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ABSTRACT

Investigations of the distribution of Mercierella enigmatica

and the physical environment in the Thames estuary form the basis

for a detailed laboratory study of the energy relations of this
fouling organism. It was found that Mercierella's intertidal
distribution is positively correlated with that of the surface water
at Greenhithe, which effectively buffers the animal against extremes
in oxygen tension, salinity, and temperature, whilst allowing unlimited

feeding.

The following components of the energy budget under winter and
summer conditions were investigated: particulate feeding; the
integqumentary uptake of dissolved organic compounds; egestion;
respiration; nitrogenous excretion; somatic growth; reproduction;
tube production; and mucus production. The flow of energy through
the various channels was quantified using microbomb calorimetry,
biochemical techniques, respirometry (a volumetric micro-respirometer

was designed specifically for this purpose), and radiocactive tracers.

A comprehensive investigation of the uptake kinetics, effects
of endogenous and exogenous factors, and the fate of absorbed
orgaﬂic molecules, shows that these are apparently of little value
as a supplementary nutritional source. An alternative hypothesis is
proposed'for the role of exogenous DOM*in Mercierella's energy

budget.

The oxygenational properties of the blood pigment were
investigated, and the relative significance of the potential

respiratory surfaces during the different phases of activity are

% poM = dassolved o»aanic molecules



estimated based on histological evidence. In common with the

majority of chlorocruorins, the blood pigment has a high P._ and is

50
incompletely saturated when in equilibrium with air. The branchial
crown 1s the major surface for gaseous exchange when it is extended,

whereas the crown and rest of the body function as separate systems

when the worm withdraws inside its tube.

The changes that occur in the gonadial tissues, coelomic cells,
and population during the annual reprbductive cycle were investigated,
and it was found that the Greenhithe population is composed of males,
females, and protandrous hermaphrodite individuals. Although the
latter are a means by which the energy expended in reproduction by
young individuals is reduced, whilst maximising their potential
contribution to the population's reproductive output, it is shown

that these are of no apparent value in temperate localities.

An important outcome of this study is the discovery that mucus
production and respiration are the two major pathways through which
energy leaves the body of the worme. These are followed by tube
production, somatic growth, reproduction, and nitrogenous excretion,
in decreasing order of magnitude. These results are compared and
discussed in relation to published values for other aquatic

invertebrates.
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Fig. 1.

Figo 2e

Mercierella enigmatica Fauvel on the underside of a flint

from Greenhithe, which also bears filamentous green algae,
diatoms, and bryozoans. Approximately half-times life

size and photographed in water.

Adult female M. enigmatica recently removed from its

calcareous tube; showing the branchial crown, operculum
with chitinous spines, thorax, and abdomen which curves
towards the dorsal surface. Approximately fourteen-times

life size. This individual was sexually mature at the

~ time that the photograph was taken (Jgne 1975), and

released eggs as a result of the disturbance.
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1. GENERAL INTRCDUCTION

Mercierella enigmatica Fauvel is a brackish water serpulid

polychaete. Serpulids are a group of filter-feeding, sedentary,
worms which are typified by a usually white, calcareous tube

(Fig. 1). Although there is no permanent anatomical attachment with
the tube the worm never leaves its protection under normal

circumstancese.

Anatomically, the adult Mercierella is divided into three
distinct regioﬁs t the branchial crown, thorax, and abdomen (Fig. 2).
The branchial crown 1s composed of a number of filaments arising
from two, semi-circular, outgrowths of the prostomium,' on opposite
sides of the mouth. The average number of filaments on the specimens
examined is 18, but this varies and depends to some extent on the
age of the animal; younger worms have fewer filaments. Each
filament bears many, paired, finger—like projections, the pinnules,
which are absent from the distal, tactile-sensory, portion. The’
most dorsal filament on the left side of the crown lacks pinnules
and has become greatly modified to form the chitinised operculum,

which is somewhat reminiscent of a cat's paw.

The thorax comprises sevendwuetigerous segments. The anterior
margin of the first thoracic segment extends to form a thin membrane
or collar, which is divided dorsally where it is continuous with
the lateral extensions of the body wall, the thoracic membranes.
Posteriorly, the margin of the last thoracic segment extends as a
thin membrane over the first abdominal segment. The glands which
secrete the tube material are situated beneéth the collar,

bilaterally on the first thoracic segment.
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Movement within the tube is effecfed by the actioﬁ of the
paired bundles of capillarythastae which are present on all the
thoracic and abdominal segments apart from the last. Anchorage
is achieved by means of uncini which are highly modifieé@getae.
Ventral to each bundle of caplllarydu=ztae on the thorax is a row
(torus) of uncini which is arranged transversely. Each uncinus is
a comb-like structure in which the teeth point anteriorly. There
are no uncini on the first thoracic sggment, whose capillaryduetae
are of two distinct types : simple straight ones similar to those on
the rest of the body, and elaborate collarckaztae. In contrast to the
arrangement in the thorax, the positions of thecwaztae and uncini ére

reversed on the abdomen, with the uncini being dorsal to thedw:tae.

In the relaxed state the abdomen is of a smaller diameter than
the thorax and is normally longer than the combined lengths of the
other two regions. It consists of numerous metameric segments, the
more anterior 6nes being longer than those behind. The number of
abdominal segments ranged from about 20 to more than 100 in the
specimens examined. The anus is situated postero-ventrally on the
last, achaetous, abdominal segment. VWhen removed from the tube, the

abdomen curls towards the dorsal side.

Since the time that Mercierella enigmatica was first described

as a new genus and species by Fauvel (1922), from the Caen Canal
in N.W. France, it has been recorded from numerous brackish water
localities throughout warm temperate and tropical regions (for
feferences see Vuillemin, 1965; Hartmann-Schroder, 1967; Harris,

1970; Straughan, 1972). Tebble (1953) recorded M. enigmatica from

localities south of the 16°C isotherm in July in the northern
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Fig. 3. Taxonomic features of a Mercierella enigmatica from

Greenhithe: A, operculum; B,Jmeta from 1st. thoracic
segment (collardueta) side view; C,dwmetae from 3rd.
thoracic segment; D, thoracic uncini seen from above,
showing the gouge-shaped anterior tooth; E,-abdominal
chaeta, side view showing finely toothed blade; F,
abdominal uncini, oblique view showing antero-

posterior arrangement in the torus.
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hemisphere to the north of the 21°C isotherm in July in the southern
hemisphere. It is believed to have been spread largely by ships,
both as adults attached to hulls and as planktonic larvae in ballast
tanks (e.g. Fauvel, 1931, 1933). In recent years, however, there
have been a number of conflicting accounts concerning the
identification of the tropical form (see Pillai, 1960; Hill, 1967;
Hartmann~Schroder, 1967; Straughan, 1972), and ten Hove and
Weerdenburg (personal communication, 1976) are currently revising

the genera Ficopomatus, Mercierella, Mercierellopsis, Neopomatus,

and Sphaeropomatus. ten Hove informs me that Straughan's (loc. cit.)

assertion that M. enigmatica and Neopomatus uschakovi Pillai are

synonyms "is definitely incorrect", which casts some doubt on the
identity of the animal she worked on, and consequentlj that of Hill's
(loc. cit.) animal. Where the results of these works are referred to

in this thesis the animal is described as M. enigmatica (= Neopomatus ?).

Whilse ten Hove and Weerdenburg's revision may perhaps go some way to
explain the differences between the growth rates (Section 8.1.4),
reproduction cycles (Section 8.2.4), and salinity tolerances of the
tropical and temperate populations, which tempted Harris (1970) to
make exaggerated claims concerning the physiology of the species, this
still leaves a number of conflicting reports concerning the reproduction
and salinity tolerances of the temperate form (g;g. Seurat, 1927;
Fischer~Piette, 1937; Heldt, 1944; Tebble, 1953, 1956; Mathias &

Izac, 1963) which in the absence of anatomical evidence suggests at
least the existence of physiological races. In view of these
complications and in anticipation of further revision photographic

evidence is provided of the main taxonomic features of the serpulid



- 27 -

Fig. k.

Taxonomic features of a Mercierella enigmatica from

Weymouth Harbour backwater: A, operculum, showing
concentric rows of inwardly directed spines; B,dwuetae
from the 1st. thoracic segment, showing the large,
proximate, blunt teeth (phase contrast); C, thoracic
setae from segments three and four, showiqgthe finely-
serrate blades; D, thoracic uncini; E, abdominalchaztae
(pha§e contrast); F, abdominal uncini, posterior is

at the top.
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used in the present study, to support the assertion that it complies

with Fauvel!'s original description of Mercierella enigmatica

(Figs. 3 and 4).

M. enigmatica is of considerable economic importance as a

fouling organism on ship's hulls (e.g. Monro, 1924; McIntosh, 1924;
Hartmann—SchrSder, 1967), power station conduits and screens, pier
pilings (e.g. Wolff, 1969; Hove, 1974), and a variety of other
submerged structures (e.ge. Fischer-Piette, 1937; Tebble, 1953, 1956).
Its introduction into cooler latitudes has undoubtedly been favoured
by the heated discharges of power stations, e.g. the Kanaal door
Waléheren, S. W. Netherlands (Wolff, 1969), and other water-side
industry, e.g. Ramsden/Cavendish Dock, Barrow-in-Furness (Dock
Engineer, personal communication, 1973). The best documented case

of fouling by M. enigmatica in the British Isles occurred at

Radipole Lake, Dorset, in the autumn of 1952 (Tebble, 1953, 1956).

Radipole Lake is a freshwater lake adjacent to Weymouth Harbour
backwater, from which it is separated by sluice gates which are

normally kept closed (Fig. 5)e. A population of M. enigmatica was

first reported from the vicinity of the sluices in November 1937
(British Museum (Natural History) records), when it caused a limited
fouling problem which was soon controlled by the local application

of anti-fouling paint, and no more was mentioned of it until 1952.

As a means of destroying the large numbers of midge larvae
which were present in the lake, it was decided to open the sluice
gates during the period March to September, thereby increasing the
salinity from that of fresh water to about 20 o/oo. This treatﬁent

effectively rid the town of the midge problem so the gates were



Fig. 5.

Map of Weymouth Harbour backwater and the southern end
of Radipole Lake, showing the sites of collection of

M. enigmatica on L4th. October 1974. Salinities were

measured at the following times: A, 14 51; B, 15 00;
C, 15 50. Low water (0.3 m) was at 13 S51. Water temp-
erature at the times of sampling was 12%.

Based upon the Ordnance Survey Map No. SY 6779 SE
with the sanction of the Controller of Her Majesty's

Stationery Office. Crown copyright reserved.
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closed and the salinity of the water in the lake gradually returned
to about 0.l °/oo. About six weeks after the gates were closed an
extensive growth of Mercierella tubes was found to be covering all
the solid substrata within the lake. Growth had been extremely
rapid resulting in a maximum thickness of about 15 cm in less than
3 months. With the returh to freshwater, however, the worms died

but their calcareous tubes persisted for a number of years.

