly samples. The Euzonus

mucronata population was sampled nine times between 15 June 1980 and

22 June 1981. These samples were used to estimate annual production

and mean biomass and to evaluate life history parameters.

Additional samples for life history data were collected on five

occasions in the latter half of 1981, and once each in summer 1982

and spring 1983.

Differences in the distributions of adults and juveniles

(Dales, 1952) were considered in selecting a stratified random

sampling design. Four strata of equal elevation interval were

defined by measuring the elevation range of the E. mucronata band,

dividing the band into two strata (upper and lower band), and

sampling two additional strata of equal elevation interval below the

band. Ten cores 10 cm in diameter by 15 cm long were taken at
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pre-selected random positions within each stratum. On occasions

when no individuals were found below the band in preliminary

sampling, only the two strata within the band were sampled. Samples

were sieved without preservation through a 0.42 mm sieve. All

E. mucronata were relaxed overnight in isotonic MgC12 solution and

the lengths of live flaccid worms were measured to the nearest 0.2

mm. Juveniles less than 1.0 cm in length were measured to the

nearest 0.1 mm at 12x using a Wild M5 dissecting microscope with a

calibrated ocular micrometer. Qualitative observations were made of

the presence of gametes in the coelomic fluid.

Annual production of Euzonus mucronata was estimated by a

cohort summation-of-losses method (Crisp, 1971). Individuals were

assigned to cohorts on the basis of length and, to a lesser extent,

thickness. A few individuals could not be assigned to a cohort

unequivocally and were not included in calculations. Weight

(ash-free dry weight, AFDW) was estimated from measured length using

a regression based on 72 worms, 2-6 cm in length, which were

collected in fall 1980 and were not carrying developed eggs or

sperm. Biomass was calculated from the number and estimated mean

weight of individuals of each cohort. Biomass and production

estimates based on this regression do not include gametes. The

contribution of gamete production to total annual production was

estimated from a sample of adults collected in June 1981, prior to

the arrival of recruits. These individuals were partially relaxed

in isotonic MgCl2, then the body wall was broken open and the

contents of the coelom expressed, without contamination from the

contents of blood vessels or the gut. The coelomic contents and the
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remaining body tissue of each worm were weighed dry and again after

ashing (4 hr at 500°C) to obtain AFDW of the coeloinic contents

relative to total body AFDW. The coelotuic cavities at this season

were packed with gametes; thus, the AFDW of the coelomic fluid was

primarily due to the ripe gametes. The average percent of total

AFDW due to gametes in Late spring 1981 was used to estimate the

annual production of biomass in the form of gametes.

The E. mucronata band generally extended over 0.6 m in

elevation, but varied in width between sampling dates as a result of

changes in beach slope. The resulting variations in population

abundance per unit area were compensated for by expressing abundance

as number per meter of beach in the alorigshore direction. Biomass

and production estimates are therefore based on abundances per meter

of beach, and can be converted to an areal basis (m2) by dividing by

18.3 in, the average width of the E. mucronata band.

RESULTS

Recruitment began less than two weeks before the initial

sampling on 15 June 1980 and was restricted to one to two months in

1980 and 1981 (Figure 11.1). Two cohorts were initially evident in

the size-frequency distributions and are hereafter referred to as

the pre-1980 and 1980 cohorts. The distribution remained bimodal

until after 22 June 1981, when the abundance of the pre-1980 cohort

decreased rapidly, and it became bimodal again with the arrival of

the 1981 cohort in mid-July 1981.

In 1980 and 1981, juveniles settled both within and below the

band, but juveniles which settled below the band declined rapidly in
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number and were absent by 22 September in 1980 and by 23 November in

1981 (Figure 11.2). In 1982 juveniles again settled both within and

below the band, and were absent below the band on 7 April 1983. The

abundance of juveniles within the band did not increase as

abundances below the band decreased (Figure 11.2).

Three episodes of mortality were evident: in fall 1980, summer

1981, and in fall 1981. The 1980 cohort decreased in abundance by

approximately 507. in fall 1980 and again by 50% in fall 1981. The

1981 cohort also decreased in abundance in fall 1981. The pre-1980

cohort did not decrease in abundance in fall 1980. It was not

readily distinguishable in samples after August 1981 because of low

numbers in samples and increasing overlap in size with the 1980

cohort. In summer 1981, the 1980 cohort rapidly decreased by about

40% and the pre-1980 cohort decreased by about 50%, shortly before

the arrival of the 1981 cohort. No net change in abundance of the

pre-1980 and 1980 cohorts was observed in winter or spring 1981.

The mean length of individuals of both the pre-1980 and the

1980 cohorts increased over most of the sampling period (Figure

11.3), but little or no increase in mean length of either cohort was

observed between 28 October 1980 and 5 March 1981. By 22 June 1981,

year-old individuals of the 1980 cohort had grown to a mean length

nearly equal to that of the pre-1980 cohort on 15 June 1980. Growth

rates of the 1981 and 1982 cohorts were similar to that of the 1980

cohort. The mean length of the older cohort in all samples

collected after March 1981 was approximately 5 cm, substantially

larger than the mean length of the pre-1980 cohort in the initial

1980 samples.
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The coelouiic cavities of individuals examined in June 1981,

prior to spawning, were packed with gametes which were readily

fertilized in vitro. Gametes were small but readily distinguishable

in larger individuals as early as January 1981. Most adults

examined in late summer 1981 lacked ripe gametes in the coelom.

Production between 15 June 1980 and 22 June 1981 included

growth of the pre-1980 cohort individuals, and recruitment and

growth of the 1980 cohort. Biomass and production were estimated

using the weight-length regression:

log W 2.954(log L)-.987 (n 72, r2 =.945)

where W= AFDW (zig) and L length (cm). Production by cohorts was

45.01 g AFDW/m/yr for the 1980 cohort and 35.81 g AFDW/m/yr for the

pre-1980 cohort (Table 11.1). The estimated standing biomass during

this period ranged from 0.039 to 50.96 g AFDWIm (average 11.68 g

AFDW/m) for the 1980 cohort and 11.31 to 68.02 g AFDW/m (average

34.25 g AFDW/m) for the pre-1980 cohort.

On the average, gametes comprised 22.73% (s.dev. 4.76, n = 9)

of the AFDW of males and 19.93% (s.dev. 8.06, n 10) of the AFDW

of females in June 1981.

DISCUSSION

Distribution and abundance

Although adults were restricted to a well-defined band in the

upper intertidal, juveniles settled both within and below this band.

In 1980-1982, all juveniles which settled below the band disappeared
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within three months. These individuals did not migrate to higher

elevations, since the number of juveniles within the band did not

increase concomitently. Dales (1952) observed that juveniles were

present at lower elevations than adults (as well as at the same

elevations) and concluded that "the optimal zone for the adult worms

is appreciably higher than for the younger stages...". The

distribution he observed probably represented the distribution of

juveniles shortly after settling, prior to the disappearance of

juveniles below the band.

The abundance of Euzonus mucronata in this study was much less

than reported abundances in southern California (Fox et al., 1948;

McConnaughy and Fox, 1949). Populations of E. mucronata

are subject to fluctuations in the recruitment of planktonic larvae,

which may result in large annual variations in population size. In

this study, adult population size increased from about 3,500/rn in

summer 1980 to about 22,000/rn in summer 1981 as a result of the

large recruitment in 1980. Such variations may account for the

difference between abundances reported in this and earlier studies

(Fox et al., 1948; McConnaughy and Fox, 1949). In addition, both

Oregon and California beaches are heavily eroded in winter, and in

some years underlying rock shelves are exposed. Populations of

E. inucronata are then temporarily displaced to low-intertidal or

subtidal elevations. This unpredictable, extensive disruption of

the high intertidal habitat may result in increased mortality and

annual variation in adult survival, as for example from increased

availability to predatory fish. In the present study, the beach was

heavily eroded in winter 1980-81 but at least 15-20 cm of sand
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remained in the upper intertidal at the study site. Although the

small-scale distribution of E. mucronata became more patchy

(indicated by increasing variation in the number of Individuals per

core), there was no indication that individuals at the study site

were displaced to lower elevations.

Growth and longevity

Individuals within the band grew in spring through fall but

little or no growth occurred during the winter. These changes in

growth rate may be due to seasonal variations in temperature.

Inshore water temperatures are lowest in winter (Gonor et al.,

1970), although low nearshore water temperatures also occur during

summer upwelling (Huyer, 1977), which would correspond poorly to the

patterns of growth observed in this study. However, the

temperatures experienced by E. mucronata in the upper intertidal are

influenced strongly by air temperature and insolation, and the sand

temperatures observed during sampling were qualitatively lower

during much of the winter.

Although the principal food resource of E. mucronata is

unknown, food availability must depend on the input of organic

matter from outside the beach. Fall is the season of maximum

deposition of kelp debris on Pacific beaches. Surf diatoms, which

iay be a major source of organic matter to beaches of Washington and

Oregon (Lewin and Schaefer, 1983), are most productive in fall

through winter (Schaefer and Lewin, 1984). Therefore, It seems

unlikely that the observed seasonal variations in growth rate within

the band resulted from a seasonally varying food supply.
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Juveniles which settled below the band appeared to grow slowly

relative to juveniles within the band (Figure 11.3). This suggests

that less favorable conditions for growth occur below the band. The

longer immersion times below the band may slow growth by reducing

the average sand temperature in summer. However, other mechanisms

such as size-specific predation below the band could cause these

differences in mean length, and no conclusions concerning mechanisms

are possible from the present data.

The average length of fully grown adults was approximately

5.0 cm. This average size was attained by the 1980 cohort

Individuals two years after recruitment. In 1981, the mean length

of year-old individuals of the 1980 cohort was approximately 3.8 mm,

similar to the mean length of the pre-1980 cohort in the initial

samples taken in 1980. Thus, most of the pre-1980 cohort

individuals were probably members of the 1979 cohort. Few, if any,

of the pre-1980 cohort survived after summer 1981. On Oregon

beaches, the maximum lifespan of most individuals is probably two

years.

Mortality

Two major episodes of mortality occur annually within the band.

There was a substantial decrease in abundance of both the pre-1980

and the 1980 cohorts in summer 1981. This decrease occurred

shortly before the arrival of recruits, suggesting that it resulted

from reproductive stress. Although no similar decline of the

pre-1980 cohort was observed in summer 1980, the sampling may have

begun after the episode of mortality had occurred.



18

The concurrent timing of recruitment and adult mortality must

be interpreted with caution. Larvae of E. mucronata have an

approximately two-week pelagic life (Dales, 1952). Assuming summer

alongshore transport at a velocity of 8.6 to 26 km/day (Huyer et

al., 1975), the source population could have been 120 to 364 km

distant. The timing of spawning in the source population may not be

the same as in the population receiving tile settling larvae.

Unfortunately, no data are available to determine whether adults at

the sampling site spawned between 22 June and 7 July 1981, when

their abundance decreased.

Increased mortality was also observed in fall 1980, when the

1980 cohort declined rapidly in abundance, and in fall 1981, when

both the 1980 and the 1981 cohorts declined in abundance. The fall

mortality episodes are similar to fall mortality of the isopod

Cirolana harfordi on Washington beaches, which Hughes (1982)

attributed to the seasonal abundance of predaceous shorebirds,

especially the sanderling Crocethia alba. Gulls and shorebirds,

including sanderlings, were frequently observed feeding heavily on

Euzonus mucronata at the study site. It is unclear why the pre-1980

cohort abundance did not decline in fall 1980, while the 1980 cohort

abundance decreased, since both the 1980 and 1981 cohorts declined

in fall 1981.

Reproduction

Recruitment was limited to periods of one to two months in both

1980 and 1981, in contrast to the report of Dales (1952) that

breeding is prolonged through the summer in southern California. It
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is uncertain whether that report was based on the arrival of

recruits or the presence of gametes in adults. McConnaughy and Fox

(1949) concluded that the breeding season extended from April

through September, the months in which they found ripe gametes in

adults from southern California. In this study, most recruitnient

occurred by late June 1980 and by late July 1981, and the brief

period during which recruits arrived suggests highly synchronous

spawning in the source population (but could also have resulted from

changes in nearshore water circulation). The difference in th.e

reported length of the breeding season may reflect differences in

terminology (i.e. period of ripe gametes or period of recruitment),

annual variability, or differences tn the life history of northern

and southern populations of E. mucronata.

All individuals of the pre-1980 and 1980 cohorts examined in

June 1981 were carrying gametes which could be fertilized vitro,

indicating that adults are mature at one year of age and spawn again

at two years of age.

Productivity

The annual productions of the pre-1980 and 1980 cohorts were

similar. However, the ratio of production to mean biomass was 3.85

for the 1980 cohort and 1.05 for the pre-1980 cohort. Decreases

with age in the ratio of production to biomass are common and must

be considered when estimating P:B ratios of entire populations

(Warwick, 1980). An appropriate estimate of the population P:B

ratio is the P:B ratio of each cohort weighted by the mean biomass

of the cohort (Allen, 1971). The population ratio estimated by this
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method was 1.76.

The estimated biomass in spring (derived from the weight-length

regression) does not include the approximately 20% of biomass of

both males and females contributed by gametes. The approximate

contribution of gametes to production was estimated by increasing

the 22 June 1981 mean AFDW by 11.80. This assumes that all the

individuals present on 22 June contributed to gamete production and

no individuals produced ripe gametes but died before 22 June. The

assumptions are reasonable since mortality in winter through spring

was low and all individuals examined in June 1981 were carrying ripe

gametes. By this method, gamete production contributes

substantially to total annual production, resulting in an increase

of 43-47% to an estimated 61.68 g AFDW/iu/yr for the 1980 cohort and

52.68 g AFDW/m/yr for the pre-1980 cohort. The resulting P:B ratios

cannot be calculated exactly, because the timing of gamete

development and its effects on mean biomass are unknown.

Qualitative observations indicated that gametes were small and

undeveloped until spring (see also McConnaughy and Fox, 1949). If

it is assumed that gametes were not a significant part of bioinass

until spring and comprised 20% of the biouiass in the March, Nay, and

June 1981 samples, the estimated annual mean biomass becomes

13.84 g AFDW/m for the 1980 cohort and 38.89 g AFDW/m for the

pre-1980 cohort. The P:B ratios, including gamete production, would

then be 4.46 for the 1980 cohort, 1.35 for the pre-1980 cohort, and

2.17 for the entire population.