M. enigmatica is still present in Weymouth Harbour backwater

(personal observation, October 1974). Although it has never again
reached the pest proportions described above, it does produce
limited but troublesome growths each summer on vessels moored in
the region of the sluices (Fig. 6) where the salinity range is the

most suitable for its reproduction.

There are over 150 papers relating to M. enigmatica,

undoubtedly more than for any other serpulid species. The majority
are concerned with the geographical distribution, particularly its
apparent rapid spread throughout Europe and N. Africa following its
discovery in N.W. France in the autumn of 1922 by Prof. M. Mercier
(Fauvel, 1922, 1931, 1933). Fo: references relating to its
distribution see Tebble, 1953; Vuillemin, 1965 (for an extensive
bibliography); Hartmann—SchrSder, 1967; Harris, 1970; Hove, 1974).
Fauvel gave it its specific name because of its puzzling appearance
and origin; in the light of the recent taxonomic controversy this
seems even more applicable nowe A number of studies have been
concerned with its anatomy (Fauvel, 1922, 1925; McIntosh, 1924,
1926; Rioja, 1924; Swan, 1950; Hall, 1954; Rullier, 1955; Hartmann-

Schroder, 1967; Di Grande and Sabelli, 1972), reproductive biology



Fig. 6.

A clump of M. enigmatica growing on the phosphor-bronze

screw of a wooden boat moored in Weymouth Harbour
backwater near a sewer outfall. The growth appeared
at the end of summer, 1975, and at the time that the
photograph was teken, in the same year, worms were
seen attached to the hull.

Photograph reproduced by courtesy of Weymouth Youth

Activities Centre.
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(e.g. Fischer-Piette, 1937; Rullier, 1955; Straughan, 1970, 1972;
Di Grande & Sabelli, 1972), and physiology (e.g. Swan, 1950;
Soldatova & Turpaeva, 1960; Turpaeva, 1961; Mathias & Izac, 1963;

Skaer, 1974a,b,cd).

The physiclogical investigatidns have been concerned largely
with its osmotic relations since it is able to survive in an
unusually wide range of salinities (e.g. Seurat, 1927; Heldt, 1944).
There has been no previous investigation of the energy relations of

M. enigmatica, or for that matter of any other sedentary polychaete.

It is the aim of the present study to attempt to fill this gap in

our knowledge of this fascinating and successful species.

The only previous, detailed, investigation of the energy

relations of a polychaetous annelid is of Neanthes (= Nereis) virens

(Sars) by Kay and Brafield (1973), who studied a population in the
mud flats at the mouth of the Thames estuary at Southend-on-Sea.

Coincidentally, the population of M. enigmatica used in the present

study is at Greenhithe in the middle reaches of the same estuary. A
single collection was made, however, from Weymouth Harbour backwater

in October 1974.

In contrast to the filter-feeding Mercierella, N. virens is a

largely carnivorous species. It is of interest, therefore, to compare
the energy utilisation of these dissimilar polychaetes which are
representatives of the 1° consumer and detritivore levels, and 2° and

3° consumer levels respectively, in the estuarine food chaine.

Mercierella is particularly suited to a study of this type
because of its small size, and the ease with which it can be maintained
in the laboratory. An attempt was made to quantify all known channels

of energy flow into and out of its body, including those which in



previous budget studies have been largely ignored, dissolved organic
molecules (DOM), mucus production, and shell (tube) production. Of
necessity the major part of this work was conducted under controlled
laboratory conditions, although where it is considered valid to do
so the results are discussed in relation to what is known of the

field situation.

Due to the fragmentary and sometimes contradictory nature of
the accounts relating to Mercierella's natural environmenf, a detalled
investigation was made of the Mercierella population and field
conditions both at Greenhithe and in the estuary in general. The
annual cycle of the various environmental parameters was determined,
on which the conditions in the laboratory were based. . The results

of these investigations are presented in Chapter 2.

Tﬁe subsequent chapters correspond to the primary components
of the energy budget : feeding (Chapter 3); egestion (Chapter 5);
respiration (Chapter 6); nitrogenous excretion (Chapter 7); and
production (Chaptér 8). The results of a preliminary investigation
showed that, in common with the other soft-bodied, marine invertebrates

that have been investigated, Mercierella enigmatica is able to absorb

appieciable quantities of dissolved organic molecules (DOM) from

the surrounding water by means of an integumentary transport mechanism,-
without the participation of the gut. Since dissolved organic uptake
has been treated extensively in the literature as at least a‘potential
source of nutrients, the results of the detailed investigation of the
uptake kinetics, the influence of environmental parameters, and the

fate of dissolved organic compounds, are presented after the chapter

on ingestion, in Chapter 4.
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Formerly, it had been intended that were DOM found to be a
supplementary source of nutrients, this discovery could be tested
on the basis of the results of what is the most comprehensive study
of the energy relations of any marine invertebrate, which has been
carried out to date. It will be demonstrated, however, that DOM
are apparently of little value to the animal as a form of nourishment
and an alternative hypothesis is presented for their role in the

energy budget.

Whilst the energy theme connects each chapter, investigations
have also been carried out on various aspects of Mercierella's
general biology and the results of these are presented in the
relevant chapters. These studies were made both out of general
interest, and to provide the essential background information for

the energy budget.

Each chapter or section is complete in so far as it opens with
a specific introduction, leading on via a description of materials
and methods, to a results section and a discussion of the specific
topic in question. Each chapter ends with the derivation of the
energy values for the respective component of the winter and summer
energy budgets for a standard Mercierella. These values are brought
together in the final discussion (Chapter 9) where they ére discussed

in relation to M. enigmatica's general biology, and the energy

relations of selected aquatic invertebrates representing the

different trophic levels.

SeI. units have been used with c.ge.s. units or calorific
equivalents in brackets, thereby aiding comparison with published

workse
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Fige 7e

Map of the Thames estuary showing the upper limit of
tidal influence, Teddington Weir; normal landward limit
of salt water, London Bridge; and the statutory seaward

limit of the estuary.

Based upon the Ordnance Survey Map No. 17. Crown Copyright

reserved.
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2e ECOLOGY

General description of the Thames estuary

The Thames estuary (Fige. 7) is situated in south-east England
(51°29'N.,0°40'E.), and opens into the North Sea, 80 km below
London Bridge. The statutory seaward limit of the estuary is
represented by a line joining Havengore Creek on the north side and
Warden Point on the south side. However, the influence of fresh
water extends beyond this limit. The tidal Thames extends
approximately 109 km upriver to Teddington Weir, but the normal
landward limit of salt water is London Bridge, which serves as a

useful reference pointe.

The Thames estuary is shaped like a funnel with the more
extensive shores nearer the mouth (Huddart, 1971). The tides are
semidiurnal, and the tidal range at London Bridge is almost twice
that at Southend (P.L.A. Handbook of Tide Tables, 1976). There is
approximately a 25% difference in vertical range between the spring
and neap tides. The spring tide range at Tilbury (40 km below London
Bridge) 1is about 6.1 m and the neap tide range is about 3.8 m.
However, tidal levels, especially at low water, vary considerably with
the fresh water discharge volumes. Another modifying factor on tidal
level is the effect of wind; strong winds blowing from offshore into
the estuary have a pronounced effect of driving sea water into the
mouth and markedly raising the water level. Similarly, strong winds

blowing from offshore will retard its emptying.

The single most important source of fresh water in the estuary

is the River Thames. The quantity of fresh water entering the estuary
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from the Thames is regulated at Teddington Weir. The estuary also
receives water from a number of lesser rivers. These are the rivers
Crane (+ 24.5 km above Iondon Bridge), Brent (+ 21.5), ILea (- 11 km
below London Bridge), Roding (- 18.5), Beam (- 23), Ingrebourne (- 24)
and Mardyke (-~ 29), on the north shore and Beverley Brook (+ 13),
Wandle (+ 10.5), Ravensbourne (- 7), Cray and Darent (- 29) and
Medway (- 70.5), on the south shore. The flow of water from the
River Thames is normally continuous, although the flow rate is
variable as a result of natural fluctuations in the amount of
precipitation falling in the catchment area. During the summer
drought of 1976 the flow over Teddington Weir was stopped in an attempt

to conserve water.

A considerable, but discontinﬁous, source of fresh water is the
sudden run-off from the paved metropolis after a storm (Renn, 1956),
which enters the estuary via the storm-drains. Apart from the major
sources of fresh water mentioned above, there are numerous minor points
throughout the whole length of the estuary where fresh water enters

'either continuously or discontinuously. All the muddy shores for
example, have run—-off rills formed by rain water. These minor sources
may not be sufficient to significantly alter the salinity in the
estuary as a whole, but they are sufficient to have an effect on the

local conditions.

The volume of river discharge is important in determining the
amount of dilution of the sea water at different stages of the tidal
cycle. As the sea water moves up thé estuary it becomes progressively
diluted by the fresh water. As a result of the action of the strong

tidal currents in the Thames estuary almost complete mixing of the
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fresh water and sea water takes place, resulting in a condition

approximating a vertically-homogeneous estuary (Barnes, 1974).

The shores within the estuary are very, if not extremely,
sheltered and those at the mouth are exposed to waves with a maximum
fetch of only 150 kme As a result, deposit shores predominate.
However, a variety of hard substrata are present at most points in
the estuary. At the upper limit of sea water influence, approximately
at Ilondon Bridge, the intertidal zone consists of gravel and small
boulders, for the most part overlain by shallow mud. A range of
artificial hard substrata are also present, such as concrete and stone
embankments, bridge supports, concrete and wooden jetties, pilings,
buoys and a variety of metallic, plastic and wooden debris. In the
middle reaches, around Greenhithe, there is a natural chalk exposure
with associated flints. Below this region are the mud reaches of the
estuary. By Allhallows the marine influence is very much in evidence
with expanses of bound shingle, which contains large numbers of marine
bivalve shells. Apart from the fixed, artificial, hard substrata
there is an enormous number and variety of the mobile kind ranging

from small pieces of wood to large cargo vessels.

The Thames estuary has on its banks the metropolis of ILondon; an
industrial and commercial centre of immense proportions. Into 32 km
of the tidal river is discharged the waste of approximately eleven
million people and their industries, and a significant amount is added
further down the estuary. Since the middle ages there has been a gradual
deterioration in the condition of the estuary with the worst conditions
recorded between 1949 and 1959, when approximately 26 km of the estuary
below the outfalls of Iondon's sewage treatment works were, "foul,
fetid, and lifeless", (Potter, 1971). For comprehensive historical

accounts of pollution in the Thames, see H.M.S5.0. (1964), and Potter
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Fig. 8.

Dissolved oxygen sag curves for the four quarters of
1974. Based upon data supplied by the Thames Water

Authority.
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(1971:1973).