This population-averaged P:B ratio depends on the relative

abundance of age groups (cohorts) and is not equivalent to the
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average annual P:B ratio of a single cohort. The latter is perhaps

the better indicator of the relative productivity of a species,

since it is affected by annual variation in environmental factors

(e.g. food supply, temperature) but not by variations in population

age structure resulting from variable recruitment success. The

density of the pre-1980 cohort in June 1980 at one year of age was

about half that of the 1980 cohort in July 1981 at one year of age

(both after spawning). Doubling the observed production and mean

biomass of the pre-1980 cohort from June 1980 to July 1981 should

approximate the expected production and biomass of the 1980 cohort

in its second year. By this method, the lifetime production of the

1980 cohort would be [(61.68)+2(52.68)] 167.04 g AFDW/m/yr, the

lifetime mean biomass would be [(13.84)+2(38.89)]/2 = 45.81 g

AFDW/m, and the annual P:B ratio averaged over the lifetime of the

cohort would be (167.04/45.81)12 = 1.82. The production and mean

biomass estimates should be interpreted as the expected values for a

cohort with an initial recruitment of approximately 29,000/rn,

experiencing environmental conditions similar to those in 1980-1981.

The P:B ratio does not depend on the initial recruitment but of

course reflects the environmental conditions in 1980-1981.

Estimates of production for polychaetes are few. Warwick

(1980) lists annual production estimates for several polychaetes,

generally on a dry weight/m2/yr basis. Annual production of other

polychaetes ranged widely from 0.05 to 10 g/m2/yr dry weight

(Warwick, 1980). For comparison, the dry weight of E. mucronata,

excluding sand in the gut, is approximately 1.1 times the AFDW (Fox

et al., 1948; Kemp, chapter III); thus, the estimated total
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7 glrn/yr. The ratio of production to biomass ranged from 1 to 2

for most polychaetes, but was higher (4-5.5) for species of

Pectinaria, Spiophanes, and Ampharete (Warwick, 1980). The cohort

and population-averaged P:B ratios of E. mucronata are therefore

similar to P:B ratios of other poiychaetes, although the abundance

of E. mueronata results in a relatively high total production per

unit area. No estimates of productivity of other ophellid

polychaetes are available for comparison.

The production and P:B ratio of Euzonus mucronata may also be

compared to the few estimates for other abundant macrofauna of sand

beaches. Donn and Croker (1953) estimated that the annual

production of the amphipod Raustorius canadensis was 1.02 g

AFDW/m ./yr and the ratio of production to biomass was 1.48.

Haustoriid amphipods are the dominant macrofauna of some beaches of

the east coast of North America (Croker et al., 1975) and are also

abundant at the sampling site in this study (Bosworth, 1976; Kemp,

1979). By comparison, the production of this population of

Euzonus niucronata in 1980-1981 expressed on an areal basis was 6.25

g AFDW/m2/yr. If the P:B ratio is similar between populations of

E. mucronata, the annual production of the very abundant populations

reported by MeConnaughy and Fox (1949), in which adult biomass was

224 g AFDW/ui2, would be at least 304 g AFBW/m2/yr, based on the P:B

ratio of 1.35 (including gametes) determined for adults in the study

population.

The most abundant niacrofauna of exposed sand beaches are

typically filter-feeders (MeLachian, 1983). The annual production
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of a very abundant population of the bivalve Donax serra on East

Cape (South Africa) beaches was 840 g AFDW/m/yr (McLachlan et al.,

1981). D. serra contributed 96.9Z of the total inacrofaunal biomass.

By comparison, the production of E. mucronata in 1980-1981 was

114.36 g AFDW/m/yr for this Oregon population and annual production

would be at least 925 g AFDW/m/yr for the abundant California

population (based on McConnaughy and Fox, 1949). The annual

production of an abundant population of the filter-feeding mole crab

Ernerita analoga was 91 kg/rn/yr as wet weight (Conan, 1978). This

value was extremely high relative to other values reported for

benthic macrofatma (Conan, 1978). An approximate conversion factor

for E. mucronata of 18Z AFDW/wet weight (Fox et al., 1948) yields an

annual production of 0.63 kg/rn/yr wet weight for the study

population and on the order of 5 kg/rn/yr for very abundant

populations. Thus, the production of the deposit-feeding

Euzonus mucronata is comparable to the production of abundant filter

feeders of other sand beaches, though less than the most extreme

produetivities reported for filter-feeders.

CONCLUSIONS

Abundant populations of the deposit-feeder Euzonus mucronata on

Pacific beaches are potentially as productive as abundant

populations of filter-feeders on some exposed sand beaches. The

production per unit area of E. mucronata is high relative to other

macrofauna, even at the moderate densities of the Oregon populations

in 1980-1981. It is clear that the low organic content of exposed

sand beaches is not an absolute barrier to high levels of production
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and biomass of deposit-feeding species. This demonstrates our

inadequate understanding of environmental factors which are

important to deposit-feeding. Further study of the specific food

resources of E. mucronata has been undertaken to determine whether

E,. mucronata is a special case and is atypical of deposit-feeders,

or whether current hypotheses concerning the nature of

deposit-feeding require modification for at least some types of

deposit-feeders.
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Figure 11.1. Length-frequency histogratus of Euzonus uiucronata.
Alternating filled and open symbols used to
distinguish annual cohorts. Lengths of larger
cohort on 30 December 1980 are exaggerated due tc
improper MgC12 relaxation.

o upper band
lower band

o first stratum below band
v second stratum below band
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Figure 11.2. Number of individuals per meter of shoreline versus
sampling date. Open squares indicate juveniles
below the band. Other symbols:

o 1980 cohort
A pre-1980 cohort
v 1981 cohort
a adults in August 1982 and April 1983
* juveniles in August 1982 and April 1983
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Figure 11.3. Mean lengths of individuals versus sampling
date. Symbols as in Figure 11.2. Mean length
of pre-1980 cohort on 30 December 1980 exaggerated
due to improper MgC12 relaxation.
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Table 11.1. Production estimates by cohort summation-of-losses
procedure. N/rn number/meter; length in cm;
AFDW mg ash-free dry weight. P = production
(tug AFDW/m). B = biomass (mg AFDW/m).

1980 cohort

mean mean mean
Date N/rn N/rn length AFDW AFDW P B

15/VI/80 12856 0.304 0.003 0.003 39.3 39.3

19/VII/80 30870 21863 0.558 0.018 0.015 335.2 555.7

30/VIII/80 28127 29498 1.046 0.118 0.018 542.4 3319.0

22/IX/80 20995 24561 1.117 0.143 0.025 618.8 3002.3

28/X180 15984 18489 1.808 0.593 0.450 8315.3 9479.1

30/XII/80 15655 15819 1.901 0.687 0.095 1487.2 10755.0

5/Ill/Si 21927 18791 1.802 0.587 -0.100 -1887.3 12871.1

21/Iv/81 14338 18132 2.147 0.985 0.398 7211.7 14122.9

22/VI/Si 18965 16651 3.016 2.687 1.702 28345.7 50959.0

Total = 45008.3 105102.0

pre-1980 cohort

mean mean mean
Date N/rn N/rn length AFDW AFDW P B

15/VI/80 4865 3.560 4.385 21333.0

19!VII/80 1682 3274 4.114 6.723 2.337 7651.6 11308.1

30/VIII/80 2890 2286 3.904 5.759 -0.964 -2203.6 16643.5

22/IX/80 4097 3493 3.759 5.149 -0.609 -2128.1 21095.4

28/X/80 3255 3676 3.953 5.975 0.825 3033.8 19448.6

30/XII/80 3475 3365 5.371 14.777 8.802 29619.1 51350.0

5/111/81 4334 3904 4.209 7.192 -7.585 -29616.8 31170.1

21/IV/81 5523 4928 5.046 12.289 5.097 25121.2 67872.1

22/VI/81 5194 5358 5.156 13.097 0.808 4331.3 68025.8

Total = 35808.6 308246.4
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CHAPTER III.

PRODUCTION OF BACTERIA ON AN EXPOSED SAND BEACH

AND UTILIZATION BY THE DEPOSIT-FEEDING

POLYCHAETE, EUZONUS MUCRONATA.

ABSTRACT

Bacterial biotnass and production were compared to the annual

carbon requirement and sediment processing capability of the

deposit-feeding polychaete Euzonus mucronata. Bacterial production

was measured by a tritiated thymidine method and bioniass was

estimated from direct counts and estimates of cell volume. The mean

bacterial abundance ranged between sampling dates from 6.1 to 12.0

x107 cells/g and mean biomass ranged from 1.7 to 3.4 pg C/g

(0.42-0.84 g C/rn2). Annual bacterial production extrapolated from 5

measurements on 7 December 1982 was 9.3 to 23.4 g C/in2/yr (mean

16.25 g C/m2!yr). The carbon requirement of L taucronata, equal to

the sum of annual production and respiratory loss of carbon, was

7.6 g C/ni2/yr. Although bacterial production exceeded the carbon

requirement of E. mucronata, the low bacterial density limits direct

utilization of bacterial carbon to less than 10% of the annual

carbon requirement of E. mucronat, despite Its relatively high

sediment processing capability. Because of their low density,

sediment bacteria are probably not a major carbon source to other

sand beach macrofauna. Bacterial turnover times (mean = 10 days)

were similar to reported turnover times at higher cell densities in

other sediments, indicating that bacterial production exceeds

macrofaunal production by one or more orders of magnitude in many
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environments. The possible role of meiofaunal grazing in

controlling bacterial abundance is discussed.

INTRODUCTION

Bacteria are considered important in nutrient and energy flows

in marine environments. Some benthic fauna efficiently remove and

assimilate bacteria from sediment and detritus (Newell, 1965;

Hargrave, 1970a, b; Hyileberg, 1975; Sorokin, 1981; and others),

indicating that bacteria are available as a food resource, whereas

detritus is poorly assimilated and therefore is considered

refractory (Newell, 1965; Fenchel, 1970; Fenchel and Blackburn,

1979). Observations of efficient assimilation of bacteria have led

to the hypothesis that detrital carbon becomes available to

deposit-feeding macrofauna after conversion to bacterial biomass

(e.g. Fenchel, 1970; Gerlach, 1978). The rate of conversion of

detritus to bacterial biomass (i.e. bacterial productivity) would

then determine the availability of food in benthic detritus-based

food chains. The nutritional significance of bacteria to macrofauna

has been challenged by studies which showed that the amount of

bacterial biornass actually ingested was not sufficient to supply the

carbon requirements of several deposit-feeding macrofaunal species

(Baker and Bradnain, 1976; Wetzel, 1977; Cammen, 1980a; Jensen and

Siegismund, 1980; Hammond, 1983). The importance of bacteria as a

food (carbon) resource of deposit-feeding macrofauna is therefore

unresolved.

Cammen (1980a), in a study of the food resources of the

polychaete Nereis succinea, concluded that although bacterial



36

production is probably sufficient to meet macrofaunal carbon

requirements, the amount of bacterial carbon available to macrofauna

may be limited by their sediment processing capability. In this

study, bacterial production and biomass are compared to the annual

carbon requirements and sediment processing capability of a

deposit-feeding polychaete. The study species,

Euzonus inucronata (Treadwell), is an abundant inhabitant of the

upper intertidal of exposed sand beaches of the Pacific coast of

North America. Because of sediment instability, exposed sand

beaches have low in-situ photosynthetic production (Steele and

Baird, 1968; McLachlan et al., 1981) and sediment organic matter is

primarily derived from stranding and filtering of detrital material

from the surf (McLachlan, 1983). Sand beaches are well suited to

studies of the role of bacteria in detrital food chains, in part

because their relatively low sediment organic content and low

bacterial density represent one extreme in benthic detritus-based

ecosystems.

METHODS

Site description

The study site was the upper intertidal of an outer-coast,

exposed sand beach 7 km south of Yaquina Bay, Oregon, USA (44°33.8'

N, 124004.4t W). Physical characteristics are described by Kemp

(chapter II). The E. ulucronata population is located in a sharply

delineated region between the lower and higher high water levels,
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herein referred to as the "band".

Ingestion, production and respiration

The sediment ingestion rate was measured using direct

observations of feeding individuals. An observation aquarium was

constructed from two 15 x 15 cm Plexiglas sheets separated by

silicone tubing (3.5 mm diameter when compressed), and held together

by spring clamps. The silicone tubing was perforated on the inner

surface and could be connected to a vacuum aspirator. The aquarium

was filled with freshly collected sand from the study site.

A 2-3 mm wide band of methylene-blue dyed sand was embedded

approximately 5 cm below the sediment surface. Groups of five adult

worms were placed on the sediment surface and allowed to burrow into

the sediment. All individuals observed (>50) first burrowed

entirely into the sediment, then began feeding continuously. Three

minutes after an individual was observed starting to ingest the

blue-dyed sand layer, the vacuum aspirator was connected and

formalin-seawater (final concentration 5%) was drawn through the

sand to stop its feeding. Worms were observed to stop feeding

within 10 seconds and none were observed egesting sand in response

to the formalin. The preserved worm was then cut into 2 mm sections

and the gut contents of each section were examined. The total

number of sections and the position along the body of the most

posterior section containing blue-dyed sand were used to estimate

the turnover rate of sediment in the gut. Feeding experiments were

conducted at 12°C, approximately the annual average temperature at

the study site.
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Feeding in the confines of the observation aquarium was

compared to feeding in a larger container in which individuals did

not contact the container walls. Ten worms were placed in the

observation aquarium and allowed to pass the blue-dyed sand entirely

through the gut, displacing an easily identified plug of dyed sand a

few centimeters from the layer of dyed sand. The distance the

blue-dyed sand was displaced from the dyed sand layer was measured.

The same individuals were then placed in a larger container (10 x 10

cm x 20 cm) of freshly collected sand with an embedded layer of

blue-dyed sand. The average linear displacement of ingested dyed

sand in the larger container, in which worms did not contact the

container walls, was compared to the average linear displacement in

the observation aquarium. This displacement is related to the body

length of the worm, its burrowing rate, and the rate at which sand

passes through the gut by the equation:

C = (D + L)/B

where C = time (mm) to pass sand through the gut, D displacement

of dyed sand (cm), L = body length (cm), and B burrowing rate

while feeding (cm/mm). This relationship follows by substitution

from the relationships:

D = (B - S)C and S LJC,

where S = L/C is the rate at which sand moves through the gut

(cm/mm). Thus, the displacement of dyed sand serves as an

integrative measure of feeding and burrowing rate (assuming length

while feeding is relatively constant for an individual), and
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comparisons of sand displacement should be a reasonable means of

assessing whether worms were feeding normally in the aquarium.

Attempts to determine gut clearance rate (C) by measuring

displacement (D), burrowing rate (B) and worm length CL) were

unsuccessful due to the difficulty of measuring the length of

feeding individuals.

The larger container was also used to obtain measurements of

the amount of sand contained in the gut. Twenty freshly collected

individuals selected for a broad range in size were placed on the

surface of fresh sand and allowed to burrow in the sand for 25 mm.

This period was sufficient to ensure that most of the individuals

would have begun feeding. Formalin-seawater was then drawn through

the sand and the preserved worms were dried at 70°C, weighed, ashed

at 500°C, and reweighed to obtain dry and ash-free dry weights. The

residual ash, except sand, was dissolved in dilute HC1. After

rinsing with distilled water, the sand was dried and weighed.

The annual production of Euzonus inucronata within the band was

estimated in a previous study (Kemp, chapter II) from samples

collected on nine occasions between 15 June 1980 and 22 June 1981.

Abundance, biomass, and production estimates were expressed as

number or grams of ash-free dry weight (AFOW) per meter of beach.

For the present study, these values were converted to number/rn2 or

g AFDW/m2 by dividing by 18.3 m, the average width of the

E. inucronata band. Production was estimated separately for two

cohorts, designated the pre-1980 and 1980 cohorts, distinguished in

length-frequency distributions (Kemp, chapter II). Respiration in

this study was also calculated separately for the two cohorts.
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Because the width of the E. mucronata band varied between sampling

dates, respiration (like production) was calculated from data on

abundance per meter of beach and subsequently converted to an areal

basis for comparison to bacterial production estimates.

The total respiration (R, ,jl-021m) during an interval between

sampling dates can be estimated from:

R = D x N x f(W,T,S)

where D = number of days in the interval, N the mean number of

individuals present during the interval, and f(W,T,S) the

respiratory rate in u1 02/individual/day as a function of the mean

weight of individuals during the interval, and of temperature and

salinity. Total estimated annual respiration was equal to the sum

of respiration during the intervals between samples starting 15 June

1980 and ending 22 June 1981. The mean number of individuals per

meter and their mean weight (as sig AFDW) during an interval were

taken from the previous study, in which weight was estimated from

measured length using a weight-length regression. Temperature and

salinity were considered the two seasonally variable environmental

factors which were likely to affect respiration rate. Respiration

rate was measured with a Gilson respirometer in a factorial

combination of three temperatures (9, 12, 15 "C) and three salinitles

(6.5, 16, 32%, with ten adult individuals ranging from 12-24 mg

body AFDW at each temperature-salinity combination. Temperature and

salinity values were chosen to approximate the ranges Observed in

the field. The effect of body weight on respiration rate was

examined at 12°C and 6.5, 16, and 32%, using individuals ranging
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from 1.4 to 51.4 ing body AFDW.

For respiration measurements, worms were placed in Warburg

respirometry flasks containing 10 g of oven-dried (75°C) sand and

15 ml of filter-sterilized seawater and acclimated for one hour to

test temperatures and salinities. Controls with seawater and dried

sand had virtually no measurable respiratory activity. In

preliminary trials, worms in water without sand had approximately

four times the respiratory activity of worms in sand. Respironetry

measurements were conducted in mid- to late summer, when adults were

not carrying ripe gametes.

Production and respiration were converted to common units of

carbon. Oxygen consumption was converted to an equivalent carbon

loss by assuming a respiratory quotient of 0.9 (moles CO2 released/02

consumed), equivalent to 0.482 .ig C releasedh.il 02 consumed (Cammen,

1980a). Production as g AFDW/m2/yr was converted to g C1m2/yr by

assuming that 507. of AFDW is due to carbon (Cammen, 1980a).

Bacterial production

Bacterial production was measured by a tritiated thymidine

(thymine deoxyribose, Tdr) method. The method of Moriarty and

Pollard (1981) was used to obtain estimates of isotope dilution in

each sample. Recent tests of the assumptions of this method

indicate that the method produces reasonable predictions of

bacterial growth rates in a cheinostat system (Pollard and Moriarty,

1984). Although there is considerable debate over the relative

accuracies of various niethods using tritiated nucleic acid

precursors (e.g. Fuhrman and Azain, 1982; Moriarty and Pollard, 1982;
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Craven and Karl, 1984), the available comparisons of various

procedures show relatively close agreement between production

estimates (Rieinann et al., 1984). Since an approximate estimate of

bacterial production would suffice in the present study, it is

likely that any of the available methods would have been adequate.

Bacterial production was measured in freshly collected, 15 cm

long cores and extrapolated to production per in 2 to a depth of

15 cm. Fifteen centimeters is approximately the depth to which the

beach sand is mixed by wave action (Elkenberry, 1966) and within

which most of the niacrofauna are found in the intertidal (Bosworth,

1976; Kemp, 1979; Hughes, 1982) and nearshore subtidal (Oliver et

al., 1980) of Pacific beaches. Field observations on numerous

occasions indicate that E. mucronata is found within the upper 15 cm

most of the time, although individuals descend to greater depths for

several hours when immersed at high tide, Single cores (8 cm2) were

collected at five elevations bracketing the Euzonus band in the

upper to mid-intertidal. on 7 December 1982. Cores were packed in

sand to maintain the in situ temperature of 11°C and reiurned to the

laboratory within thirty minutes. Each core was mixed thoroughly

with a spatula after adding 25 ml of 0.22 pm filter-sterilized

seawater at 11°C to facilitate mixing. Eight 2 g portions of sand

were removed from each core for isotope dilution experiments. In

addition, two S g portions were removed from each core and fixed in

10% formalin-seawater for bacterial enumeration and cell size

measurements. One ml. of 0.22 pm-filtered seawater, containing I pCi

of 311-Tdr (20 Ci/niniole) and varying amounts of unlabelled Tdr, was

mixed into replicate portions, which were then incubated for 45
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minutes at 11°C. Uptake of 3H-Tdr was linear at 11°C for at least

60 minutes in preliminary experiments. Additional portions of one

core were incubated at 15°C as a measure of the effect of incubation

temperature on uptake rate.

Incubation was terminated by the addition of 0.57 ml of 1.0 N

NaOH, which was added to controls prior to the addition of isotope.

Samples were then heated at 100°C for two hours. The solution was

transferred to a centrifuge tube with two I ml rinses of hot 0.3 N

NaOH and centrifuged at low rpm to remove fine sediment particles.

The supernatant was transferred to a glass vial, acidified with

3.5 ml of concentrated ice-cold HC1, and kept on ice for 45 minutes.

The precipitated DNA was collected on a 0.45 i Millipore HA filter

and rinsed with 5 ml of ice-cold 5% TCA. Collected DNA was

hydrolyzed In a 15 ml glass scintillation vial with 0.5 ml of 0.5 N

HC1, which was heated to 100°C for 15 minutes. The filter was then

dissolved in 1 ml of ethyl acetate and the sample counted in 10 nil

of Aquasol-2 scintillant (New England Nuclear). Counting efficiency

determined by internal and external standards was 42% and background

in controls averaged 50 cpm (due to retention of unincorporated

label on the filter). No indication of increased rates of uptake

was noted at higher 3H-Tdr concentrations in preliminary experiments

run on the previous day. The added Tdr was apparently sufficient to

saturate uptake in these samples.

Since published efficiencies of extraction of added DNA from

sediment have ranged from 20% in the absence of humic extract

(Moriarty and Pollard, 1982) to 93% (Tobin and Anthony, 1978), the

efficiency of extraction of DNA was measured. A solution of DNA
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solution) was mixed into 2 g of fresh sand and processed as

described above. Samples of 0.3 ml were removed for assay as

described by Burton (1956) from the final solution prior to

collection of precipitated DNA on the filter, and from the

post-collection filtrate. The absorbance at 600 nm was compared to

the absorbance of DNA standards.

Bacteria were removed from the sediment by homogenization at

23,000 rpm in a VIltis 45 homogenizer and enumerated by the AODC

method (Hobble at al., 1977). Homogenization speed was similar to

that used by Dale (1974), Meyer-Rell et al. (1978), and Nontagna

(1982). The optimum time of homogenization was determined by

homogenizing replicate 5 g portions from a mixed core for 30

seconds, and 1, 2, 4, 10, and 15 minutes. The number of cells

recovered was greatest after 10 minutes. At 15 minutes, fragmented

detrital matter was difficult to distinguish from red-fluorescing

bacteria. For this reason, 10 minutes was selected as the optimum

time of homogenization, in agreement with Montagna (1982).

Bacterial cells were photographed at 1260x using Kodachrome 400

slide film, which was later examined at 25x with a dissecting

microscope. Cells were sorted into size categories and equivalent

volumes were calculated as described by Rublee (1982). A conversion

factor of 0.22 g C/cm3 biovolunie was used to estimate bacterial

carbon biomass (Bratbak and Dundas, 1984).

To evaluate the extent of seasonal variation in numbers,

bacterial populations were sampled and enumerated by the same

procedure on 4 August 1982 and 7 April 1983, but cell size was not
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measured for these samples.

The density of wet sand (18.5% water) from the study site was

2.056 g/ml. This factor was used to convert bacterial bloinass and

production per gram of sand to the areal equivalents.

RESULTS

Euzonus ingestion rate

The mean gut clearance time of 19 adult individuals ranging

from 2.6 to 7.2 nig AFDW was 3.375 4-0.342 miii (mean +- 95%

confidence limits). Gut clearance time was not significantly

correlated with body AFDW (r2 0.05). The mean displacement of

dyed sand by 10 individuals was 2.40 4-0.41 cm in the observation

aquarium and was not correlated to body AFDW. Mean displacement was

2.91 +-.27 cm in the larger container, which is not significantly

different from the displacement in the observation aquarium. The

mean weight of sand in the guts of 16 individuals ranging from 1.1

to 15.7 nig AFDW, as percent of total body weight, was 57.7%

(+-11.0%) of total dry weight (including dry weight of sand in the

gut) and 1.83 (+-0.56) times the .AFDW. Four individuals did not

contain sand. There was no significant correlation between the dry

or ash-free dry weights of individuals ?nd the amount of sand in the

gut expressed as a proportion of total body weight (r2 = 0.06 for

dry weight, 0.05 for AFDW). AFOW averaged 90.2% (+-6.6%) of the dry

weight, excluding sand in the gut; the proportion AFDW/dry weight

varied significantly (t = 4.97, p < .001) with dry weight:

AFDW/dry weight -0.0152(dry weight, nig) + 1.0134, n 16,



r2- 0.68

Euzonus production and respiration

Total annual production was 3.12 g C/m2/yr. Production by

cohorts was 1.68 g C/m2/yr for the 1980 cohort and 1.44 g C/m2lyr

for the pre-1980 cohort (based on Kemp, chapter ILl).

Weight-specific respiration was significantly affected by

temperature and salinity (ANOVA; Table 111.1). However, these

effects were small relative to the effect of weight (Figure 111.1),

which resulted in an order of magnitude decrease in weight-specific

respiration over the size range examined. The regression equation

of respiration (R, .il 02/mg AFDW/hr) versus weight (W, tug AFDW) at

12°C, combining measurements at three salinities, was:

log (R) -.8131(log(W)) 0.0221 (n=90, r2 .75)

Annual respiration was calculated using this regression and the

number and estimated mean weight of individuals of each cohort,

Ignoring the comparatively minor potential effects of seasonal

temperature variations. Since the regression equation included data

from 6.5, 16, and 322,, the potential effects of seasonal salinity

variations were to some extent incorporated into the annual

respiration estimate. Total annual respiration was equivalent to

the release of 81.85 g C/rn/yr or 4.47 g C/ni/yr (Table 111.2). The

annual respiration by cohorts was 3.23 g C/m2/yr for the pre-1980

cohort and 1.24 g C/m2/yr for the 1980 cohort. The estimated annual
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carbon requirement of E. mucronata in 1980-1981, equal to the sum of

respiration and production, was 7.59 g C/m2lyr.

Bacterial biomass and production

On 7 December 1982 bacterial density ranged from 4.3-7.5 x17

cells/g dry sand (Table 111.3). Mean cell volume was 0.128 ptn3. No

variation in cell size with tidal elevation was observed. A single

-14
conversion factor of 2.816 xlO g C/cell was therefore used to

convert all cell counts to carbon biornass. Bacterial biomass ranged

2
from 1.21 to 2.10 pg C/g sand (Table 111.3), or 0.30 to 0.52 g C/rn

to a depth of 15 cm. Including samples taken on 4 August 1982 and 7

April 1983 (Table 111.4), the measured annual range of mean cell

7
density was 6.07-12.03 xlO cells/g, and the range in equivalent

mean biomass was 1.71 to 3.39 .ig C/g sand (0.42-0.84 g C/rn2 to 15 cm

depth).

The incorporation of isotope in uptake experiments was

corrected for a 39.6% recovery efficiency estimated from the

recovery of added Escherischia coil DNA (Table 111.5). Of the 60.4%

of DNA not recovered on the filter, 10.57. was not recovered from the

sand and 44.3% of the remaining added DNA passed through the filter.

The x-intercepts of isotope dilution plots, representing the

dilution of added thymidine by endogenous precursors of thymine

incorporated into DNA, ranged from 0.067 to 0.10 nmole/2 g of wet

sediment (Figure 111.2). Production was corrected for isotope

dilution In each sample. At 11 , daily carbon production was 7.53

to 16.48% of the standing bacterial biomass, resulting in turnover

times ranging from 6.1 to 13.3 days with a mean turnover time of 10
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days (Table 111.3). Annual production extrapolated from the 11°C

rates would be 9.3 to 23.4 g C1m2/yr with an average of 16.25 g C/rn2

/yr.

DISCUSSION

Bacterial production: sources of error

Although only an approximate estimate of bacterial production

is needed for the purposes of this study, I consider in the

following the probable magnitude of error from various sources.

Extrapolation of annual production from a single sample would be in

error if cell size or abundance varied through the year. Cell

abundance varied between samples by a factor of 2.3. Cell size was

measured on only one occasion, but in other studies has varied

seasonally by a factor of two to five (Rublee, 1982; DeFlaun and

Mayer, 1983). The use of an incubation temperature near the annual

mean temperature is not equivalent to averaging production

measurements made at different seasonal temperatures. In a single

core, production at 15 was 3.2 times that measured at 11°C. This

should be a maximum estimate of the error due to seasonal

temperature variations.