By far the greatest polluting load, 79%, arises from the
effluents of sewage works (Water Pollution Research Laboratory, quoted
in Potter (1971)). A consequence of organic pollution is the
depletion of dissolved oxygen resulting from the activities of bacteria
which break down the organic matter. Polluting discharges after their
release into the estuary are not carried immediately out into the
North Sea, instead they oscillate backwards and forwards with the
tides. There is, however, an overall downriver movement which can be
described in the following gross simplification of the existing
regimen; which is acceptéd by the water authorities concerned as a
useful ‘'rule-of-thumb'. A particle of matter liberated into the tidal
water at London Bridge, at high water, will travel 16 km downriver on
the ebb-tide and will return 15 km on the flood, and oscillate in this
manner for between 6 and 12 weeks before reaching the North Sea. The
extended presence of such particles in the estuarine system with the
associated aerobic breakdown resulﬁs In a rapid removal of dissolved
oxygen from the system. Unless this oxygen is just as rapidly replaced
there will be an overall reduction in the amounts of dissolved oxygen
as compared to the amounts present in the unpolluted headwaters and in

the sea water. Such a situation exists in the Thames estuary.

The dissolved oxygen content of the water in the estuary is
generally expressed as a percentage of oxygen content of water of a
similar salinity and temperature in equilibrium with air at atmospheric
pressure (% saturation). Iongitudinal confiquration of the dissolved
oxygen content shows a form which is high at the upper énd Jower ends

of the estuéry, and depressed in the middle reaches. Fig. 8 demonstrates
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Fig. 9. Monthly mean fresh water flow rates of the River Thames
gauged at Teddington Weir, for the year 1974. Based upon

data supplied by the Thames Water Authority.
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the average ‘dissolved oxygen sag curves' for the four quarters of the
year 1974. All the sag curves have the same general form although the
position and magnitude of the nadir displays some variation. The
curves were calculated from data supplied by the Thames Water Authority.
The data were collected by Cremer and Warner (Chemical Engineers), who
at that time were responsible for monitoring the water quality of the .
tidal Thames for the Greater London Councile. The measurements were
carried out from a sludge boat, or a launch, and the positions at which
they were taken were corrected geographically, using a computer, to the
equivalent longitudinal position had the sample beén taken at half-tide.
Hereon this will be described as the 'half-tide correction', permitting
direct comparison to be made between the oxygen levels at different

stations on the estuary.

The dissolved oxygen content of the Thames estuary varies both
in distance and in time. The main factors determining this are: the
biological oxygen demand of the polluting discharges, upland flow (the
fresh water fiow from the Upper Thames over Teddington Weir), wind
effects, temperature, tidal mixing, biological activity, and chemical
equilibria in relation to bacterial activity. The monthly mean fresh
water flow rates of the River Thames gauged at Teddington Weir
(approximately + 30 km), for the year 1974, are shown diagramatically
in Fig. 9. Generally the flow of fresh water over Teddington Weir is
small in comparison with the volume of water in the estuary (Potter,
1973), although periods of high upland flow such as occurred in the
first and last quarters, have the effect of moving the centre of the
dissolved oxygen sag curve further down the estuary. AConversely,
during periods of low upland flow (second and third cuarters) the
centre of the sag curve moves further up the estuary. L _The Thames

estuary is a dynamic system with a mean tidal excursion of approximately
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Fig. 10. Half—tide corrected mean water temperature profiles for
the four quarters of 1974. The 95% confidence limits
about each profile are represented by the solid lines.

These data were supplied by the Thames Water Authority.
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14 km. Thus, the positions of the nadirs shown in Fig. 8 apply
only to the half-tide situation. As a result of the tidal
movement, benthic organisms in the estuary are exposed to diurnal
and seasonal changes in dissolved oxygen levels.

Half~tide corrected mean temperature profiles for the four
quarters of the year 1974, are presented in Fig. 10. The 95%
confidence limits about éach profile are represented by the solid
lines. Water temperatures in the Thames estuary are governed by
climate, resulting in high mean water temperatures in the summer
quarters and low mean water temperatures in the winter quarters. An
important, secondary, factor is the influence of the heated
discharges from the 13 electricity generating stations located on
the tidal Thames, from Fulham to Tilbury. All of the;e stations are
cooled directly by river water, removing enormous volumesof water from
the estuary for this purpose, e.g. West Thurrock (- 33.5 km) has a
total pumping rate of over 136 million litres per hour, which is
returned to the estuary several degrees above the ambient water
temperature. The general effect of the heated discharges is to
raise the temperature of the middle reaches of the estuary above that
existing upstream and downstream. In 1974 the half-tide mean
teﬁperature differential between the middle reaches (c. - 35 km)

and Sea Reach was as much as 3°C.

[y

Raising the water temperature reduces the quantity of dissolved
oxygen in the estuary directly by altering the amount of oxygen
which can be dissolved in the water and its rate of absorption, and
indirectly through its influence on the bacterial and general
biological activity. In an attempt to reduce the effects of its
heated effluents on the estuarine system, the Central Electricity

Generating Board has adopted a pblicy of oxygenating the cooling
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Fige 11,

Variation in salinity in the Thames estuary below London
Bridge during the summer (low fresh water flows) and
winter (high fresh water flows) periods for a typical
year. The points are mean half-tide corrected values.,

Data supplied by the Thames Water Authority.
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water on lts return to the estuary, to endeavour to compensate for
its raised temperature. Due to the mean tidal excursion of c. 14 km,
benthic organisms in the estuary are also exposed to diurnal and

seasonal changes in water temperature.

By definition an estuary (Latin: aestus, tide) is the tidal
mouth of a river. Fluctuations in salinity are probably the most
characteristic feature of an estuakine environment. The Thames
estuary is well mixed vertically (Huddart, 1971; Barnes, 1974) so
the salinity does not at any point vary significantly from surface to
the bottom. However, there is a horizontal salinity gradient
stretching from the mouth to the head. The average summer and
winter salinity values for a typical year are presented in Fig. 1ll.
These data were calculated from measurements made by the Thames
Water Authority of the specific gravity, assuming the specific
gravity of sea water is 1.028 at 40°F. Except when conditions are
very unstable, the variation in salinity with distance at half-tide
is almost linear in the salinity rénge 5 to 20 o/oo, the salinity

changing by c. 0.53 /oo m L.
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Table 1. The locations of some of the specimens referred to in

the text .

Locality

Location

London Docks

B.M.N.H. 1923.9.30. 1/L40
n 1923.9.30. 41/45

Crossness, S.E. London " 1948.5.3. 14

Woolwich - Gravesend

" 1970.1. (ary)
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The recorded distribution of M. enigmatica in the Thames estuary

Mercierella enigmatica was first described in the British Isles

from a barge in the Royal Albert Dock (c. -14 km), in the summer of
1923 (Monro, 1924; McIntosh, 1926). Monro (loc. cit.) described how
on at least two occasions during the period 1922 - 1923, similar
serpulids were sent for identification to the British Museum (Watural
History), which had been collected from the sides of ships in the
Iondon Docks. The absence of further records for this station
indicates that despite favourable conditions for settlement and .
growth, the worm subsequently failed to become established in the

London Dockse.

.

Approximately 20 years later, in September 194é, white
calcareous tubes were observed in a cooling water pond at the
Southern Outfall Sewage Works at Crossness, in S.E. london (-21.5 km)e.
The pond filled with water from the estuary at high tide. Worms were
still thriving in September, 1943,when.specimens were sent to the
British Museum (Natural History) for identification. Salinity and
temperature measurements made at the time the worms were collected
were equivalent to 55% sea water (c. 19 o/oo), and 225C, respectively.

No worms were seen when Crossness was visited in October, 1976.

In Auguét, 1966 when the dredger, ‘'India‘' docked at Gravesend
(-41.5 km), fairly large quantities of tubes were found attached to
the hull below the water-line. Since the previous overhaul, in June
1965, the 'India’ had plied between Woolwich (c. -16 km) and Gravesend,
so the exact time and place of settlement cannot be determined more

accurately within these limits.
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Fig. 12. West Thurrock Power Station (Installed capacity 1 300
Mega Watts) seen from across the Thames estuary. This
station is on the northern shore, about 35 km below

London Bridge, and has a significant influence on the

biota in Fiddler's ?each.
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Subsequent records have been divided into four categories :
boulder shores, the pilings of jetties and piers, power station cooling-
water systems, and the hulls of vessels. In 1971, Mr. J. Hunter of
King's College, London, reported seeing tubeworms growing on the
pilings of a wooden jetty owned by Empire Paper Mills, at Greenhithe,
Kent, on the south side of the estuary (-33.8 km). I first visited
this station in August, 1972 and discovered the worm to be

M. enigmatica. Contrary to Mr. Hunter's observation it occurred not

on the pllings but on the undersides of chalk boulders and flints,
and on the undersurfaces of metallic and other debris which abounds
in this region. The worm occupied a zone which had vertical limits

2 m on each side of the mid-tide line.

On the 27th October, 1972 a visit was made to West Thurrock
Power Station, which is across the estuary from Greenhithe (Fig. 12).
Twenty complete but empty tubes were found on the underside of a
boulder at c. mid-tide level on the foreshore, opposite the cooling

water outfalle.

Another record of worms living on the undersides of boulders
was made at Belvedere Power Station on the south side of the estuary
(=24 xm), on the 1l1lth March, 1974. The worms were situated at c. the
mid-tide level on the foreshore and were immersed in standing-water
during the low-tide period (Fig. 13). There were up to 12 animals per -
25 cm square boulder. The majority were adults with tube lengths
greater than 50 mm, and all showed signs of recent tube deposition.
The water temperature at Belvedere, measured at mid-tide, was 10.2°C.
Approximately 6% of the population was composed of juveniles, the
result of the p;evious year's settlement. These had tubes about

10 mm long and a few had a dorsal, longitudinal juvenile ridge.



Fig. 13.

Map of the foreshore below Belvedere Power Station.
Approximately 150 m of shore are shown. Mud cushions
on metal grills in the tower over the entrance to
the conduit containéd numerous tubificids, and the

sabellid, Marayunkia sestuarina (Bourne).

Zone 1, scattered boulders in shallow mud, bearing

M, enigmatica and scattered ciumps of an orange hydreid,

Clava sp., with fruiting bodies; Zone 2, mud< 0.3 m
deep containing tubificids, and occasional boulders

"
covering Nereis diversicolor Muller and Hydrobia sp.;

Zone 3, fixed rocks; Zone L4, raised mud with tubificids;
Zone 5, deep mud with tubificids, and concrete pilings
bearing filamentous green algae, brown diatoms, and

hydroids at the base.
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In mid November, 1972, a visit was made to the Blue Circle
Cement Company, on the south side of the estuary (c. -34.5 km), which
resulted in the discovery of an isolated but dense growth of about

one hundred M. enigmatica growing around the opening of a drainage

pipe that protruded several centimetres from one of the concrete
pilings. A trickle of water was observed flowing over the worms
despite the time being 2 hours after low water. The worms were about

midway between the mid-tide and high water levels.