Bratbak and Dundas (1984) recently re-evaluated the common use

of 0.1 g C/cm3 as a conversion factor from bacterial volume to

carbon content. They concluded that this value was in error due to

the inclusion of intercellular water in wet weights, and recommended

a conversion factor of 0.22 g C/cm3 bacterial volume. This value

was used for the present study. However, Bratbak and Dundas also
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observed a range of values for different bacterial strains, and the

appropriate value for bacterial communities at the study site may

3
differ by a factor of two from their general value of 0.22 g C/cm

This would not affect estimates of turnover time but would alter

production estimates.

The thymidine method of Moriarty and Pollard (1981) used in

this study appears to result in lower estimates of bacterial

production than estimates of biomass changes (factor of 4-10) and

alternate thymidine procedures (factor of 1.3-3; Rieman et al.,

1984). The value of the factor used to convert moles of Tdr

incorporated to cells produced, which depends on the genome size,

has varied between studies and is subject to considerable debate.

18
The value used in the present study (1.3 x 10 cells/mole Tdr) has

been used by Noriarty and Pollard (1981, 1982), Newell and Fallon

(1982), and Newell et al. (1983). Lower values were used by Riemann

et al. (1984; 0.5 x iol8 cells/mole) and Fallon et al. (1983; 0.38

x1018 cells/mole). If these lower values are more appropriate,

turnover times would be longer and production estimates lower by a

factor of two to three.

The homogenization method extracts slightly fewer bacterial

cells from sand than sonication for a similar time period.

Moreover, sonication may yield only 69.4Z of the cells originally

present (Ellery and Schleyer, 1984). The estimated cell densities

in this study therefore may be <69Z of the true densities. Since

the correction factor for extraction efficiency estimated by Ellery

and Sehlayer may not be appropriate for the sand used In this study,

no correction factor was applied to turnover or biomass estimates..
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Correcting for such underestimation could increase biomass and

therefore turnover time estimates, but would not affect estimates of

annual carbon production.

The estimated annual bacterial production extrapolated from the

7 December 1982 sample, therefore, should be within an order of

magnitude and probably within a factor of five of true annual

production. Some factors which contribute to this relatively large

potential error are not unique to the bacterial production estimates

in the present study.

Turnover rates of bacteria

Turnover rates in this study were similar to other reported

values, particularly those measured at comparable temperatures.

7
Turnover times in this study (cell density 4-12 xlO cells/g)

averaged 10 days at 11°C and 3.7 days at 15°C. Moriarty and Pollard

(1981) estimated that turnover times of seagrass bed bacteria (0.6-2

x109 cells/g) were 5.8 days at 17°C, and as little as 5.5 hours at

0 0

31 C. In a later study, turnover time averaged 20 days at 18 C

(Moriarty and Pollard, 1982). Meyer-Reil et al. (1980) estimated a

bacterial turnover time on a sheltered sand beach (5-20 xLO9

cells/g) of 4.2 days at a mean temperature of 21°C. Fallon et al.

(1983) reported bacterial turnover rates in subtidal sandy sediments

9
(0.5-4 xlO cells/g) generally ranging from 7 to 39 days at

19-20°C, and gave one estimate of 183 days for intertidal salt marsh

sediment (3-8 x109 cells/g). Findlay and Meyer (1984) estimated

turnover times of 48 days in the same ubt1da1 sandy environment.

Moriarty et al. (1985) decemined bacterial turnover times of 1 to 2
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days in summer for coral reef sands (29°C, no cell density given),

and in winter 4 to 16 days for the coral reef sand and 82 days for

the low intertidal of a nearby sand beach (23°C, no cell densities

given). Bacterial cell densities in this study were lower than in

all other studies of bacterial production in sediment, though

similar to values reported for other exposed sand beaches (Koop and

Griffiths, 1982). Apparently, turnover times are not related to

cell density. This supports the suggestion of Fallon et al. (1983)

that a relatively constant fraction of bacterial populations are

active, resulting in a linear increase in production with cell

density, and extends their suggestion to sediments with very low

bacterial densities.

Comparison of biomass and production

of bacteria and Euzonus mucronata

The annual carbon requirement of E. mucronata (7.6 g C/m2lyr)

was about one-half of the annual bacterial production (average 16.25

g C1m2/yr). The carbon requirement estimate does not include mucus

secretion or excretory losses and should be considered a minimum

estimate. A maximum estimate of bacterial production (5 x 16.25 g

C/m2/yr) would be an order of magnitude greater than the carbon

demand of . mucronata. The study population of E. mucronata could

derive its annual carbon requirements from bacteria if assimilation

efficiency is approximately 50% and most of the bacterial production

(at 16.25 g C/m2/yr) is ingested.

The amount of bacterial production ingested annually was

estimated from measured gut clearance time and sand content. The
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average gut clearance time was 3.375 mm. Gut content (sand)

averaged 1.83 times body AFDW. The displacement of dyed sand in the

observation aquarium was not significantly different from

displacement in the larger container, indicating that feeding was

relatively normal in the observation aquarium. It should be noted

that the measured clearance time is considerably shorter and the gut

content a considerably greater proportion of body weight than

reported by Fox et al. (1948) in their early studies of

E. mucronata. They measured gut content for a combined group of

worms, which may have included a number of individuals with empty

guts. The procedure they used to estimate the approximate gut

filling (clearance) time, in which worms were allowed to bury in

dyed sand and the time required to recover worms with ingested dyed

sand was measured, would overestimate gut filling time. Direct

observations in the present study indicated that individuals did not

begin feeding until entirely buried in the sand, thus increasing

apparent filling times by several minutes.

The lack, of correlation of clearance rate and gut content with

body weight indicates that total annual ingestion may be estimated

from the annual mean bloinass of E. mucronata, without correction for

changes in mean size of individuals due to growth. The annual mean

biomass in 1980-1981 was 2.5 g AFDW/in2 (chapter II). If individuals

feed continuously, the annual ingestion of sand by the 1980-1981

5 2
population would be 7.14 xlO g dry sand/rn Iyr, equivalent to 2.9

turnovers/yr of the sand to a depth of 15 cm. If feeding is

non-selective and the annual mean bacterial biornass is approximately

1.7 pig C/g dry sand (Table 111.3)) 1.22 g C/m2/yr would be ingested
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by the study population of E. mucronata. Considering that feeding

is probably not continuous and the efficiency of assimilation of

bacteria by macrofauna is typically near 50%, bacteria probably

supply less than 10% of the carbon requirements of E.muronata.

Thus, it is clear that although bacterial production per unit area

exceeds the carbon requirements of the E. mucronata population in

the same area, this species is incapable of ingesting enough

bacterial biomass to support its carbon requirements, despite its

unusually high sediment processing rate.

Assimilation of bacteria would provide nitrogen-rich material.

If the carbon:nitrogen ratio of I. mucronata is about 4:1 and that

of bacteria is about 3.5:1 (c.f. Cammen, 1980a), and the efficiency

of assimilation of bacterial-N is about 50%, the estimated ingestion

of bacteria would provide only 20% of the annual nitrogen

requirement for tissue production by E. mucronata.

E. mucronata is prevented from utilizing bacteria as a

principal food source by the low concentration of bacterial biomass.

It is similar to other deposit-feeders with respect to biomass

(Warwick, 1980) and biomass-specific productivity (Greze, 1978;

Wolff, 1983), though it has an unusually high ingestion rate

relative to its size (c.f. Cammen, 1980b; but note that typical body

weight is 40 mg wet 10 mg dry, and ingestion rate = 2.5 g dry

sand/day or about 15 mg organic matter/day). Direct utilization of

bacterial carbon is therefore probably not important to the

nutrition of other deposit-feeding macrofauna of exposed sand

beaches, which must utilize other sources of carbon such as

available detritus, micro- and macroalgae, and dissolved organic
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Fate of bacterial production
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In order for ingested bacterial carbon to support E. mucronata,

bacterial biomass would have to be one to two orders of magnitude

greater than observed in this study. When extrapolated to other

sediments and other macrofauna, this conclusion has significant

implications for possible trophic relationships between bacteria and

benthjc fauna. The sediment processing rate of E. mucronata,

normalized to organic matter, is approximately an order of magnitude

greater than for other deposit-feeders of similar size (c.f. Cammen,

1980b, Fig. 2). Other deposit-feeders with lower sediment

processing capabilities would require even higher bacterial

densities, approaching lO10cells/g. Bacterial abundances of this

magnitude occur in organic-rich sediment (e.g. Rublee, 1982;

Montagna, 1984); deposit-feeding macrofauna should potentially be

capable of subsisting on bacterial carbon in such environments.

However, if bacterial turnover rates are independent of abundance,

as the available evidence suggests, deposit-feeders would remove

only a very small fraction of bacterial production in such

sedinents. Furthermore, bacterial production would greatly exceed

niacrofaunal production. For exanple, annual macrofatmal production

of deposit-feeding species is typically 1-10 g AFDW/ni2/yr (Wolff,

1983), roughly equivalent to 0.0014-0.014 g C/m2/day. In

comparison, Fallon et al. (1983) calculated bacterial production

rates of 0.1-0.8 g C/m2/day in the upper 25 cm of riearshore sandy

sediments with bacterial densities on the order of 1 x109 cells/g.
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The density of sediment bacteria varies seasonally by a factor

of only two to five (Rublee, 1982; DeFlaun and Mayer, 1983) and must

normally be limited by removal of bacterial cells at a rate

approximately equal to cell production. Although macrofaunai.

grazing can reduce bacterial biomass and activity at artificially

high macrofaunal densities (Hargrave, 1970b; Morrison and White,

1980), most reports indicate that macrofaunal grazing tends to

stimulate bacterial activity and can result in increased bacterial

biomass (Tanore et al., 1982).

Meinfauna grazing directly on bacteria may remove a substantial

part of bacterial production. Montagna (1984) determined that

melofauna of a Spartina alterniflora saltmarsh removed 3Z of the

sediment bacteria per hour, thus requiring a bacterial turnover time

of 30 hours to maintain the bacterial population in equilibrium with

uteiofaunal grazing. Some higher estimates of bacterial production

would suggest that bacterial turnover is rapid enough to outpace

this intensity of meinfaunal grazing (Montagna, 1984).. However,

most estimates indicate bacterial turnover times substantially

longer than 30 hours, indicating that meiofaunal grazing may control

bacterial numbers in some environments.

In some environments, part of bacterial production would

ultimately be available to macrofauna through predation on

meiofauna. Although macrofaunal and meiofaunal food chains have

been regarded as isolated, (McLachlan, 1983), there is ample

evidence that macroepifauna and larval fish prey on melofauna (see

Coull and Palmer, 1984). Recent work has shown that some

phoxocephalid amphipods are effective predators of neinatode
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meiofauna (Oliver et al., 1982). Phoxocephalids are numerically

dominant macrofauna of eastern Pacific subtidal sand bottoms; their

predation on mefofauna may represent a major trophic link in this

environment. Indirect macrofaunal utilization of bacteria through

predation on meiofauna would also make available dissolved organic

matter released from fresh detrital material, and organic matter

lost to macrofauna by excretion, in a manner analogous to the

concept of the "microbial loop" suggested for pelagic systems (Azam

et al., 1983). In pelagic systems bacterial production may be

largely consumed by microflagellates (Ducklow, 1983) which reproduce

rapidly (Sherr and Sherr, 1983) and are capable of responding to

fluctuations in bacterial numbers. These microflagellate grazers

are preyed upon by zooplankton, thus providing an indirect route of

transfer of bacterial production to macrozooplankton. An analogous

microbial food chain of bacteria, protozoa, and uteiofaunal predators

may exist in sediment; however, the importance and trophic position

of protozoa in benthic food chains is unknown. Some of these

transfer routes have been incorporated in conceptual models (Tenore

and Rice, 1980) but remain unquantified. Given that bacterial

production exceeds macrofaunal production in most sediments and most

of bacterial production is not directly consumed by macrofauna,

future studies of the basis of benthic secondary production should

place more emphasis on microbial and meiofaunal food chains and

their Linking to tnacrofaunal food chains.

The results of this study indicate that bacteria are

unimportant as a carbon source to Euzonus mucronata and may be

unimportant to many deposit-feeding macrofauna. Other possible



57

carbon sources include directly assimilated detrital matter, and

dissolved organic matter. The utilization of these alternate carbon

sources by E. mucronata has been examined and is discussed in other

papers (Kemp, Thesis chapters IV, V).
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Figure 111.1. Respiration (piling body AFDW/hr) versus body AFDW
at three sallnities. 0= 6.5% salinity,

16%, 0= 32%.
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Figure 111.2. Isotope dilution plots of thymidine incorporation
versus amount of added thymidine. X-intercept
Indicates equivalent endogenous thymidine.
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Table 111.1. Mean respiration (.il 02/hrlmg AFDW) versus
temperature and salinity, and ANOVA of data. Ten

replicates per temperature-salinity combination.

S%

6.5

16.0

32.0

Me an

Factor

Temperature

Salinity

TxS

9

0.080 +-0.019

0.082 +-0.012

0.086 +-0.017

0.083

T

12

0.083 +-0..014

0.103 +-0.020

0.165 +-0.042

0.117

Analysis of variance

df MS F

2 0.0112 8.24

2 0.0115 8.46

4 0.0036 2.65

error 81 0.00136

15

0.102 +-0.030

0.081 +-0.025

0.122 +-0.028

0.102

0.001

0.001

0.05

62

mean

0.088

0.089

0.124

0.101
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Table 111.2. Annual respiration estimates. N/rn = mean number
per meter; L = mean length in cm; AFDW = mean mg

ash-free dry weight per individual. R = respiration
in jal/mg AFDW/hr; R(int) total respiration
in il x io6 during interval between sampling.

1980 cohort

Date sampled N/rn L AFDW R R(int) g_C/rn

15/vI-19/vII/80 21863 0.431 0.009 45.54 6.37 3.07

19/VtI-2/IX/80 29498 0.802 0.054 10.25 5.84 2.82

2/Ix--17/Ix/80 24561 1.081 0.130 5.00 5.74 2.77

17/IX-23/x/80 18489 1.462 0.317 2.42 12.25 5.09

231X-281X11/80 15819 1.855 0.639 1.37 21.90 10.56

28/XII-5/III/81 18791 1.851 0.636 1.37 26.36 12.72

5/111-11/V/al 18132 1.974 0.769 1.18 27.16 13.09

1-1/V--22/vI/81 16651 2.581 1.697 0.62 17.19 8.29

Total = 122.8 59.21

pre-1980 cohort

15/VI-19/V11J80 3273 3.837 5.472 0.24 3.18 1.53

19/VI-2/IX/80 2286 4.009 6.228 0.22 1.10 0.53

2/IX-17/IX/80 3493 3.832 5.448 0.24 1.64 0.79

17/1x-23/x/80 3676 3.856 5.552 0.24 4.16 2.00

23/X-28/XII/80 3365 4.662 9.727 0.15 7.75 3.73

28/XII-5/III/81 3904 4.790 10.540 0.14 9.27 4.47

5/III-11/v/81 4928 4.628 9.516 0.15 11.82 5.70

11/V-22/VI/81 5358 5.101 12.690 0.12 8.06 3.88

Total = 47.0 22.64
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Table 111.3. Bacterial production and biomass data for
7 December 1982. Cell abundances and production

expressed per g dry sand. * = upper and lower

Euzonus band.