In the autumn of 1972 a temporary but dense clump of worms was
seen on a corroded bolt protruding from a transverse wooden beam, at
the mid-tide level on the Greenhithe shore, at a point where run-off
water dripped off the beam (Fig. 14). The only other:substantiated

record of M. enigmatica growing on wooden pilings at Greenhithe was

made in January, 1974, when two adult worms were found on a vertical
shoreward face at about the mean low water neap tide level. Mr. P.
Board (Biologist for the C.E.G.B.) observed tube worms growing on the
lower parts of wooden piles of the jetty belonging to Proctor and
Gamble Ltd., adjacent to West Thurrock Power Station (personal
communication, 1973). The worms were only exposed during the extreme

low water of spring tides.

Isolated tubes were seen by the Engineer on the vertical walls
of a 2.4 m2 inlet conduit and on the condenser case at Tilbury Power
Station (- 44 km), when it was closed down for inspection in November,

1972. I observed M. enigmatica of c. 30 mm tube length on one section

of No.9 band-screen on the 8th November, 1973. The band-screens remove
debris and nekton from the cooling-water before it enters the condensers.
There were c. 20 worms m"2 of mesh and they were growing in the

direction of the water flow and close to the wire. Their distribution
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Fig. 14. A temporary-growth of M. enigmatica on the rusty

excrescence on a corroded bol£ protruding from a
transverse, wooden beam, which forms part of the
jetty at Greenhithe. Run-off water trickled over
the clump of worms throughout the intertidal
period. The clump was about 15 cm across in the

autumn of 1972.
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was limited to an area of screen equivalent to that which was
submerged at any one moment in time, which suggested that they had
settled during a period when the screen was not operational. From
the good condition of the tubes, lack of discolouration, and the
presence of a juvenile ridge in some cases, it was evident that they
had settled that year. These worms survived daily anti-fouling
measures In the form of 254 kg of chlorine added to the cooling-water,
producing a residual level of 0.5 ppm. Mr. Board has observed tube

worms on the walls of the inlet conduits of Belvedere and West Thurrock

power stations.

In mid February, 1973, a 3.6 m long glass-fibre dinghy was
moored at the M.H.W.N. tide level, alongside the Empire Paper Mill
jetty at Greenhithe. An examination of the hull, on the 29th March
1973, showed it to be covered (1600 mf2) below the water line with
worm tubes c. 20 mm long, a result of the previous year's settlement.

The tubes contained the remains of dead M. enigmatica indicating that

they were probably alive when the dinghy was first moored, but had

subsequently perished as a result of prolonged exposure to the air.

A similar settlement of worms was recorded on the 24th March,
1973 on a large cargo vessel, M.V. 'Carrier', which was beached for
repairs alongside the paper mill jetty. The worms occupied a distinct
zone extending from 1.5 m below the water line to the base of the hull,

whilst the area between the top of the M. enigmatica zone and the water

line was densely covered with the barnacle Balanus improvisus Darwine

Mercierella and Balanus were also spatially separated on the rudder

and screw. The barnacle was confined to the rudder and the serpulid
to the screw, where it was surviving despite the high water pressures

and velocities to which it was exposed when the vessel was under
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powere This observation supports Nelson-Smith's statement that once
established on a ship's screw serpulids, as a result of their lower
profile, are less disturbed by its rotation than are barnacles
(Nelson—Smith, 1971). Enquiries disclosed that the 'Carrier' had
recently berthed at Gravesend, and was used for transporting cargo

within the estuary.

M. enigmatica has been recorded from non-brackish localities

on several occasions. For example, Seurat (1927) discovered it in a
river in Tunisia where the water was supposedly fresh, and Fischer-
Piette (1937) and Harris (1970) found it in sea water of normal salinity

(34 - 35 °/o0). It was decided therefore to check M. enigmatica's

recorded distribution in the Thames estuary by visiting some shores

on tha upper and lower limits.

Adult worms are able to survive exposure to fresh water

(Tebble, 1953, 1956; Mathias & Izac, 1963), and I have kept animals

in running tap-water for as long as 18 days béfore any moftalities
occurred. Straughan (1970) found, however, that tubes disintegrate

if exposed for prolonged periods to rapidly flowing fresh water. It
was decided therefore, to investigate the shore at London Bridge which
is the upper limit of the sea water influence in the Thames. The half-
tide salinities range from an average value of 4 0/'oo in the summer
months to fresh water in the winter (Fig. 11). A visit was made to

the south shore at London Bridge in the Autumn of 1974.

Part of this shore was surveyed by Huddart (1971). The hard
substrata in this region are gravel and large stones, multifarious
debris, stone embankments and bridge supports. Careful searching

failed to reveal any signs of Mercierella's presence at this station.
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Fig. 15.

Fig. 16.

The horizontal distribution of animals on the shore
at Allhallows, at the mouth of the Thames estuary

(- 66 km).

The recorded distribution of M. enigmatica in the

Thames estuary (shaded region), showing some of the

stations described in the text.
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The following animals were recordad from the debris: the freshwater

louse, Asellus aquaticus (L.), the wandering snail, Limnaea pereger

(L.), and two leech species that were identified by Huddart as

Erpobdella (= Herpobdella) octoculata and Helobdella stagnalis,

indicating that the benthos was made up of fresh water species.

The two seaward stations were chosen because of their
accessibllity. Fig. 15 shows the distribution of animals at
Allhallows (-66 km) in November, 1973, according to a transect taken
down the shore. The presence or absence of each species was recorded
at 1 m intervals. The following animals are also known to be present

Cerastodema

at this station:(:Cardium)edule L., Gammarus locusta (L.), Macoma

balthica (L.), Nepht ys hombergii L., and Neanthes (= Nereis) virens

(Sars). Despite the presence of a variety of hard substrata, including
wooden groynes (not shown in Fig. 15), Mercierella was not found at
Allhallows. Similarly, several visits to Whitstable (c. -89 km)
between October 1973 and October 1975, failed to reveal evidence of.
its presence in the outer estuary. Thus the map shown in Fig. 16 is

probably an accurate representation of M. enigmatica's distribution in

the Thames estuary.

Factors determining M. enigmatica's distribution

lercierella's appearance in the London Docks in the early 1920's
coincided with its discovery in the Caen Canal in N.W. France (Fauvel,
1922). Fauvel made an extensive study of its distribution and concluded
that Mercierella had an exotic origin, namely in the Province of Madras,
India (13° 2' N., 80° 22' E.), from where he believed it was transported
to the Thames estuary on the hulls of ships plying between the colony

and London (Fauvel, 1931, 1933). More recently, however, specimens

from the coast of Madras, now residing in the British Museum (Natural
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History), Location: 1938. 5.7. 92/94, have been redetermined as
Neopomatus sp. (Pillai, 1960) by Hartman-Schroder in 1966, and also
by Zibrowius in 1972, which suggests that the European specimens may

have a more local origin. Irrespective of where M. enigmatica

originated from, it is generally accepted that shipping is an
important vector, introducing the worm into localities where it was
previously absent, for example, the appearance in the Kanaal door
Walcheren, S.W. Netherlands, in 1967 was attributed by Wolff (1969)

to a particular ship.

Since the adult phase is sedentary, M. enigmatica can only

spread within the estuary as a larva. The length of time spent in
the plankton between fertilisation of the egg soon after release

from the female worm and settlement is not known exactly (sée

Section 8.2.4), but published values range from one week (Vuillemin,
1965) to at least one month (Mathias & Izac, 1963). What is certain
is that the time spent in the planktoh will depend on several factors,
including food supply and temperature. The larva has a strong
positive phototactic response, at least up to four days old and can
swim by means of the equatofial ciliated prototroch. waever,Aunless
the larva has some behavioural adaptation enabling it to maintain

its horizontal position in the estuary, or is carried by water currents
into a backwater or eddy, it will ultimately be carried downstream by
the overall seaward movement of water, descfibed in Section 2.1, if it
remains in the water column. A larva released into the estuary in the
region of the London Docks (c. =14 km), assuming a planktonic life of
1 - 4 weeks, will be carried between 14 and 56 km downstream and will

settle soﬁewhere between Dartford Creek and Southend-~on-Sea.

It is possible that developing larvae could be transported in

the ballast tanks of ships, enabling them to settle on their release
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at stations further up the estuary than they would naturally reach.

This could explain the temporary appearance in the London Docks (loc.
cit.). Tt is tempting to suggest that the downstream populations

depend for their recruitment on larvae produced by the populations
living further upstream. A more likely explanation, however, is that
the downstream populations release larvae which remain in the vicinity
of the parents as a result of their becoming trapped in the considerable
eddies created by the power stations and the natural water swirls, for

example off Greenhithe.

Although larval settlement has been recorded in relatively high
water velocities (e.g. Vuillemin, 1965, 1.6 — 2.2 km h-l), much higher
water speeds occur in power station conduits when they are in operation.
For example, the maximum water velocity at Tilbury Power Station is
6.9 km hhl. Settlement in these units therefore undoubtedly takes
place when these are closed down as a result of a decreased demand for
power, which incidentally occurs most often during the warmer months,
or for regular maintenance and repéir. This is demonstrated by the

discrete settlement of M. enigmatica on the band-screen at Tilbury

Power Station (Section 2.2), which could only have occurred when the

screen was not operational.

The published values for the time taken to reach maturity after
settlement range from a few weeks (Fischer-Piette, 1937) to 4 months
(Vuillemin, 1965). It is almost certain, however, that in the Thames
estuary, the new individuals do not spawn until the following summer
(see Sections 8.2.3 and 8.2.4). Although 18°C may be essential for
natural spawning (Hartmann-Schroder, 1967), larval development and
settlement have been observed at lower temperatures. Mathias and

Izac (1963) reported that the development rate in the laboratory is
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temperature dependent, with the trochophore stage being reached in

24 h at 16°C. Vuillemin (1965) recorded settlement in water
temperatures as low as 10°C, Furthermore, I have found sexually
mature females in December (Section 8.2.3) when the mid-tide water
temperature was approximately 10°C, and a few males containing
mature sperms are always present outside of the breeding season. When
a few of these individuals were stimulated to spawn by breaking open
their tubes, fertilisation took place at room temperature giving rise
to trochophore larvae in about 3 days, thus showing that the gametes-
were viable. It is possible therefore, that fertilisation might be
effected in the estuary outside of the recognised breeding season, as
a result of the cleaning of ships hulls. During which process the

tubes would be smashed and the gametes mixed together;

Where M. enigmatica occurs in the intertidal zone of the Thames

estuary it is normally covered by running or standing water during
periods of low tide. In non-tidal localities the upper limit of
Mercierella's vertical range is commonly only a few centimetres below
the water surface (g;g. Fauvel, 1933; Hall, 1954; Hove, 1974). 1In
contrast, in tidal localities the worm is usually restricted to the
lower parts of the shore (Purchon, 1948; Harris, 1970). Consequently,
Mercierélla is not exposed to desiccation or extremes in temperature,

and is potentially capable of feeding throughout the tidal cycle.

M. enigmatica also occurs subtidally, as is demonstrated by its

presence in the cooling-water systems of power stations. An important
limiting factor of the subtidal distribution is the aQailability of
suitable substrata for settlement. In the Thames estuary most of the
hard substrata are on the upper part of the shore (Huddart, 1971); the

bed of the middle reaches is covered by a layer of semi-liquid mud
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(HeM.S.0., 1964). Consequently, artificial hard substrata, such as
the submerged hulls of ships and the cooling-water systems of power

stations, must represent important sites for larval settlement.

Straughan (1972) found that the intertidal vertical range of

Mercierella (= Neopomatus?) in the Brisbane River estuary, E. Australia,

decreased to zero metres above the low water level at the upstream and
downstream limits of its horizontal distribution. It is not known
whether a similar phenomenon exists in the Thames estuary. The
greatest depth from which it has been recorded is 19 m in the Bay of

Gelenjick, in the Black Sea (Annenkova, 1929).

SinceM. enigmatica was first recorded in the Thames estuary,

thirteen power stations have been built between Fulhag (+12 km) and
Tilbury (-44 km). All these stations use water from the Thames to cool
their condensers, and have a combined installed capacity of 6434 Md.
Their combined effects on the middle reaches of the estuary is to
increase the water temperature by as much as 3°C (Fig. 10). During

the third quarter the average mid-tide water temperature in this region

ranges from 18.5°C to about 21°C. In view of M. enigmatica's

requirement for a water temperature of at least 18°C for its natural
reproduction (Hartmann—SchrSder,_lgg.‘gig.) it seems plausible that the
electricity generating stations have a major influence on the worm's
distribution within the Thames estuary both from the point of view of
providing suitable siteé for settlement and by creating suitabie
conditions for its reproduction. Wolff (1969) believed that
Mercierella'’s introduction into the Netherlands had been favoured by
the warm water produced by a power station, which raised the water
temperature to a level 3 - 5°C higher than comparable natural waters

(Hove, 1974).



Fig. 17.

Map of the Empire Paper Mill jetty and pier at Greenhithe,
showing the study site (shaded region).

Based upon Ordnance Survey Maps TQ 5975 NW and SW.

Crown Copyright reserved.
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Field study of the Greenhithepopulation

Introduction

A field study of the M. enigmatica population and the physical

environment at Greenhithe, Kent (-33.8 km), was carried out between
1973 and 1975, to supply information concerning the worm's ecology to

serve as a basis for the energetics study.

The population is restricted intertidally to the shore beneath
a wooden jetty which is contigquous with the Empire Paper Mill pier
(0.S5., TQ59367548) (Fig. 17). The shore at this station faces N, 25°
W, and 1s sheltered from the prevailing East wind by the pier and jetty.
Similarly, the pier attenuates the strong water currents that are

characteristic of this part of the estuary.

Greenhithe stands on St. Clement's or Fiddler's Reach, and is
immediately across the estuary from West Thurrock Power Station (Fig. 12).
Fiddler's Reach is renowned for its unusual water currents (H.M.S.O.,
1964), and the name is believed to be derived from 'fiddling' a term

used by seamen to describe an irregular water swell (Murray's Handbook

for the County of Kent, quoted in Linney, 1932). However, some
authorities believe that it arose from a tradition of the death by

drowning of a trio of fiddlers (Linney, 1932).

Huddart (1971), mentions an extensive semi-permanent anticlockwise
waterswirl off Greenhithe, where, "water on the North bank usually moves
upstream and water on the South bank usually moves downstream whatever
the direction of the main tidal stream". This observation was in
agreement with the results of a study made by Inglis ané Allen (1957)

approximately 3 km upstream from Greenhithe, which showed a net landward
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Fig. 18. Paper mill effluent being released into the estuary
| immediately offshore from the study site at Greenhithe.
At the time the photograph was taken the tide was on

the ebb. The seaward limit of Long Reach can be seen

in the distance.
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transport of suspended solids on the North side and the reverse effect
on the South side of the estuary. Furthermore, Mr. M. Andrews

(T.W.At Biologist) found that the benthic organisms are not evenly
distributed in this part of the estuary, which he believes may be
attributable to the anticlockwise waterswirl (personal communication,
1976). In contrast, my own observations of the direction taken by the
Paper Mill effluent (Fig. 18), which is discharged continuously from

a pipe several metres out from the Mean Low Water mark on the upstream
slde of the pier, have always been in agreement with the expected
normal direction of water flow at different stages of the tide, which

suggests that the pier has a corrective influence on the direction of

water flow in the vicinity of the M. enigmatica population.

Materials and Methods

There is little variation in profile along the shore, so a
single transect was surveyed approximately mid-way along its length
and extending from the mean low water of spring tides (M.L.W.S.) to
the landward side of the wooden jetty. A 'T-shaped' levelling
device, incorporating a spirit level in the cross-piece, was used to
measure vertical heights at intervals along the transect line,
referring to the local Chart Datum as the zero level. The height of
the local Chart Datum, c. 3.19 m below Ordnance Datum (Newlyn), was
calculated from the levels given in the P.L.ﬁt Tide Tables for Tilbury
and North Woolwich. M.L.W.S. at Greenhithe is 0.5 m above the local
Chart Datum (P.L.A. Tide Tables, 1976), and M.L.W.N., M.H;W.N., and
M.H.W.S. are respectively 1.4, 5.6, and 6.9 m above the local C.D.
(calculated from Tilbury and North Woolwich values). The estimated
position of M.T.L. was marked on the transect, and good agreement was

obtained between the calculated time at which the tide would reach thé

- Thames Wake Awﬂ-orda 2. Fort of London Aukhor.utj



oo

Lioore

<

ultee
Nie

1

-
&

7
i

(O]

(
et

5]
e

wnr

(o)

—

C
e

C H

r.ee
LR
.z ine,

5

1T

+ e
s

o

profile

/

ne

ternt

:
3
1%



Br
JETTY 4
3
Profile
scale
2 MHWS
1
MHWN
= i,-1
0 2 4 6 8 10M
MTL
MLWN
MLWS
CcD
Bedrock
Mud

Chalk boulders and flints
Debris

Gravel



|
o
AN}
\

mark and thie cbserved time on mmsrous ccczsions, 2llowing for
variations in water leval assscizted with chamges in barsmstric

pressure ekc

En investigation of the distrikution znd ebmdance of

M. enizmatica on the upstream side of the Enpire Paper Mill plisr was

=

carried out using 32 parallel transsct lines placed at intervals of

< 2.5 m across the shore, stretching from the landward side of the
jetty down to the hard substratium/med interface or the low water mark,
wnichever was agplica>le, A €25 m quadrat was placed at intervais
cf c. 1 m on each of the transect lines, and a record was made of the
tyse of substraTum, the presence of surface water, and the number of
woras within the area encorpassed by the sidses. Tubes containing
living worms can be distinguished frcm empty tubses by the presence of

i
a2 white collar of recently sscretad calcareous material at the anterior
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end. Furthermore, e-cty tutes soon becoms blocked with mud and detritus
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and the anterior portion becomes discsloursd &s a result of algzl
growths empty tubes soon become fchalky' in flowing water., Never—the—
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check to avoid error, 211 the worms in a samsle ware removed
from their tubes and good correspondence was found between the

estirmated number and the actual mumber of worms presente.

2.3.3 Paszults

The Greenhithe shore preofile presented in ©ige. 19 accurately
<epicts the topography of the beach at the time that the survey was
carried out in 1973. Vertically, the shore is divided into three
distinct zones. An uprper relatively steep zone comprised of chalk
touldars and fliats, the downshore movement of which is prevented by a
transverse wooden baam that traverses the riverward side of the jetty.

The middle zone consists of successive belts of gravel, mixed chalk
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Fig. 21. The intertidal distribution of M. enigmatica in the region

of the disused jetty at Greenhithe, also showing the distribution

of surface water on the shore.
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boulders and flints, and metallic and other types of debris (Fig. 20).
At its riverward edge the debris overlies soft mud that represents

the lowest zone, and extends to the low water mark and beyond.

Fige. 21 shows the distribution of M. enigmatica on the shore at

Greenhithe. The worm occupies a distinct zone with vertical limits

2 m each side of the mid tide level. The majority (81%) of the records
were from parts of the shore that are covered by pools of standing
water and surface run-off, throughout the intertidal period. The
remainder are in places that as a result of position or topography,

stay damp throughout the period of emersion.

M. enigmatica is confined to the underhanging and sheltered
upper surfaces of chalk boulders, flints, and debris Emetallic, glass,
and clinker). No worms were recorded from the wooden piles, mud or
gravel. Only 14% of the records were from chalk boulders despite these
being the most common type of hard substratum on the shore. In contrast,
the remaining 86% were from the various types éf debris and flints.
This is undoubtedly due to the scft nature of the chalk, the surface of
which becomes water-logged and therefore of no value for tube attachment.
Furthermore, the rounded profile offers little in the way of suitable

underhangs and cavities for colonisation.

The numerical distribution of M. eniamatica at Greenhithe is

presented diagramatically in Fig. 22, in which density is indicated

as numbers in four square metres of beach surface. The greatest

2

number of worms recorded at any one station was approximately 75 m -,

growing on a 0.2 m length of corroded iron bar. The usual number
however, was less than 5 m-z. The highest density occurred in the

pools of comparatively still water at the downshore limit of the upper

zone,
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Fig. 22. memwmﬁwawo representation of the numerical distribution of

M. enigmatica in the region of the disused jetty at Greenhithe.
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Although the stations at which Mercierella was found on the
shore have certain environmental conditions in common, it was not
always present where these prevailed. In addition, when present it
was never evenly distributed. This is due to a larval settlement
requirement for the microbial surface~film on the substratum to be at
a particular stage in its development, and to a gregarious response
during settlement (Straughan, 1972). Consequently it would be
iﬁcorrect to apply a factor, based on the tsuitable' surrounding area,
to the recorded number of worms to derive an estimate of the total

number of M. enigmatica present on this part of the shore at Greenhithe.

It was decided to assume, therefore, that the total number of worms
recorded represents a conservative estimate of the total number of

)

animals present. Similarly, although the total area 5f the shore is
over 3.3 x lO3 mz, most of it is not suitable for colonisation. It
was decided therefore, to treat the area enclosed within the total

number of 1/16th m2 quadrats placed on the beach during the survey,

as the 'effective area' of the shore as far as.M. enigmatica is

concernad. Therefore, since a total of 592 quadrats were placed on the

shore, the effective area is %%3 = 37 mz. Since the number of living

worms recorded within this 37 m2 is c. 8140, the average number of

Mercierella on the shore at Greenhithe in the winter of 1973 was

220 m‘z.