2
turnover

Elevation cells/g ig C/g cells/hr/g gCfm Iyr time (d)

+8 4.29 1.21 2.95 17.92 6.07

+7 * 6.78 1.91 2.71 16.47 10.43

+6 * 4.38 1.23 1.53 9.32 11.93

+6 (15°C) 4.38 1.23 4.88 -- 3.74

+5 7.43 2.09 2.33 14.17 13.29

+4 7.47 2.10 3.84 23.36 8.10
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Table 111.4. Mean abundance and equivalent biomass of
bacteria on 4 August 1982, 7 December 1982, and
7 Apr11 1983. * assuming cell volume 0.128 urn

Sampling date cells/g x107 ig CIg * g C/rn2

4 August 1982 12.03 3.39 0.84

7 December 1982 6.07 1.71 0.42

7 April 1983 5.17 1.46 0.36
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Table 111.5. Recovery of added DNA. [DNA] = concentration of
DNA in ng/ml. Predicted concentration in
prefiltration solution at 1007 recovery is 7.07 ng/nil.

Prefiltratioti

Replicate [DNA] 7 of initial

1. 6.65 94.0

2 6.00 84.8

mean 89.4

Postfiltration

[DNA] 7 of prefilter % recovery

3.70 44.36 41.7

3.35 44.17 37.5

44.26 39.6
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CHAPTER IV.

DIRECT UPTAKE OF DETRITAL CARBON BY THE

SAND-BEACH DEPOS IT-FEEDING POLYCHAETE

EUZONUS MUCRONATA (TREADWELL)

ABSTRACT

Bacteria and other microbes colonizing detrital particles are

assimilated efficiently by detritivores; the non-living detrital

matter is relatively refractory. This comparison has led to the

hypothesis that the bacterial component of detritus, rather than the

non-living material, is the principal food resource of detritivores.

This hypothesis was tested by feeding radiolabei.led seaweed detritus

to the deposit-feeding polychaete Euzonus mucronata, an abundant

inhabitant of Pacific coastal sand beaches. The assimilation of

carbon from sterile detritus at a concentration of 0.03% ash-free

dry weight (detritus/sand) was sufficient to provide about one-half

of the carbon requirements of E. mueronata. There was no

significant difference in assimilation from chemically extracted or

water-extracted sterile detritus (representing relatively refractory

and available material, respectively), or from the same materials

after microbial colonization. Thus, the major source of carbon may

have been the refractory component of the detritus. Despite a low

estimated assimilation efficiency (0.76-1.72%), the carbon

requirements of B. mucronata would be met entirely by direct

assimilation of detrital carbon if only 10% of the total organic

carbon in the sand is as available as the chemically extracted



detritus in this experiment. Low assimilation efficiency does not

preclude the acquisition of nutritionally important quantities of

carbon by direct assimilation from detritus.

INTRODUCTION

The importance of detritus-based food chains in benthic

environments is well-recognized. Numerous studies have demonstrated

that bacteria and other microbes living on detritus particles are

assimilated efficiently by detritivores (Hargrave, 1970a; Calow and

Fletcher, 1972; Kofoed, 1975; Yingst, 1976; Robertson and Newell,

1982; and others). In contrast, many detritivores were found to

lack (or have low activity of) enzymes capable of hydrolysing

structural carbohydrates (Kristensen, 1972) which comprise the major

part of detritus. These studies led to the hypotheses that detrital

material is unavailable to detritivores until converted to microbial

biomass, and that bacteria are the primary food resource of

detritivores (Newell, 1965; Fenchel, 1970; Oduin, 1971; Kristensen,

1972; Fenchel and Jorgensen, 1977; Gerlach, 1978).

However, several studies have found that the amount of

microbial carbon obtained from bacteria was less than the carbon

requirement of detritivores (baker and Bradnain, 1976; Tunnicliffe

and Risk, 1977; Wetzel, 1977; Jensen and Siegismund, 1980; Cammen,

1980a). The assimilability of detrital matter appears to depend on

its source (Tenore et al., 1982); although vascular plant detritus

may be very refractory, some components of seaweed detritus may be

available directly to detritivores (Tenore et al., 1979; Tenore and

Rice, 1980; Tenore and Hanson, 1980). Direct assimilation of
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detrital matter has been demonstrated for some invertebrates

(Kofoed, 1975; Foulds and Mann, 1978; Fong and Mann, 1980), although

its energetic importance was not evaluated. Thus, the possibility

that direct assimilation of detritus may provide a significant

amount of carbon to deposit-feeding fauna must be considered.

The objective of this study was to test in a rigorous

experimental setting whether a deposit-feeding polychaete, Euzonus

mucronata, is capable of assimilating carbon directly from seaweed

detritus. Hypotheses addressed concern whether: 1) E. niucronata

assimilates carbon from sterile detrital material; 2) the

assimilation of detrital carbon, If any, is primarily from the

refractory or non-refractory components of the detritus; 3) the

assimilation of detrital carbon is altered by the preseice of an

abundant bacterial growth on the detrItus.

METHODS

Euzonus niucronata was collected from art exposed sand beach on

the central Oregon coast, USA (44°33.8'N, 124°04.4'W). Healthy

Ulva expansa was collected from a floating dock in Yaquina Bay,

Oregon.

Water-extracted and chemically extracted detrital material were

prepared from radiolabelled Ulva expansa, representing relatively

available and refractory detritus, respectively. Each was fed to

E. mucronata as sterile material and again after microbial

colonization. The preparation procedure is diagrammed in Figure

IV.1 and described in detail below.
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Detritus preparation

Freshly collected Ulva was incubated for 72 hr with 80 iCi of

'4C-NaRCO3 in 2 1 of filtered (0.45 .im) seawater. After incubation,

the Ulva was rinsed with filtered Seawater, frozen at -20°C, and

lyophilized. The dry Ulva was powdered with a mortar and pestle.

Six grams were chemically extracted while the remainder was stored

at -20°C. The powder was extracted for 24 hr in a 2:1 mixture of

chloroform and methanol to remove lipids and other materials of

similar solubility, then heated to 85°C in 2 N NaOH for one hour to

remove water-soluble material, amino acids, protein, and nucleic

acids. The remaining material should be primarily cellulose and

other structural carbohydrates of Ulva. Equal amounts of the

remaining material were added to two flasks (1.3 g dry weight per

flask), each containing 1400 ml of autoclaved seawater, and

incubated for five days to allow any remaining water-soluble label

to leach out.

Seawater-extracted Ulva was prepared by adding two grams of

unextracted powdered Ulva to each of two additional flasks

containing 1400 ml of autoclaved seawater. This material was also

incubated for five days. This mild extraction procedure should

remove water-soluble material such as free amino acids and

monosaccharides, but leave much of the digestible fraction of the

detritus intact.

The remaining procedures were identical for both chemically

extracted and water-extracted material, and will be described for
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the chemically extracted material only. Soluble label leaching into

the overlying water was monitored as a measure of the

water-extraction process. Using sterile procedures, daily samples

were taken from one flask containing chemically extracted Ulva; the

second flask remained sealed. These daily samples were filtered

through a0.45 p syringe-mounted filter to remove particulate

labelled material, and duplicate 0.5 ml subsamples were counted in

Aquasol-2 (New England Nuclear) scintillant. After five days, the

sealed flask was decanted and the detrital material removed.

Material in the flask used for monitoring was incubated further In

non-sterile conditions (see below). The sterile detritus was rinsed

free of dissolved label by repeatedly suspending it in sterile

seawater and centrifuging briefly at 755 x g. Triplicate samples

were taken, preserved in 107. formalin-seawater, stained with

acridine orange, and examined with an epifluorescence microscope to

verify that the detritus was bacteria-free.

Uptake by Euzonus mucronata

Additional triplicate samples of the sterile detritus were

taken to determine a wet to dry weight conversion factor. A dry

weight to ash-free dry weight (AFDW) conversion factor of 0.49 was

determined prior to the start of the experiment (dry/AFDW factors

for chemically extracted and water-extracted material were

approximately equal). These factors were used to estimate the

amount of wet detritus equivalent to a 0.03% AFDW in 100 g of dry

sand. The sand, obtained from the site at which E. mucroriata

specimens were later collected, was throroughly washed and
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oven-dried (70°C), resulting in an ash-free dry weight (4 hr at

500°C) of 0.3%. The detritus was added to each of two flasks

containing 100 g dry weight of sand dampened with 20 ml of

autoclaved seawater1 and thoroughly mixed into the sand. One

hundred ml of autoclaved seawater were added then to each flask.

Adult E. mucronata individuals were collected and held for four

hours in freshly collected sand in a running seawater system at 13

°C. Twelve worms were added to one of the flasks (feeding flask).

The other flask was used as a source of interstitial water, as

described below. Worms were allowed to feed for 20 hr at 13°C,

removed and placed in freshly collected sand for 30 mm, a time

determined in other experiments to be sufficient for them to clear

their guts of labelled material, then transferred to seawater

without sand for 30 mm to clear surface mucus and adhering sand.

Six worms were placed in vials and lyophilized. To determine

whether assimilated detritus was metabolized, the remaining six were

placed in Warburg respirometry flasks containing 5 ml of autoclaved

seawater in the center chamber and 1 ml of 10% K011 in the sidearm.

After 24 hr at 13°C, the worms were removed from the sealed Warburg

flasks, the center chamber seawater was acidified to drive off

labelled CO,,, and the resealed flasks were left for an additional 24

hr to collect CO2 in the KOH solution. Both the center chamber

water and the KOH solution were then sampled.

At the end of the 20 h feeding period, interstitial water was

extracted from the sand in the flask containing detritus but not

worms, to determine whether uptake of dissolved organic matter (DON)

leaching from the detritus could account for uptake observed in the
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feeding flask. The overlying water was decanted and the

interstitial water extracted using a centrifugal sampling device

(Figure IV.2). Sufficient Interstitial water was recovered to add

4 ml to each of three vials. Two freshly collected E. mucronata

were added to each vial (without sand) and allowed to take up

dissolved label for 24 hr. The interstitial concentration of

labelled DON should represent the maximum concentration which

occurred in the feeding flask, and the measured incorporation of

label from DON would be a maximum estimate of DON uptake in the

feeding flask. Worms in the feeding flask would have been exposed

to a lower average concentration. Uptake in the feeding flasks was

not corrected for DOM incorporation.

Worms removed from the feeding flask, the Warburg flasks, and

the vials containing interstitial water were lyophilized and

dissolved in 2 ml of concentrated H2SO4 heated to 85°C. Duplicate

50 il portions of the 112SO4 were added to 0.45 ml distilled water

and counted for 20 mm in Aquasol-2 scintillant.

The chemically extracted and water-extracted materials were

incubated with seawater microbes to examine assimilation of

colonized detritus. The flask used for daily monitoring (containing

1400 ml sterile seawater and detritus) was decanted after five days,

but the autoclaved seawater was replaced with unfiltered seawater

from a laboratory running seawater system. Material in this flask

was incubated for an additional 14 days. It was presumed that

bacteria and other microbes colonizing the radiolabelled detritus

would also be labelled, although the specific activity of label in

microbes was not measured. After the additional 14 days of
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incubation, the microbially colonized detritus was mixed into sand

and fed to freshly collected E. niucronata using the same procedures

as described for sterile detritus.

Samples of the sterile and non-sterile detritus were taken

immediately before feeding periods began to determine

weight-specific activity. These samples were lyophilized, weighed,

and dissolved in concentrated 112SO4, and subsamples were counted in

Aquasol-2. In order to compare uptake between treatments in which

the specific activity of the detritus differed, uptake in

disintegrations per minute (DPN) was converted to equivalent mg of

dry Ulva by dividing by the measured specific activity of the

detritus.

All radioactive samples were counted immediately after

collection to avoid problems of loss of counts from the

scintillation fluid through time (Iverson et al., 1976). Counting

efficiency was determined by internal standards for samples of

Ulva and worms, and by external standards and quench curves for

water and KOFI samples.

RESULTS

Preparation of detritus

Substantial amounts of the label were removed from the detritus

by the hot alkali, and to a lesser extent, the chloroforn':niethanol

extractions (Table IV.l). Little additional label was released from

the chemically extracted detritus during subsequent sterile seawater

leaching. Most loss of label from the water-extracted detritus
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occurred during the first three days; the total loss of label was

considerably less than was removed by chemical extraction, as

expected. The final specific activity of the sterile detritus was

similar for chemically extracted and water-extracted detritus.

Fourteen days of microbial colonization and continued water

extraction resulted in a 55% reduction in specific activity of the

chemically extracted detritus and a 60% reduction in specific

activity of the water-extracted detritus. Extremely few bacterial

cells were visible on the surface of the sterile-treatment detritus.

The non-sterile detritus was covered with an abundant bacterial

population, qualitatively appearing far in excess of the numbers

observed on detrital particles in sand taken from the beach.

Uptake by Euzonus mucronata

Substantial assimilation of labelled carbon occurred in all

four treatments (Table IV.2). The amount of label assimilated from

interstitial water was insufficient to account for uptake in the

feeding flasks in all treatments. Uptake of label from the

chemically extracted detritus was significantly greater than from

the water-extracted detritus, and uptake from microbially-colonized

detritus was significantly less than from the corresponding sterile

detritus (ANOVA, Table IV.3a). However, the differences were due

primarily to the differences in specific activity of the detritus

(Table IV.1). Conversion of uptake in DPN to equivalent mg of dry

Ulva corrects for specific activity but implicitly assumes that the

detritus was labelled uniformly. This assumption was not tested but

is supported by the similar weight-specific activities of the
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water-extracted and chemically extracted material. There was no

significant difference in uptake expressed as equivalent tug of dry

Ulva between sterile and colonized detritus or between chemically

extracted and water-extracted detritus (ANOVA, Table IV.3b).

Measured uptake in all treatments was less in worms transferred

for 24 hr to Warburg flasks than in worms which were dissolved

immediately after the feeding experiment (Table IV.2). This

difference was significant (t-test, p<.OS) in all but the chemically

extracted, sterile treatment. Substantially more label was detected

in the Warburg KOH solution than in the Warburg seawater. Thus, the

reduced label in these worms is attributable primarily to metabolism

of the assimilated detrital carbon and respiratory loss of labelled

CO,, rather than to excretion of unassimilated label. Release of

also implies that the label measured in tissue underestimates

total assimilation to some extent.

Uptake expressed as mg dry Ulva was converted to AFDW by a

factor of 0.49 determined for this experiment, and from AFDV to

carbon weight by an approximate factor of 0.5 (Cammen, 1980a). The

estimated uptake of carbon was 18.4 pg C/20 hr for sterile and

12.8 pg C/20 hr for non-sterile, chemically extracted detritus; and

10.1 pg C120 hr for sterile and 8.2 pg C120 hr for non-sterile,

water-extracted detritus.

DISCUSSION

The experimental results demonstrate that Euzonus

inucronata assimilates carbon from detritus in the absence of

microbial colonization. The presence of an abundant growth of
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bacteria on the detritus did not result in increased uptake (Table

IV.3b). Furthermore, there is no evidence of greater assimilation

from water-extracted or microbially colonized detritus than from

chemically extracted sterile detritus. This suggests that the

refractory component of detritus may be a primary source of carbon,

although E. iuucronata may preferentially utilize less refractory

material when available.

An estimate was made of the significance of carbon uptake from

detritus, relative to the requirements of E. mucronata. For worms

of the size used in this experiment (mean 11 mg AFDW), an

approximate respiration rate while burrowing is 148 p1 02/hr (Kemp,

chapter Itt). An assumed conversion factor of 0.482 pg C/ui 02

consumed (Camnien, 1980a) results in an equivalent respiratory carbon

loss of 0.72 pg C/h or 14.3 pg C/20 hr. On an annual basis, growth

and respiratory carbon requirements are similar (Kemp, chapter III).

Thus, the assimilation of detrital material in this experimental

system (8-18 pg C/20 hr) could provide a substantial part of the

carbon required by E. mucronata. The AFDW of added labelled

detritus was only 0.03%, whereas the typical AFDW of the sand at the

collection site is 0.5-0.7%. Assuming that total assimilation would

increase with increasing AFDW (i.e. ingestion rate and assimilation

efficiency are constant), the carbon requirements of E. mucronata

would be supplied by assimilation of detrital matter if only 10% of

the sedimentary organic matter (i.e. 0.07% AFDW) were at least as

available as the chemically extracted detritus used in this

experiment. E. mucronata inhabits the intertidal region between

lower high water and higher high water, where sand filtration of.



particulate organic material from the wave swash is greatest

(McLachlan, 1983). Such freshly deposited material is probably

available to E. mucronata. Thus, it is likely that

E. mucronata obtains all or a major part of its carbon requirements

from the direct assimilation of detrital carbon.

The hypothesis that non-living detrital material is not

available to detritivores is based largely on the absence, or low

activity, among detritivores of enzymes capable of hydrolysing

structural materials in detritus (Kristensen, 1972), and the low

efficiency of assimilation of detrital carbon relative to that of

microbial carbon (e.g. Newell, 1965; Hargrave, 1970a; Calow, 1975;

Wetzel, 1977). This hypothesis has been tested experimentally by

measuring the assimilation of sterile detritus, and by indirect

methods. Results have varied greatly. Hargrave (1970a) found that

the amphipod Hyalella azteca did not accumulate label from

radioactive cellulose and lignin-like material. Calow (1975)

measured assimilation efficiencies of less than 10% for refractory

detrital matter fed to the gastropod Planorbis contortus. Kofoed

(1975) found that the gastropod Hydrobia ventrosa assimilated 34% of

carbon from sterile fresh hay. Foulds and Mann (1978) measured

uptake efficiencies of 20-35% for sterile fresh hay fed to the mysid

Mysis stenopsis, and efficiencies of 30-50% for sterile cellulose.

Fong and Mann (1980) measured some assimilation of label from

sterile cellulose by the sea urchin Strongylocentrotus

drobachiensis. Camnien (1980a) measured an uptake efficiency of 22%

for sterile water-extracted Spartina alterniflora detritus fed to

the polychaete Nereis succinea, and found significant release of
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CO2 from worms fed sterile chemically extracted detritus.

Using an indirect method, Adams and Angelovic (1970) calculated

that the grass shrimp Palaeinonetes pugio and the gastropod

Bittium varium assimilated more material from seagrass detritus than

from detritus-associated bacteria. Stuart et al. (1982) determined

that the bivalve Aulocomya ater assimilated kelp detritus with an

efficiency near 50%. Bianchi and Levinton (1984) found that

particulate organic matter contributed little to the growth of the

gastopod Hydrobia totteni. Pace et al. (1984) used a model

simulation of continental shelf food webs to test whether the

efficiency of assimilation of detrital matter by benthic macrofauna

could reasonably exceed 10%. Assimilation efficiencies of 30%

resulted in unrealistically high macrofaunal production values and

prediction of extinction of the meiofauna.

These studies, and others which show that enzymes capable of

hydrolysing structural carbohydrates are more widespread than

previously thought (e.g. Lucas and Newell, 1984), demonstrate that

detrital material is directly available to some detritivores,

although the assimilation efficiency varies widely. The common

assumption that detritus generally is not available to inacrofauna is

poorly supported.

Direct assimilation of decrital carbon may be energetically

significant even when assimilation efficiency is low. Cammen

(1980a) calculated that the polychaete Nerds succinea would obtain

over two-thirds of its carbon requirements by feeding directly on

detrital carbon at an assimilation efficiency of only 5.2Z. The

important distinction between a low assimilation efficiency and one
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considered in studies of the utilization of detritus.

This experiment was not designed to measure assimilation

efficiency. However, a rough estimate can be made using the

measured assimilation in terms of equivalent Ulva weight, the known

amount of Ulva per gram of sand, and an estimated ingestion rate.

The gut clearance time of E. mucronata is approximately 3.375 mm

and gut content (sand) is 1.83 times body AFDW (Kemp, chapter III).

At an average size of 11.0 tag AFDW, individuals in this experiment

ingested approximately 0.35 g/hr of dry sand. Worms viewed through

the flask walls were always feeding and burrowing, suggesting that

feeding occurred during most of the 20 hr feeding period.

Assimilation efficiency (uptake/ingestion) estimated from the

measured uptake in all treatments was 0.76-1.72%. Thus, the results

of this experiment indicate that even very low assimilation

efficiencies do not preclude nutritionally significant direct

assimilation of detrital carbon. Although E. muc.ronata processes

sediment roughly one order of magnitude faster than other

deposit-feeders of similar size (Kemp, chapter III), species with

lower sediment processing capabilities would require only a 10-20%

assimilation efficiency to subsist on directly-utilized detrital

carbon at 0.7% AFDW.

As a deposit-feeder, E. mucronata is atypical of abundant

exposed sand beach macref auna, which are usually filter-feeders or

in some cases scavengers (NcLachlan, 1983). Despite the relatively

low organic content of sand beaches, E. mucronata may be exploiting

an abundant food resource. At 0.7% AFDW, the total carbon content
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of exposed sand beach sediment is approximately 0.9 kg per m2to

15 cm depth. In comparison, bacterial carbon contributed 14 g C per

m2 to 20 cm depth in sediment with 1-4% organic content, or about

0.6% of the total organic carbon (Rublee, 1982). The abundance of

detrital carbon may account for the extremely high density of

E. mucronata on some beaches. Fox et al. (1948) estimated the

2
biomass of E. mucronata on California beaches to be 256 g dry wtlrri

The average biomass of macrofauna on exposed sand beaches is 2.26 g

dry wtfui2 (Bally, 1981: cited by NcLachlan, 1983), although the

biomass of some filter-feeding iaacrofauna may be much higher (e.g.

Penchaszadeh, 1971).

The high abundance of E. mucronata on beaches which have low

organic contents (Fox et al., 1948) suggests that this species is

not food-limited at lesser densities. However, food limitation of

individuals must be distinguished from that of populations. Because

of the low concentration of organic matter on exposed sand beaches,

the food available to an individual may be limited by its ability to

process sediment. However, since individuals remove only a small

part of the total detrital resource, the carrying capacity of the

sand beach in terms of the number of individuals which can be

supported is very large; population size may be limited by other

factors such as predation, environmental disturbance, and

recruitment success.

CONCLUSIONS

The results of this experiment are in agreement with a growing

number of other studies which suggest that microbes may not be the
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primary and immediate carbon source of all detritivores. If direct

feeding on detrital carbon is common among benthic invertebrates,

current concepts of trophic interactions in benthic systems must be

re-examined. For example, a food chain consisting of detritus and

detritivores must have a greater overall trophic efficiency than one

consisting of detritus, bacteria, and detritivores. It is possible

that bacteria are primarily a nitrogen source rather than a source

of carbon to detritivores; bacteria may compete for detrital carbon

with some detritivores (Tenore et al., 1982). Food limitation of

detritivores may relate to the rate of supply of available detritus

rather than to the rate of conversion of detritus to microbial

biomass, although in some environments food concentration may be

more important than the rate of supply. Competitiou for food among

detritivores should be minimal in such environments since food

resources are not as depletable.

The results of this study demonstrate that some present

concepts of detritus based systems are oversimplified. Detritivores

utilize bacteria and other microbes to different extents in

different systems; in systems such as sand beaches with low

bacterial densities, other sources of organic matter may take on

greater importance.
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Figure IV.1. Procedure for preparation of chemically extracted
and water-extracted detritus.
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Figure IV.2. Interstitial water sampling device. Assembly is
loaded with sediment and centrifuged at 3000 rpm
for 1 ruin.
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Table IV.1. Measurements during preparation of detritus and at
initiation of experiment.

(A) Incubation and chemical extraction
Amount of label (iCi)

Initial label in incubation
seawater 80.0

Remaining in seawater after
3 days incubation 1.01

Removed from 6 g Ulva by
chloroforin:methanol extraction 2.51

Removed from 6 g Ulva by hot
2 N NaOH extraction 12.51

(B) Label (iCi) released from detritus during sterile seawater
extraction.

detritus treatment

Day chemically extracted water extracted

1 .075 1.80

2 .090 2.05

3 .112 2.79
4 .119 2.93

5 .156 3.14

(C) Specific activity of detritus at initiation of experiment.

Detritus treatment

chemically extracted, sterile
water extracted, sterile
chemically extracted, non-sterile
water extracted, non-sterile
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Amount of label (DPM/mg)
mean s. dev. n

17400 4560 3

14000 2570 3

7740 550 3

5490 414 3

(D) Specific activity of interstitial water.

Extracted from
Detritus treatment

Amount of label (DPM/4 ml)

mean s. dev. n

chemically extracted sterile 2621.6 75.2 2

water extracted sterile 5555.8 20.0 2

chemically extracted non-sterile 5210.9 77.7 3

water extracted non-sterile 1508.4 24.4 3



Table IV.2. Uptake and release of label by worms fed radiolabelled
detritus. Includes: worms taken directly from feeding
flasks, worms exposed to extracted interstitial water,
worms taken from feeding flasks and placed in Warburg
flasks for 24 hours. Equivalent mg dry Ulva in
parentheses. Release in DPM over 24 hours by worms in
Warburg flasks, recovered from seawater and
from K011 solution.



Tabl.e IV.2

Total uptake by worms Release from worms

Treatment feeding flask Interstitial Water Warburq flask seawater KOH

DPM ng IJIva OPM DPM mg Ula DPM DPM
Chemically extracted / sterIle

mean 1305.0 (.075) 17.2 1111.1 (.064) 22,1 73.8

95% confidence limit 717.8 16.2 225,1 15.6 27.0

nfl 6 6 5 5 5

Water-extracted / sterile

mean 580.6 (.042) 130,2 233,2 (.017) 6,6 74.0

± 95% confidence limit 105,0 29.4 64.0 11,1 45.0

n 6 6 5 5 5

Chemically extracted / non-sterile

mean 405.5 (.052) 58,4 149.8 (.019) 19.1 65,1

± 95% confidence lImit 162,4 24.3 70.2 6.5 31.2

n 6 6 6 6 6

Water-extracted I non-sterile

mean 182,9 (.033) 17.2 75,3 (.014) 11.6 37.0

± 95% confidence limit 94,0 23.6 48,5 9.4 12,4

n 6 6 6 6 6

'.0



Talle IV.3. Two-way analysis of variance of (A) uptake expressed

as DPM per worm, (B) uptake corrected for specific

activity and expressed as equivalent mg dry UILva

per worm. Factors are sterile versus non-sterile

detritus, arid method of extraction of detritus.

(A) Source df Mean square F

Sterile/non-sterile 1 2.52x106 19.81 p<.00l

chem./water extracted 1 l.34x106 10.56 p<.Ol

interaction 1 0.38x106 2.96 p>.05

error 20 0.13x106

(B) Source

Sterile/non-sterile

chem./wacer extracted

interaction

df Mean square

1 .00142

1 .00415

1 .00031

error 20 .01134

F

0.13 p>.O5

0.36 p>.05

0.03 p>.05

90
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CHAPTER V.

UTILIZATION OF DISSOLVED FREE M4INO ACIDS BY THE OPHELIID

POLYCHAETE EJJZONUS MTJCRONATA (TREADWELL) ON AN OREGON, U.S.A.

COASTAL SAND BEACH.

ABSTRACT

The potential uptake of dissolved free amino acids (DFAA) by

the polychaete Euzonus mueronata was measured. E. inucronata is an

abundant infaurial inhabitant of the upper intertidal of exposed sand

beaches of the Pacific coast of North America. Uptake of glycine in

vials was compared to uptake while burrowing in sand to demonstrate

that uptake measured in vials could be extrapolated to field

conditions. Environmental concentrations were generally low,

averaging 11 .iM DFAA or less except after mass strandings of the

chondrophoran Velella velella. Based on the uptake of DFAA from

extracted interstitial water in vials, there appears on the average

to be little net uptake or release of DFAA at ambient

concentrations. Estimates of the Michaelis-Nenten kinetic

parameters Vmax and Km for glycine and for mixed DFAA indicate that

amino acid uptake occurs by a low-affinity, high-capacity process

compared to most marine invertebrates. Uptake of DFAA could be

important as a source of nitrogen if there is substantial

selectivity for and movement toward local areas of higher DFAA

concentrations, since concentrations frequently varied between

samples by more than an order of magnitude on a given sampling date.