The physical environment

Weekly measurements of dissolved oxygen in the estuary at
Greenhithe, at three different stages of the tide: high, mid, and low
water, for the year 1974 are presented in Fig. 23. The basic data
were supplied by the Thames Water Authority, who have a weekly

monitoring programme of the water quality in the tidal Thames. All
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Fige 23

Fig. 2k,

The weekly levels of dissolved oxygen for three stages
of the tide at Greenhithe during 1974k. Basic data

supplied by the Thames Water Authority.

Weekly salinity values for three stages of the tide at
Greenhithe during 1974. Basic data supplied by the

Thames Water Authority.
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the measurements are corrected by comﬁuter to the equivalent
longitudinal positién had the samples been taken at half-tide (mid
tide)s Since the mean tidal excursion is c. 14 km, the low and
high water levels of dissolved oxygen at Greenhithe correspond to
the mid tide values at Erith and Gravesend, c. 7 km on each side of

the study population.

There are considerable tidal and seasonal fluctuations in the
level of dissolved oxygen, and the factors influencing this are
described and discussed in Section 2.1l. As a result of its intertidal

distribution, M. enigmatica is not exposed to the extremely low

dissolved oxygen levels that occur generally during the low tide period.

Weekly salinity values for high, mid, and low &ater pericds for
1974 are shown in Fig. 24. These data were calculated from the T.W.A's
half-tide corrected percentage sea water measurements for Erith,
Greenhithe, and Gravesend, assuming that average sea water has a
salinity of 34 ®°/oo (Prosser & Brown, 1961). In contrast to the
dissolved oxygen regimen the highest salinities were recorded during
the summer months. Factors effecting salinity are described and
discussed in relation to the total estuary in Section 2.1. The
average salinities for the winter and summer periods are 10 0/oo and
20 0/oo respectively, and the maximum recorded tidal fluctuation is
11.4 o/oo. Due to their intertidal position on the Greenhithe shore,
however, Mercierella are not exposed to the low salinities that prevail

during periods of low water.

Water temperature data for 1974 and 1975 are presented in Fig. 25.
The 1974 values were measured at the mid tide level on the Greenhithe

shore. The high, mid, and low water temperature values for 1975, were
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calculated from the T.W.A's weekly, half-tide corrected, measurements

at Erith, Greenhithe, and Gravesend, and are presented for comparison.

There is good agreement between the temperature data for the
two successive years. Higher water temperatures occur during the
summer months, with a maximum water temperature of 23.8°C recorded in
three successive weeks in 1975. It should be noted that during the two
winter periods, the water temperature never went below 8.4°C. Although
there was a relatively small differential between the high and low
water temperatures when compared with the situation for dissolved
oxygen and salinity, the relationship was reversed when compared with
these two other parameters with the highest water temperatures
occurring during the low tide period. This is due to:the reduction
in the dilution of the heated discharges from the power stations by sea
water during the low tide period. Other factors influencing water

temperature in the estuary are described and discussed in Section 2.l.

Hydrogen ion concentration in samples of water collected at low,
mid, and high tide was measured in mid March 1975, and values obtained
ranged from pH 7.2 - 7.5, with the lowest value pertaining td low tide,
when the river water has its greatest influence, and the highest value
to the high water period, when the sea has its greatest effect. T.W.A.
pH measurements for Greenhithe, taken in 1974, ranged from 7.2 - 7.6,
and once again the lowest values‘are associated with low water periods
and other times of increased fresh water influence. Huddart (1971)
reported that the pH of the water off West Thurrock Power Station is

approximately neutral.

The concentration of suspended solids in this part of the
estuary is extremely variable and depends both on the weather

conditions and on the state of the tide. As water moves up the shore,
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it carries with it quantities of fine particulate matter from the
lower part of the beach. The water at the advancing edge of the tide

is extremely turbid, with zero visibility.

Measurements of the amount of suspended matter showed
considerable variation with an average value of 16% by weight (160 x
103 ppm). The suspended matter has a very high organic content, with
a loss on ignition (400°C) of c. 1% of the dry weight (10 x 103 ppm) «
The off shore surface water is less furbid, however, and Huddart (1971)
reported ignition values, for the suspended solids in the water off
West Thurrock, of up to 200 ppm. Much h;gher levels of suspended solids
are known to occur nearer to the bottom in the off shore waters. In
the Thames estuary values (total suspended solids) greater than 1 x 103
ppm are normal for samples of bottom water, and the concentration in
winter may exceed 50 x 103 ppm because of increased run-off and fresh

water flow (H.M.S.0., 1964).

The local environment

M. enigmatica is found largely in areas on the shore that are

covered by pools of standing water or run-off throughout the intertidal
period (Section 2.3.3). It was of interest therefore to investigate
the local environment during the periods when the rest of the shore is

exposed to the air.

In addition to the water that drains away across the surface of
the beach as the tide recedes, there are discharges from clefts in the
substétum beneath the jetty that feed the pools and rills throughout
the intertidal period. In dry weather, the salinity of the constant
run-off is approximately equal to the high tide value, indicating that
it originates in the extensive areas of slag further up the shore, into

which it permeates during high tide.



- 96 -

In addition to the large network of interconnected pools and
rills (Fig. 21) there are numerous pools of standing water, that range
in size from small hollows beneath single rocks to large pools several
metres across. The salinity in these pools is higher than the low
tide value unless there is a prolonged and heavy rainfall during the
intertidal period. However, the jetty, which is covered at the top
along most of its length, offers some protection from precipitation,
whilst attenuating winds and providiqg shéde, and in the case of the

smaller pools some protection is also afforded by the boulders.

Water samples from the estuary, surface run-off, and pools of
standing water were taken during a low tide period in October, 1973.
Surface water samples were collected with a siphon, and the low tide
samples in a glass bottle suspended from the pier. The samples were
allowed to equilibrate for 30 min to ensure that a steady state had
been achieved between the oxygen level in the bottle and in the pool,
rill or estuary. Careful manipulation was necessary to avoid trapping
air bubbles in the run-off water samples. The levels of dissolved
oxygen in the water samples were determined using the Winkler method
(Mackereth, 1963), which revealed that the surface run-off and standing
pools were saturated with oxygen, whereas the sample taken at the same
time from about 3 m beneath the surface of the estuary was only 10%

saturated.

Temperature measurements, using themistor probes (x 0.5°C),
showed a considerable temperature differential between the lower
surfaces of the rocks that remained immersed in surface water and the
surrounding air. The temperature of the run-off water was found to be
about the same as the mid tide value. Fig. 26 shows mean, maximum, and

minimum monthly air temperatures for the period October 1971 to April



- 97 -

Fig. 26.

Monthly mean, maximum and minimum air (open circles),
and water (closed circles) temperatures at Greenhithe,
for the period October 1971 - April 1972.

Data provided by the Meteorological Office, Bracknell,

and the Thames Water Authority.
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1972 (Meterological Office data for Greenwich), together with the
monthly mean, maximum, and minimum water temperatures for Greenhithe
during the same period (Thames Water Authority data for Greenhithe and

Gravesend) .

Discussion

M. enigmatica's intertidal distribution at Greenhitherepresents

an intermediate situation between the high level distribution in non-
tidal localities, and the low level distributions on tidal shores
lacking surface water for references see Section 2.2.1). Assuming the
interval between high tides averages 12 h 25 min, more at neaps and

less at springs (Lewis, 1964) the zone occupied by Mercierella has its
temporal limits c. 0.5 h and 4.75 h above the time of !low water; During
an average tidal cycle, the upper limit will be emersed for 9.5 h and
the lower limit for 1 h. However, this investigation demonstrates the
close association of Mercierella with run-off and standing water in
which extremes of temperature, and the effects of precipitation and
insolation during emersion would be minimised, whilst allowing unlimited
feeding. Furthermore, where the run-off water flows across the mud on
the lower part of the shore, it has cut permanent channels (see Fig. 21),
exposing the underlying substratum that represents suitable sites for
colonisation. Thus the surface water is also responsible for extending

and maintaining the lower limits of M. enigmatica's vertical distribution

at Greenhithe.

By exploiting the intertidal zone by means of this relationship
with surface water, Mercierella avoids exposure to the extreme
fluctuations in the levels of dissolved oxygen, salinity, and

temperature in this polluted estuary.
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3. PARTICULATE FEEDING

Introduction

The water in the field situation contains a variety of inorganic

and organic particulate matter suitable for ingestion by M. enigmatica.

The organic component represents c. 1% of the suspended solids at
Greenhithe (Section 2.3.4) and is comprised largely of detritus,
together with its associated bacterial flora. There are however,
commonly, large numbers of ciliate protozoans, unicellular algae
especially diatoms, yeasts, and the reproductive cells of sessile
animals and plants, although their numbers tend to fluctuate both
spatially and temporally. Examination of the gut contents of worms

recently collected from the field population revealed considerable

quantities of inorganic material, thus indicating that M. enigmatica

does not feed selectively on the suspended organic particles.

Dales (1957) observed that fan worms were more efficient at
filtering inert particles of detritus than motile algae, which he
thought was a possible explanation of their abundance in the mouths
of estuaries. Although Mercierella can trap a number of motile algal
species,detritus, because of the vast quantities present in the
estuary, undoubtedly features largely in its diet. In the laboratory

energetics study however, it was decided to use Brachiomonas submarina

Bohlin, a unicellular alga, as the food organism, thus avoiding problems
associated with the heterogeneous composition of detritus, and leaching
of soluble organic matter before the particles could be ingested by the
experimental animals (see Tenore, 1975).

Ingestion rates were measured in the present study using

14C--labelled algal cells. Since the method involves the measurement

of accumulated radioactivity per unit time, it is necessary to know how
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long food takes to pass through the gut (passage time), to avoid
underestimating the rate of ingestion due to some of the labelled
material being egested during the feeding period. It was decided
therefore to carry out a preliminary investigation of passage time

before the tracer experiments commenced.

3.2 The time taken for food to pass through the gut of M. enigmatica

3.2.1 Materials and Methods

M. enigmatica used in the feeding experiments were collected at

Greenhithe in January 1976, In the laboratory, 6-litre stock tanks
were maintained in a constant temperature room at 10°C, and at room
temperature (c. 20°C). These temperatures approximated the winter
and summer values in the field (Fig. 25). Worms were acclimated to
the experimental temperatures for a minimum of 28 d and fed twice

weekly with a suspension of washed B. submarina cells. The stock tanks

contained Plymouth sea water diluted with tap water to a salinity of
15 o/oo, an average value based on the field data (Fig. 24). Artificial
aeration was provided to prevent stagnation and to reduce algal

sedimentation, that occurred particularly at the lower temperature.

About 1 week before the experiments commenced, the tubes were
removed intact from the chalk boulders, that had been especially
selected for this purpose, and scraped clean of all encrusting matter,
after which they were placed in 500 ml crystallising dishes containing
water at the appropriate acclimation temperature. The water in the
tanks and dishes was changed before each second feed. It was found
necessary to move the tubes at frequent intervals to prevent the worms
secreting fresh calcareous material onto the bottom on the dishes, or

becoming fused to adjacent tubes.
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Feeding experiments were carried out using tubed animals

because once removed from its tube M. enigmatica is no longer able

to ingest particulate matter that is trapped by the branchial crown,
since the rim of the tube is required to support the filaments in
correct alignment with the mouth. Otherwise, the mucous strings
leaving the bases of the filaments become entangled in the centre of

the crown, effectively ligaturing the anterior end (Hall, 1954).

14 groups,each -~ of 10 worms representing the population

size range, were selected from each acclimation temperature and placed

in 200 ml finger bowls containing dilute suspensions of B. submarina

cells. The algal suspensions were changed every 12 h over a 3 d period,
to ensure that the worms were in a fed condition when .the experiment
commenced. At the end of 3 d the pure algal suspensions were replaced

with mixed suspensions of Brachiomonas cells and Congo red stained

yeast cells (for method of preparation see Hall, loc. cit.)s The groups
of worms were left to feed on the mixed suspensions for 12 h, during
which time they produced faecal pellets containing stained yeast cells.
At the end of this period they were transferred to pure algal suspensions
and normal feeding behaviour was observed within a few minutes of their
introduction. Finally, at intervals of 30 min, groups of worms were
successively transferred to fresh algal suspension, in which they
remained for 30 min before these were filtered through 4.7 cm diameter
Whatman GF/C filter pads, and the trapped faecal pellets examined for
stained yeast cells. Great care was taken to avoid contaminating the
fresh suspensions with stained yeasts or pellets adhering to the tubes
or animals. This was avoided by rinsing the tubes thoroughly in

several changes of clean water,'and allowing sufficient time for the
worms to extend their crowns in the clean water before they wefe

transferred to a fresh algal suspension.
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Table 2. The presence of Congo red stained yeast cells (+) in the

faecal pellets released by M. enigmatica acclimated to 10 °C and

20 oC, following transfer to pure algal suspensions .

Time Temperature (°C)
(min)
10 20

60
90
120
150
180
210
2ho
270
300
320
360
390
L20

Pure algal pellets
present

Pure algal pellets
present

1t "

1"

1"

+ + + + + 4+ + + + o+ o+ o+ o+

+ + + + + o+ o+ 4+ + + + o+ o+
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Results

Table 2 shows the results of the microscopic examination of
the faecal pellets released by worms that had been removed from the

Be submérina/yeast suspension for progressively longer periods of time.

Groups of worms at both temperatures had ingested considerable
quantities of yeast cells, since all the faecal pellets released
during the first 4.5 h contained signs of the stain. After this time,
pellets containing only algal cells began to be released in
successively greater proportions, until by the seventh hour the vast

majority of faecal pellets lacked visible signs of the stained yeasts.

Discussion

It takes a minimum of 4.5 h for food to pass through the gut of

fed M. enigmatica at 10°C and 20°C. The presence of a few yeast cells

in some of the pellets released after 6.5 h shows that the food undergoes
considerable mixing during its passage through the gut. This is
effected by the combined activities of the éilia lining the gut which
beat in an antero-posterior direction (Hanson, 1948), and the muscles
surrounding the gut blood-sinus, that move the blood in a postero-
anterior direction and which therefore work in opposition to the cilia
with regard to the direction of movement of the food. Body size
certainly has some influence on the rate of passage since the residual
yeast cells were confined to the largest pellets, indicating that they
had been released by‘the larger wormse. It is interesting to note that
there is no apparent effect of temperature on passage time. Iﬁ was
noticed, however that the worms at the lower temperature produced
appreciably fewer faecal pellets per unit time which shows there is a

quantitative effect on the ingestion rate.
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Hall, (1954) reported that it takes c. 20 min for food to pass

through the gut of M. enigmatica. Although he gave no indication of

the temperature at which his observation was made, it seems likely
that his experiment was carried out at room temperature. Hall's
observation is in complete contradiction with the results of the
present study, and can be explained if he used fasted or starving
animals. He gave no information, however, as to their pre-experiment
treatment apart from mentioning that the colonies require "a fresh

supply of plankton-rich water at least once a week".

A preliminary experiment using Greenhithe worms that had been
deprived of particulate food for 7 days, showed that faecal pellets
were released within a few minutes (10 - 15 min) of their being

presented with a B. submarina suspension, but these differed from those

which were released after the first hour. The earlier pellets were
green in colour and were comprised largely of algal cells that appeared
completely unchanged by their journey through the qut. In contrast,
the pellets that were released after 60 min were a dark brown colour
indicating that chlorophyll degradation had taken place, and were more
representative of the pellets produced by fed animals. These results

indicate therefore that when fasted M. enigmatica are first presented

with particulate food, the particles are not digested to the same
extent  as they are when the worms have been actively feeding for

some time. Furthermore, they offer a possible explanation for the
discrepancy between the results of the present study and those of Hall
(loc. cit.), and show that great care must be taken to ensure that
animals used in feeding experiments are in the desired nutritional

condition.
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The effect of food concentration on ingestion rate

Introduction

In the Thames estuary, Mercierella is exposed to considerable
fluctuations in the quantity of suspended matter that is present in

the surrounding water. During the intertidal period, M. enigmatica

is immersed in water that contains relatively low concentrations of
suspended material either as a result of it héving recently percolated
through large banks of slag (Section.2.3.5), or being fairly static,
resulting in much of the suspended matter settling out onto the bottom.
In both cases the amounts of suspended solids is usually very small
unless particulate materials are washed into the pools and run-off rills
during heavy precipitation. This contrasts with the situation that
exists when the rising tide passes across the shore, carrying with it
large amounts of suspended materials (Section 2.3.4). Finally, during
the high tide reriod the water generally contains less suspended solids
than it did during the flood (Secticn 2.3.4), although bottom water
samples may contain more than 5% by weight of suspended solids during
periods of high water flow (H.M.S.0., 1964).

In addition to the large scale fluctuations in suspended solids

that are typical of its general habitat, M. enigmatica's preference for

the undersurfaces of the rocks on which it lives, introduces yet another
variable into any calculation of the concentrations of suspended matter
to which it is exposed. In view of the complexity of the fieid situation
with regard to particulate feeding, it was decided to ihvestigate the

worm's feeding behaviour over a range of cell concentrationse.

Materials and MeEhods

Preliminary investigations of the removal of Phaeodactylum

tricornutum Bohlin by M. enigmatica from dilute suspensions, showed
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that it 1s possible to measure feeding rates colorimetrically, using
a spectrophotometer calibrated with cell counts made with a
haemacytometer slide (Appendix l.1). However, since filter-feeding
rates of bivalve molluscs and planktonic copepods are known to be
influenced by the ambient concentration, it was decided to measure

M. enigmaticat's feeding rate using 14C—labelled B. submarina cells.

This method allowed relatively unlimited volumes of cell suspension to
be used, on which the feeding worms had an insignificant effect with

regard to cell concentratione.

1 litre of actively growing B. submarina culture was inoculated

with 50 pl of sodium hydrogen(14C)carbonate (Radiochemical Centre,
Amersham), that had a specific activity of 59.1 uCi pmol_l. The
labelled cells were harvested 2 d later as 10 ml samples, by slow
centrifugation (1 000 rep.m. for 5 min). After rinsing once with clean
water to remove label not attached to the cells together with the
culture medium, that may have altered the worm's feeding behaviour,
followed by a second centrifugation, the célls were resuspended in clean
water. From this labelled stock solution a range of cell concentrations
‘was made up as 500 ml volumes. Cell numbers mJ.'_1 were estimated from
a previously constructed Beer's Law plot (see Bender, 1972) of
absorbance at 660 nm, the red absorption maximum for chlorophyll a
(Holt,1965) expressed as a function of cell concentration as measured
with a haemacytometer slide (10 0.1 pl counts per concentration)

(Appendix 1.2). Percentage transmission was measured with a Unicam

SP 600 spectrophotometer.

From 2 to 5 10 ml samples from each of the experimental cell

suspensions were accurately pipetted onto individual 2 cm diameter discs
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cut from ashedWnatman GF/C glass fibre filters (overnight at 500°C)
mounted in a sintered funnel, and the water was drawn off slowly to
avoid disrupting the cells. The GF/C discs were then transferred to
an oven at 60°C and dried to constant weight. After weighing, the
cells were ashed at 500°C for 5 h, and after cooling were reweighed

to the nearest 1 ug on a Cahn 4100 Electrobalance. Weight loss caused
by ashing was equivalent to the ash-free dry weight of organic matter

in 10 ml of cell suspensione.

36 feeding M. enigmatica acclimated to 20°C were separated into

4 groups of 8 or 10 individuals, with similar size distributions. A

group of worms was placed into each of the aerated, 500 ml B. submarina

suspensions and left to feed for 2 h. This time was chosen based on
the resultéf%he investigation described in Section 3.2, and it was
assumed that none of the label, should it have been assimilated, was

respired during this period.

At the end of the feeding period, the worms were removed from
their tubes and rinsed individually in several changes of clean water
to remove any cells adhering to the crown and general body surface.
This was followed by a 5 s rinse with distilled water to remove salt
contamination. After blotting dry with paper tissue, the worms were
individually weighed to the nearest 0.1l mg on a Cahn RTL Electrobalance
before transferring to individual liquid scintillation vials, each
containing 0.2 ml of 1.0 M Hyamine hydroxide (Koch-Light), which were
then tightly sealed with polythene lined screw-tops to prevent the loss
of volatile radioactivity during the digestion process, that took

normally 2 days at 60°C.

Five 1 ml1 samples of each experimental suspension were taken before

the groups of worms were introduced, and 2 similar samples were removed
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Table 3. The ash-free dry weight - of organic matter ml-1 in a

range of Brachiomonas cell concentrations .

Estimated algal Number of det-  Arithmetic mean
cell concentration erminations ash-free dry wt. m1~1
(m™") (ng)
7«1 x ‘IO3 2 71
114 x 104 5 1.4
2.75 x 104 2 275
3.98 x 10" 2 39.8

Table 4. Mean activity values for the cell suspensions and back-

ground counts at the beginning and end of the feeding experiments .