However, DFAA are probably not important as oxidizable organic

matter even given a strong selectivity for higher concentrations.
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More information on selectivity and on field concentrations would be

required to fully evaluate the annual assimilation and release of

DFAA by E. mucronata.

INTRODUCTION

Dissolved free amino acids (DFAA) are taken up by many marine

invertebrates at ambient concentrations. When uptake is expressed

as the equivalent oxygen required to oxidize the assimilated DFAA,

and compared to respiratory oxygen requirements, most benthic

invertebrates obtain only a minor part of their metabolic needs from

DFAA uptake at concentrations typical of water above the sediment

(Ferguson, 1982). However, concentrations of DFAA in interstitial

water are frequently higher than in the overlying water. Some

infaunal species, therefore, may derive a substantial benefit from

DFAA uptake (Southward and Southward, 1980; Jørgensen and

Kristensen, 1980). Studies which have demonstrated such uptake of

DFAA by infauria have not considered the possible isolation of

benthic infauna from interstitial water by burrow or tube walls,

mucous coatings, and irrigation of burrows with overlying water

(Siebers, 1982). Species thus isolated from interstitial water may

have the potential for substantial uptake at high interstitial

concentrations but may not experience these concentrations. DFAA

uptake generally has not been measured under conditions which

simulate ksitu exposure to interstitial water. Thus, it is

uncertain whether some benthic infauna are exposed to high DFAA

concentrations and may have nutritionally significant DFAA uptake.

The purpose of the present study was to examine the utilization
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of DFAA by the opheliid polychaete Euzonus mucronata, an abundant

inhabitant of exposed sand beaches of the Pacific coast of North

America, as part of a detailed investigation into its food

resources. These studies have demonstrated that ingestion of

bacteria can provide only a small part of the carbon requirements of

E. mucronata, and that detrital carbon is assimilated directly, not

as microbial biomass, at a low but nutritionally significant

efficiency (Kemp, chapters III, IV). Since the primary carbon

source of E. mucronata may be detrital matter, which

characteristically has a low nitrogen content, uptake of DFAA could

be important as a source of nitrogen-rich organic matter.

E. mueronata burrows freely through the sediment without the

construction of burrow walls, and is isolated from interstitial

water only by its mucous secretions. In this study, uptake at

environmental concentrations in water without sand was compared to

uptake from interstitial water in sand while the worms were free to

burrow. Thus, the results of this study should provide a realistic

assessment of the potential for DFAA uptake by E. mucronata.

NETHODS

The study design involved measurements of interstitial

concentrations of DFAA, measurements of the uptake of DFAA by

individuals fully exposed to extracted interstitial water in vials,

and comparison of uptake in vials to uptake by individuals while

burrowing in sand. Because collecting sufficient quantities of

interstitial water for uptake experiments in sand proved

impractical, experiments measuring uptake in sand used aged seawater
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with added glycine. Clycine uptake in sand was compared to glycine

uptake in vials to evaluate whether the presence of sand materially

affected uptake rates.

Field sampling

DFAA concentrations were measured in samples of interstitial

water taken from the intertidal elevations at which E. mucronata

occurs. All field samples and specimens of E. mucronata were

collected from an exposed sand beach 7 km south of Yaquina Bay,

Oregon, U.S.A. (44°38'N, 124°04.4'W), described by Kemp (chapter

II). E. mucronata burrows downward when covered by water and

returns to the sand surface after high tide (Elkenberry, 1966). To

avoid contamination due to striking worms during sampling, plastic

aquarium airstones were inserted in the sand shortly after high

tide, before the worms returned to the surface. Water was withdrawn

4-6 hours later by fitting a syringe to the airstone. The

E. mucronata habitat is exposed for much of the time; water samples

collected at low tide should be representative of typical

interstitial water encountered by E. mucronata. Water samples were

returned to the laboratory and filtered through acid-washed 0.45 frU

Nucleopore or Millipore filters. Samples were usually frozen in

screw-capped polypropylene centrifuge tubes at -20°C until assayed

by the fluorescamine method (North, 1975).



DFAA uptake in vials

Individual worms were exposed in vials to 4-7.5 ml of

interstitial water or aged seawater with added glycine. Aged

seawater used in glycine uptake experiments contained a background

concentration of approximately 0.5-3.5 pM (as glycine equivalents),

depending on the length of aging. It was not known whether this

background DFAA was available to E. mucronata; therefore, uptake

rates were calculated from the measured (rather than nominal)

initial and final concentrations. The effect of individual body

weight on uptake rates was examined at 20 pM added glycine using 20

individuals ranging from 2.5 to 21 mg AFUW, representing juveniles

to 2-year-old adults. The results of this experiment were used to

evaluate whether body weight must be considered in all further

uptake experiments.

The uptake of natural DFAA mixtures was determined by exposing

individual worms to interstitial water which had been

field-collected, filtered, and frozen. Each water sample was used

for one worm. Samples to be used for controls without worms were

selected randomly. One set of water samples was collected after a

mass stranding of the chandrophoran jellyfish" Velella velella and

contained moderate to very high concentrations of DFAA.

Glycine uptake was examined by exposing worms to glycine added

to 0.45 p filtered seawater which had been aged in the dark for 1

month at 4°C. Concentrations of added glycine were 0, 5, 10, 15,

and 20 pM. Samples of 0.5 ml were collected hourly for 3 hr and

again after 22 hours.



DFAA uptake in sand

The uptake of glycine in sand was measured by placing worms at

the top of sand-filled 25 cm long by 5.5 cm diameter Plexiglas

cylinders. The bottoms of the cylinders were closed using a rubber

stopper with an. aquarium airstone embedded in a hole drilled through

the stopper. The sand was collected from the study site, washed

thoroughly in hot tap water, rinsed with distilled water, and dried

at 70°C. Aged seawater with 20.0 pM added glycine was drawn by

vacuum through the sand in the cylinders, immediately prior to

adding 24 worms per cylinder; this density is within field densities

observed on Oregon beaches (Kemp, chapter II). After all worms had

burrowed into the sand, water in the sand was allowed to drain

freely through the bottom airstone, resulting in a moisture content

of the sand equal to that of freshly collected drained sand at low

tide (18.5%). After one hour, during which the worms burrowed

downward nearly to the bottom of the sand column, the water was

drawn from the cylinders and the final DFAA concentration was

measured. Uptake was calculated from the decrease in concentration

and corrected for uptake in control cylinders without worms. Since

worms did not contact all of the interstitial water in the sand

column, the final concentration represents a mixture of water which

was contacted by the worms and water which presumably had only

control-level uptake. Measured rates are probably minimum estimates

of uptake In sand.
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RESULTS

High interstitial concentrations, including one set of samples

with a mean of 223 pM DFAA, were found during mass strandings of

Velella velella (Table V.1). On all other occasions, the mean

concentration of DFAA was 11 pM or less, although concentrations in

individual samples on a given date often differed by an order of

magnitude.

The regression of uptake per mg AFDW (corrected for <20% uptake

in controls) on body AFDW (Figure V.1) was:

uptake (nm/hr/mg AFDW) = -O.221(AFDW, mg) + 5.72; a = 15.

Although this regression suggests an apparent relationship between

uptake and body weight, the slope of the regression of uptake per

individual on body AFDW was not significant (p>.O5):

uptake (nm/hr/individual) O.576(AFDW, mg) + 18.92; ii 15,

r2 = 0.124

As an approximation, the total uptake per individual can be

considered constant with varying body weight. For example, doubling

the AYDW of test individuals from 10 to 20 mg AFDW can be expected

to result in only a 23% increase in uptake per individual at 20 pM

glycine. For this reason, all other experiments were conducted with

adults of similar size, and uptake rates were expressed as

nm/hr/individual rather than nm/hr/mg AFDW.
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Uptake of mixed DFAA from interstitial water was measured on

four occasions. DFAA concentrations on 17 April and 7 June 1984

were generally low and resulted in net uptake by some individuals

and release by others at similar initial concentrations (Figure

V.2). More information was obtained from uptake experiments

conducted on 13 March 1984, when concentrations ranged from 4.2 to

22.1 j.M, and on 8 May 1984, when concentrations ranged from 4.2 to

245.3 pM (Figure V.3). The latter two experiments were used to

develop a predictive regression of uptake on initial concentration.

Regressions of uptake (not corrected for controls) on initial

concentration for the two experiments were:

13 March

uptake (nm/hr/individual) = 1.497jDFAA, PMI - 12.323, n 9,

r2= 0.808

8 May

uptake (nm/hr/individual) = 1.152IIDFAA, pM] 1.734, n 8,

r2= 0.952

The slopes and adjusted means, and therefore the intercepts, of

these regressions were not significantly different (ANCOVA; Table

V.2a), and data from the two experiments were pooled. Uptake by

worms was corrected for control uptake using a regression of uptake

in the pooled controls:



control-

uptake (nm/hr/vial) = 0.238[DFAA, ,uNJ 0.982, n = 10, r2 = 0.808,

worms -

net uptake (nm/hr/individual) = 0.958[DFAA, pM] 5.590, n = 17,

r 0.939

Net uptake increased approximately linearly with increasing initial

DFAA concentrations ranging from 4.2 to 139.4 p. Data for

concentrations above 15 pM were transformed to estimate the

Nichaelis-Nenten parameters Vmax and Km by the double-reciprocal

plot method. The deletion of data for lower concentrations is

similar in. effect to procedures for weighed linear regression of all

data (Wilkinson, 1961), which proved unsatisfactory (negative

predicted Vmax). The regression of the reciprocal of uptake on the

reciprocal of DFAA concentration was:

1/V 0.870 1/[DFAA] + 0.001395, n = 8, r2 = 0.958

yielding predicted values of Vmax = 716 nm/hr/individual and Km =

623 pM. These values are not intended to estimate the parameters of

a single enzyme system, but serve to demonstrate that uptake was not

saturated at any tested DFAA concentrations.

Since there was little or no evidence of net uptake in control

vials during the experiment (Figure V.4), measured gross uptake was

considered to be equal to the net uptake of glycine. Uptake

occurred at added glycine concentrations of 5 pM and above, or total
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DFAA concentrations of approximately 8 pM and above. DFAA

concentrations iii various treatments were reduced to a minimum of

2-4 iM and increased for several individuals between 3 and 22 hours.

Separate regressions of uptake on initial concentration were

calculated for the first, second, arid third hour of the experiment,

based on the initial concentrations at the start of each hour:

First hour-

uptake (nm/hr/individual) l.726(glycine, jiM] - 8.88, n 18,

r2 - 0.649;

Second hour-

uptake (nm/hr/individual) = l.456[glycine, jiM] - 3.00, n = 18,

r2 = 0.654;

Third hour-

uptake (nm/hr/individual) 1.055[glycine, iMj 3.06, n = 18,

= 0.492

The slopes of these regressions were significantly different from

zero (p < .05), but neither slopes or adjusted means (intercepts)

differed significantly among hours (ANCOVA; Table V.2b). Uptake

during the third hour, when concentrations reached background levels

in some treatments, would be diminished if the background DFAA were

not available. For this reason, uptake during the third hour was

not included in a working regression calculated from the mean uptake

during the first two hours and the initial concentration at the
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start of the experiment:

uptake (nm/hr/individual) = 1.309[glycine, pN) - 4.72, ii = 18,

r2 0.839

The slopes of the regressions of net glycine uptake (averaged over

two hours) and net DFAA uptake on initial concentration were not

significantly different at p=O.O5, but the corresponding adjusted

means (intercepts) were nearly significantly different at p=O.O5

(ANCOVA, Table V.2c). The glycine uptake data were transformed to

estimate the kinetic parameters Vmax and Km by both simple and

weighted linear regression procedures. \Tmax predicted by weighted

linear regression was 1629 nm/hr/individual and Km was 430 tiM, but

these values were sensitive to deletion of single data points. A

regression line calculated by simple linear regression passed near

the origin (i.e. high Vmax) but predicted a negative Vmax, probably

because of scatter in the data. These results do not indicate that

glycine uptake was saturated at any tested concentration.

The uptake of glycine at 21 pM (measured concentration) in sand

columns containing 270 ml seawater resulted in a decrease of

approximately 3 uM in test columns and 1.2 ?.i14 in control columns.

The net uptake rate was 18.46 +- 3.80 nm/hr/individual (mean +- 95%

confidence limits, n = 8). This should be an underestimate because

of the inclusion of interstitial water which was not contacted by

the worms. The predicted uptake of glycine In vials at 21 pM is

22.8 -1-- 3.23 nm/hr/individual, significantly greater than in sand at

21 pM (t 3.66, p<.Ol).
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DISCUSSION

Virtually no information is available on DFAA concentrations in

interstitial water of sand beaches. Tempel and Westheide (1980)

reported that interstitial DFAA concentrations of an exposed sand

beach were "only 2 to 4 times greater than those of free nearshore

water." Since inshore DFAA concentrations are typically only 1-2 f

(e.g., Clarke et al., 1972), their sample concentrations were

presumably less than 10 LM DFAA. Mean DFAA concentrations in field

samples in this study ranged from less than 1 uM to 11 ,.iM (except

during Velella velella strandings), substantially lower than in more

sheltered and organic-rich sedituents (e.g. Stephens, 1975; Stephens

et al.,, 1978; Jørgensen et al., 1980). If the potential for

nutritionally significant DFAA uptake is dependent on high

interstitial concentrations, the nutritional importance of DFAA to

sand beach infauna may be limited by relatively low concentrations.

There was a significant but small (ca. 20%) decrease in

measured uptake rate by individuals burrowing in sand from uptake in

vials. Since the measured uptake in sand is probably an

underestimate, it is likely that E. mucronata is fully exposed to

interstitial water. In general, other infauna of exposed sand

beaches also do not build tubes or burrows and are probably not

isolated from interstitial water.

The uptake of DFAA was compared to respiratory oxygen

requirements, based on measurements of respiration rate in a

previous study (Kemp, chapter III). This comparison is not meant to
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imply that assimilated DFAA are oxidized. Respiratory oxygen

requirements serve as a useful (and frequently used) standard for

the assessment of metabolic significance and potential energetic

benefits of DFAA assimilation. The regression of respiration rate R

(p1 02/hr/mg AFDW) on body AFDW (mg) is (Kemp, chapter III):

log R -0.8131(log AFDW) - 0.022, n = 90,

2
r = 0.75

or in terms of p1/hr/individual,

log R 0.1869(log AFDW) 0.022

This regression was developed for individuals burrowing in sand at

12°C, approximately the annual average temperature at the study site

(Kemp, chapter III). Doubling the AFDJ of test individuals from 10

to 20 mg results in only a 29.4Z increase in predicted respiration

rate, from 1.46 to 1.89 p1 02/hr. Since test specimens were

selected for their similarity in size (approximately 12-15 mg AFDW),

a general value of 1.5 pl 02/hr/individual was used for evaluating

the significance of DFAA uptake in these experiments. DFAA uptake

was converted to an equivalent oxygen consumption by assuming that

the complete oxidation of 1 nniole of a DFAA mixture requires about

0.1 pl of oxygen (Wright, 1982) and the oxidation of 1 nmole of

glycine requires 0.034 pl of oxygen (Stephens, 1982). Net uptake of

DFAA from interstitial water is predicted at concentrations of 5.83

pM and above. Predicted uptake of DFAA is equivalent to one-half of
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respiratory oxygen consumption at 13.66 uM DFAA and is equivalent to

respiratory oxygen consumption at 21.49 iM DFAA. The corresponding

values for glycine uptake are net uptake at 3.60 )IM and above,

one-half respiration at 20.45 .iM, and equivalent to respiration at

37.30 iN glycine. Mean concentrations above or near 5.83 iM DFAA

occurred in five of eleven field collections, excluding collections

immediately after Velella velella strandings. Three of the five had

mean concentrations of 10-11 which would result in predicted

uptake equivalent to 30% of the typical oxygen consumption of 1.5 p1

02/hr/individual.

Net loss of DFAA at lower concentrations may often occur. If

the mean DFAA concentrations in the eleven collections are

representative of temporal variation in concentrations and each

occurred for the same proportion of the year, a predicted annual net

loss of 1.18 tim DFAA/hr/individual would result. This would be

minor as a lose of oxidizable material (<10% of oxygen consumption).

Its significance as a loss of nitrogen may be estimated roughly.

The mean length of adults is 5 cm, or approximately 12 mg AFDW

(Kemp, chapter II). If the carbon content is 50% of AFDW and the

ratio of carbon to nitrogen is about 3.75 to 1 (as with

Nereis succinea: Cammen, 1980a), an adult contains approximately 1.6

mg N, which must be assimilated over a lifetime of two years (Kemp,

chapter II). The loss of 1.18 tim DFAA/hr/individual ( nm

N/hr/individual) is equivalent to only 18% of the annual nitrogen

requirement for growth, excluding excretory nitrogen losses. The

loss of DFAA would not be of major importance to the nit rogen budget

of this species unless the supply of nitrogen is limiting. Since
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E. mucronata may obtain much of its food by direct assimilation of

low-nitrogen detritus (Kemp, chapter IV), this may be the case.

These assessments of the nutritional importance of DFAA uptake

assume that individuals are, on the average, exposed to the mean

concentrations measured in field samples. In 9 of the 11

collections, at least some water samples contained DFAA

concentrations above or near 5.83 pM. If individuals can respond to

DFAA concentration gradients, uptake of DFAA may be enhanced by

movement of individuals toward higher concentrations. The expected

annual average flux of DFAA was also calculated from the highest

concentrations observed in 11 collections, as a measure of the

maximum potential effect of movement in response to DFAA gradients.

The annual average net uptake would be 5.0 nm/hr/individual,

equivalent to 337. of oxygen consumption and 75% of nitrogen

requirements. A strong selection for areas of high DFAA

concentration could substantially increase the importance of amino-N

assimilation, though DFAA uptake would remain relatively unimportant

as a source of reduced organic matter.

Net uptake greatly in excess of typical oxygen consumption

occurred when worms were exposed to water containing extremely high

DFAA concentrations following a mass stranding of V. velella.

Although E. mucronata Is capable of benefiting from temporarily high

DFAA concentrations, such events are both infrequent and

unpredictable and are unlikely to play a significant role in its

nutrition.

The predicted equilibrium concentration of 5.83 jiM DFAA is

unusually high. All 21 species of marine invertebrates tested by
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Ferguson (1982), including several infaunal species, had equilibrium

DFAA levels less than 1 pM. However, despite the excellent fit of

the regression of DFAA uptake on concentration (r2 = 0.939), the

statistical uncertainties of concentration predicted from an uptake

rate are very large, with 95% confidence limits of -18.6 to +29 uM

at aero uptake. Thus, it is difficult to attribute much

significance to differences in the predicted equilibrium level,

derived by regression-based methods, from other reported values.

The use of regression was necessitated by the variability in

response of individuals at low concentrations (Figure V.3) and the

goal of predicting both the equilibrium concentration and uptake at

a range of environmental concentrations. If the equilibrium

concentration of E. mucronata (as measured in these experiments) is

actually higher than most other marine invertebrates, it is possible

that E. taucronata was stressed by the absence of sediment during

uptake experiments, thus affecting DFAA uptake and release.

However, Ferguson also conducted experiments with infaunal species,

including polychaetes, in the absence of sediment. The difference

between intercepts of the glycine and total DFAA regressions (p near

0.05) is suggestive of multiple amino acid uptake systems but not of

major differences in their affinities or maximum capacities.

Predicted Vmax and Km values for mixed DFAA and glycine were

similar. The predicted Vmax and Km for mixed DFAA can only be

regarded as indicative of the same parameters for individual amino

acids, but these results suggest that amino acid uptake in

. mucronata occurs by low-affinity, high-capacity processes

relative to most other marine invertebrates (c.f. Preston and
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Stevens, 1982). A high equilibrium concentration therefore would be

expected. E. mucronata would also be expected to have a minor role

in DFAA cycling on the beach, compared to bacterial uptake by

typically high-affinity, low-capacity processes (Siebers, 1982).

This was evident in preliminary experiments with sand columns, in

which freshly collected, sieved sand reduced glycine concentrations

from 20 to 6 pM in one hour, compared to a reduction from 20 to 17

jiM by E. mucronata in dried sand.

CONCLUSIONS

The results of this study indicate that there is little net

uptake or release of DFAA by E. mucronata at ambient concentrations,

although a strong selectivity for local areas of higher DFAA

concentration could greatly enhance DFAA uptake. Much mare

extensive data on field concentrations would be required to fully

evaluate the importance of DFAA uptake or release through the year.

A program of biweekly sampling Is in progress to allow evaluation of

the net flux of DFAA on an annual basis.
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Figure V.1. Uptake of glycine at 20 iM versus body AFDW.
Open circles = uptake in nm/hr/mg AFDW; closed
circles = uptake in nm/rir/individua1.
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Figure V.2. Uptake and release of DFAA versus concentration at
low concentrations. £.= 17 April, = 7 June 1984.
Open symbols are control vials.
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Figure V.3. Uptake and release of DFAA versus concentration,
at moderate to high concentrations. A = 13 March,

8 May 1984. Open symbols are controls. Regression

hue is uptake corrected for controls.
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Figure V.4. Change in concentration of glycine versus time at five
initial concentrations. Open circles are controls.
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Table V.1. Concentrations of dissolved free amino acids in
field samples. * collected during Velella
velella stranding.

Sampling date n Range pM mean pM s.dev.

10 October 1983 10 2.21-31.75 9.94 9.90

1 March 1984 8 3.11-21.22 10.92 5.40

13 March 1984 12 4.21-22.07 11.07 4.79

10 April 1984 * 16 12.20-241.33 80.02 65.30

11 April 1984 10 1.00-5.50 2.00 1.39

17 April 1984 11 1.13-12.73 4.62 3.29

22 April 1984 12 0.19-5.39 1.65 1.34

6 May 1984 * 16 124.33-257.22 222.94 40.68

31 May 1984 10 1.03-8.17 3.26 2.11

10 September 1984 7 3.08-8.71 4.89 2.06

21 November 1984 8 0.12-1.42 0.64 0.43

19 December 1984 8 0.00-0.56 0.19 0.24

18 January 1985 8 0.26-5.43 1.44 1.72
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Table V.2. Comparisons of regression slopes and adjusted means
(equivalent to comparison of intercepts) by analysis
of covariance.

a) 13 March and 8 May uncorrected DFAA uptake data.

Differences between slopes-

Source d.f. ss MS F

among slopes 1 26.83 26.83 0.245

sum of group 13 1421.90 109.38
deviations

Differences among adjusted means-

adjusted means 1 127.57 127.57 1.233
error 14 1448.73 103.48

b) Glycine uptake in 1st, 2nd, and 3rd hours of experiment.

Differences between slopes-

Source d.f. SS MS F

among slopes 2 51.78 25.89 0.737

sum of group 48 1686.42 35.13
deviations

Differences among adjusted means-

adjusted means 2 83.41 41.71 1.200
error 50 1738.21 34.76

c) Pooled corrected DFAA uptake data and glycine uptake data
(average of first two hours).

Differences between slopes-

Source d.f. SS MS F

among slopes 1 86.12 86.12 1.473
sum of group 31 1812.42 58.46
deviations

Differences among adjusted means-

adjusted means 1 229.34 229.34 3.866
error 32 1898.54 59.33
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CHAPTER VI. SUMMARY

The estimated productivity of the deposit-feeder Euzonus

mucronata is similar to that of abundant filter-feeding macrofauna

of other exposed sand beaches. The low organic content of exposed

sand beaches is clearly not an absolute barrier to successful

deposit-feeding. The estimated annual bacterial production is about

twice the carbon requirements of the study population. However,

E. mucronata is incapable of ingesting enough bacterial biomass to

support its carbon requirements, despite its unusually high sediment

processing rate, because of the low concentration of bacteria at the

study site. Although beyond the scope of the present study, the

importance of bacteria as a source of potentially limiting

micronutrients such as essential amino acids should be considered in

future studies.

E. mucronata assimilated carbon from chemically extracted

artificial detritus (at O.O37 ash-free dry weight) at a rate

approximately equal to its respiratory carbon losses. Its carbon

requirements (respiration plus growth) would be met by direct

assimilation of detrital carbon if only 1OZ of the sedimentary

organic carbon is as available as the chemically extracted

artificial detritus. Although the detrital carbon available to an

individual might then be limited by its sediment processing

capabilities, the number of individuals which could be supported by

the detrital carbon pool would be very large. It is likely that the

population density of E. mucronata is not limited by the

availability of food in terms of carbon. Other factors such as
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predation, environmental disturbance, and variable recruitment

success may be important in determining population density.

Since the carbon:nitrogen ratio of detritus characteristically

is low, nitrogen may be in limiting supply. ased on an approximate

estimate of the annual nitrogen requirements of E. mucronata,

insufficient bacterial nitrogen would be ingested and assimilated.

An examination of the potential uptake of dissolved free amino acids

(DFAA) indicates that DFAA uptake is probably not an important

carbon or nitrogen source. Indeed, E. mucronata does not appear to

be well-adapted to net assimilation of DFAA at the comparatively low

concentrations typical of the study site. If there is a strong

selection for and movement toward local areas of higher DFAA

concentration, DFAA uptake could contribute up to 75Z of the annual

nitrogen requirement, based on uptake at the maximum observed field

concentrations. More information on field concentrations and on the

capacity to respond to concentration gradients would be required to

fully evaluate whether DFAA may be important. Another potential

source of nitrogen-rich material is less-refractory detrital matter,

such as rnicroalgae (e.g. surf diatoms) trapped by the sand, and

fresh seaweed-derived detritus.

A recurring question in this research was whether E. mucronata

is successful (i.e. abundant) as a deposit-feeder because of

adaptations and capabilities not shared by other deposit-feeders.

The only obvious unusual characteristic of E. mueronata is its

extremely rapid ingestion rate, which, if little of the sedimentary

organic carbon is available, may be the key to its acquisition of

sufficient food in the sand beach environment. E. mucronata is not
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unique among deposit-feeders in its ability to assimilate detrital

carbon directly. The common assumption that detritus is not

available to most ruacrofauna is poorly supported by this and past

studies of direct assimilation of detritus. Although reported

assimilation efficiencies are frequently low, a nutritionally

significant amount of carbon may be acquired from detritus at even a

low efficiency, as demonstrated in the present study. Present

concepts of energy flow in soft-bottom communities would require

substantial revision if direct utilization of detrital material is

common. For example, models of trophic energetics and foraging

which depend on the assumption that bacteria are the principal food

resource of deposit-feeders frequently may be inappropriate. Direct

assimilation of detritus should increase the overall efficiency of a

food chain over one in which bacteria are a necessary intermediate.

Models of particle selection by deposit-feeders must consider the

nature of the food resource, since the relationship of food value to

grain size will differ for bacteria and detrital matter. Future

studies of the food resources of deposit-feeders should avoid simply

measuring assimilation of food material and concentrate on

evaluating the significance of measured assimilation.

Bacteria appear to have a relatively small role in macrofaunal

nutrition on exposed sand beaches. Based on comparisons of the

ingestion rates and productivities of E. mucronata and other

macrofauna, bacteria may be a primary carbon source to macrofauna at

densities approaching 1010 cells/g, such as are found in

organic-rich sediment, but not in many other soft-bottom

environments; bacteria may be an important source of nitrogen and
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micronutrjents at much lower densities. While this calculation is

only approximate, it supports the conclusion that macrofaunal use of

other food resources, such as microalgae and directly-utilized

detrital material, may be much more common than is usually assumed.

Most studies of bacterial-macrofaunal interactions have

emphasized the potential nutritional significance of bacteria to

macrofauna. A number of recent studies of bacterial production in

sediment have appeared, but most either concentrated on overcoming

methodological problems or were intended to provide first estimates

of bacterial production. The comparison of bacterial and

macrofaunal productivities is an obvious one, but as yet has

received little attention. Benthic bacterial production exceeds

that of macrofauna even when bacterial biomass is very low. In most

sedimentary environments bacterial production greatly exceeds that

of macrofauna, and very little of bacterial production directly

enters macrofaunal food chains. The limited information available

on meiofaunal ingestion of bacteria (Montagna, 1984), when compared

to bacterial turnover rates in sediment, indicates that meiofaunal

grazing may control bacterial numbers in some benthic environments.

Since the numerically dominant macrofauna of some benthic

environments are apparently meiofaunal predators (Oliver et al.,

1982), the bacteria-meiofauna-macrofauna food chain could be a major

trophic link in these environments. At present, too little

information is available to assess this possibility. Studies of

microbial and melofaunal food chains and their linkage to

macrofaunal food chains are needed to understand benthic trophic

structure and dynamics.
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