(The figures in parentheses represent the background activity

expressed as a percentage of the initial activity in the cells)

Cell concentration  Arithmetic  Arithmetic Arithmetic
(ug ash-free dry wt. ml”1) mean activity mean initial mean final

w1 (dep.m.) background background

(depom.) (depem.)
7.1 9 417 343 (3.8 %) 350 (3.9 %)
1M 15 121 334 (2.3 %) 798 (5.4 %)
27.5 36 476 343 (0.9 %) 820 (2.3 %)

39.8 52. 857 1 022 (2.0 %)1 242 (2.4 %)
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at the end of the 2 h feeding period. The latter and two of the former
were filtered without pressure, to avoid damaging the cells, through

13 mm diameter, 1.2 ym pore size Sartorius membrane filters. The
filtrates, together with the unfiltered cell samples were placed in

individual liquid scintillation vials.

From 5 - 8 ml of toluene/Triton X-100 (Koch-Light) liquid
scintillation cocktail (see Cooksey, 1972; and Section 4.2) was added
to the soma digests, suspension filtrates, and the cell suspension
samples, together with sufficient (1 - 2 ml) 80% ethanol in the case
of those samples containing volumes of sea water, to redissolve the -
white precipitate that forms on contact with neat cocktail. After the
samples containing Hyamine hydroxide had been dark equilibrated for
48 h to prevent errors arising from chemiluminescence, 14C activity was
counted in a Packard model 2003 liquid scintillation spectrometer for
1 or 5 min, depending on the level of activity in the sample. Those
samples with low activity, namely the filtrates, were counted for the
longer time to obtain a significant count Qith respect to normal
background activity. The samples were counted twice over the course
of 1 h as a check against chemiluminescence, but because the majority
had high levels of activity, a single count was sufficient to obtain
a representative measurement of the contained radiocactivity. The

results were corrected by the channels ratio method (see Dyer, 1974).

Results

Table 3 shows the ash-free dry weight of organic matter present

ml-l in each of the 4 B. submarina suspensions used in this experiment.

There is excellent agreement between the estimated cell number and the

mean ash-free dry weight of organic matter at all concentrations.
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Furthermore,‘these results agree favourably with the estimated dry

weight of an individual B. submarina cell, l.11 x 10—6 (Section 3.56.2).

Ingested radioactivity was not corrected for label leakage during
the feeding period, because the amount of leakage was never more than
3.1% of the activity initially present in the cells, and was therefore
considered to be insignificant (Table 4). A summary of the results of
the ingestion rate measurements for a range of ambient cell

concentrations is presented in Table 5.

3.3.4 Discussion

There is positive relationship between the rate of ingestion and
ambient cell concentration, over the range of concentrations used in
the experiment. Ingestion rate, however, does not increase in direct
proportion with the increase in cell numbers, e.g. a 5.6 fold increase
in cell concentration is accompanied by only a 1.8 times increase in
ingestion rate, which indicates that some factor(s) other than cell
availability is influencing ingestion rate. The rate of ingestion is
determined, at least partly, by the 'handling time', i.e the time taken
for the trapped food to reach the mouth, which is directly under the
control of blological factors such as the rate of mucus production,
ciliary activity and the length of the branchial filaments, some of
which are influenced by environmental parameters, e.g. temperature.
This is supported by the observation that the worms in the most
concentrated suspension showed erratic feeding behaviour, spending
significantly greater amounts of time withdrawn inside their tubes, and
when they were feeding the branchial filaments were continually

undergoing individual movements, indicating that they were being

disturbed by the dense B. submarina suspension.
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Fig. 27. The relationship between filtering rate of a standard

M. enigmatica (c. 7.0 mg wet weight) and B. submarina

cell concentration. It should be noted that a semi-

logarithmic transformation has been carried out on.

these data.
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In addition to the erratic feeding behaviour that was displayed
at the highest cell density, which is reflected in the greater
variability in the ingestion rates at that concentration (see Table 5),
this group was seen to produce much greater quantities of pseudo-
faeces, which indicates that when feeding they were unable to cope
with the cells trapped by the crown. No pseudo-faeces were produced,

however, at the two lower densities.

Fig. 27 shows filtering rate expressed as the volume of water

effectively cleared of B. submarina cells h"l by a standard worm

plotted as a function of cell concentration. The highest mean
filtering rate corresponds with the lowest ambient cell concentration.
However, tnese values refer only to the effective fil@ering rates and
take no account of the water volumes represented by those algae that
escaped the branchial crown or were ejected as pseudo-faeces,

particularly at the higher concentrations.

The only published values concerning the filtering rates of
serpulid polychaetes are those of Dales (1957), who measured the
volumes of water cleared of colloidal graphite indirectly by means of
a colorimeter. Dales reported mean filtéring rates of 11.16 and 27 ml

animal-lh'_1 for Pomatoceros triqueter (L.) and Hydroides norvegica

(Gunnerus) at 16 - 17°C, which are significantly higher than the values
obtained for Mercierella, even when their greater size is taken into

account. In fact, M. enigmaticats filtering rate per unit total fresh

weight is more in accordance with those reported for the much larger

sabellids, Myxicola infundibulum (Rénier) and Sabella pavonina

Savigny (Dales,-loc. cit.). It is possible that the difference between
Mercierella and the other serpulids may be a result of it being

adapted to life in turbid water. Foster-Smith (1975) reported
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examples of bivalve molluscs that appear to have relatively low
filtering rates as adaptations to life in water with a high silt

content.

The effect of temperature on ingestion rate

Materials and Methods

Eighteen and fifteen M. enigmatica, selected as representing the

sample size range, were removed from the 10°C and 20° acclimation tanks
respectively, and placed as groups of 7, 8, or 9 worms in 500 ml

suspensions of B. submarina, with an estimated initial cell -

concentration of 1.1 x 104 cells ml~1. The previous experiment having
shown that feeding was normal at this concentration, the suspensions
were chanéed at 12 h intervals during the subsequent é days, to ensure
that the worms were in a fed condition at the time of the experiment.

Finally, the suspensions were replaced with 14C--labelled B. submarina

cells (Section 3.3.2) at a similar concentration, in which the worms
were allowed to feed for 2 h (Section 3.2.3). The algal suspensions
were artifically aerated tolensure that the cells remained available
for ingestion. Without continuous aeration the cells settled onto the

walls and bottom of the container, especially at the lower temperature.

After 2 h, the worms were detubed and avoiding holding them in
a way as might have caused any of the gut contents to be extruded,
rinsed in several changes of clean water to remove any cells sticking
to the general body surface. After a quick rinse with distilled water
to reduce salt contamination which was followed by careful blotting of
excess moisture.with a paper tissue, the worms were weighed to the
nearest 0.01 mg on a Cahn RTL Electrobalance. The worms were then
placed in individual liquid scintillation vials containing 0.2 ml of

1.0 M Hyamine hydroxide for digestion at 60°C (Section 3.3.2).
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Table 6. Results of the measurements of radioactivity in the algal
suspension used in the feeding experiment, and the background levels

of activity immediately before and after the feeding period .

Sample Arithmetic mean Number of
radiocactivity determinations

(depeme. ml™ ")

B. submarina 15 237 3
suspension
Background
Time = O Lso 2
Time = 2 h 831 2
Corrected cell 14 787

radioactivity
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Five 1 ml samples of labelled algal suspension were taken before
the worms were introduced, and two 1 ml samples from one of the
experimental suspensions after the worms had been removed. Two of
the former plus the latter samples, were filtered without pressure
through 13 mm diameter, l.2 um pore size, Sartorius filters. Finally,
the soma digests, filtrates, and the remainder of the algal suspension
samples were counted in the scintillation counter for 1 or 5 min

(Section 3.3.2).

3.4.2 Results

Table 6 shows the levels of radioactivity recorded in the cell
suspension, and the background activity immediately before and after
the 2 h feeding period. The cell suspension activity'was corrected
for the initial background count to give the radioactivity present in
the cells. The individual amounts of radioactivity recorded in the
worms were converted to ash-free dry weight of organic matter,
assuming 14 787 depeme. was equivalentbto‘ll.4 1g ash-free dry weight.

(i.14 X 104 B. submarina cells, cultured under similar conditions to

those in the present experiment, having been found to contain 11.4 ug
of dry, ash-free, organic matter (Section 3.3.3)) The individual
ingestion values were converted to rate per hour and are presented in
Appendix 1.3. The results were not corrected for label leakage since
during the 2 h feeding period this amounted to less than 2.6% of the
radioactivity initially present in the cells, and was therefore

considered to be insignificant.

The individual ingestion values were finally converted to ug
ash-free dry weight of organic matter ingested Mg-l wet weight of

worm h-l, which are shown expressed as a function of total weight of
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Fig. 28. Relationship between specific ingestion rate (ingestion

rate mg-1) and weight of animal for M. enigmatica

acclimated to 10°C and feeding on a B. submarina

suspension with a concentration of 1.14 x 'lOl+ cells m1~1.
The regression line was fitted by the method of least
squares, assuming a linear relationship exists between
the two parameters after a logarithmic transformation

of the data. The regression coefficient (b) is -0.62.

Fig. 29. Reiationship between specific ingestion rate and wet

weight of M. enigmatica acclimated to 20°C and feeding

on a suspension of B. submarina with an initial concentration

of 114 x 104 cells ml-1. The regression line was fitted to
these data by the method of least squares, assuming a
linear relationship after logarithmic transformation;

b is -0.56.
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animal, for the winter and summer temperatures in Fig. 28 and Fig. 29.
The regression lines were fitted by the method of least squarés, and
the correlation coefficients, r, are -0.44 and -0.57 respectively for
the 10°C and 20°C results, with only the 20°C relationship being
significant at the 5% level of significance (fi=<<0.05). Counting
efficiencies were 58 -~ 65% for the tissue digests, and 51-6C% for the
filtrates and cell suspension samples. Natural background amounted to
23 - 32 d.p.m. Pugh (1973) evaluated several methods for the liquid
scintillation counting of radioactivity in algal suspensions and
concluded that a Triton X-100 : toluene fluor is very effective giving
relatively high counting efficiencies. Replicate preliminary tests
with 1 ml aliquots of the suspension used in this feeding experiment
failed to show a significant alteration in the countiﬁg efficiency
with the internal standards method. The great advantage that the
radioactive label technique has over the other methods in common

use for measuring feeding rates, is that the animals are presented
with a relatively infinite amount of food suspension which in this
respect closely resembles the situation in the field. After 2 h
feeding at the higher temperature, the group of worms with the
greatest combined wet weight had reduced the total number of cells

present in the 500 ml suspension by less than 4%.

3.4,3 Discussion

A cell concentration of 1.14 x 104 cells ml-1 was used in the
ingestion study because the worms appeared to feed normally at this
density (Table 5) and produced no visible amounts of pseudo-faeces,
thus indicating that they were able to ingest at least the majority of
the cells trapped by the branchial filaments. Furthermore, sufficient

quantities of faecal matter could be harvested at this cell



concentration within a relatively short time for gravimetric and

bilochemical determinatione.

The ash-free dry weight of organic matter (11l.4 ug ml-l) was
considerably in excess of the range of values quoted by Jérgensen
(1966) for the standing stock of organic matter, as phytoplankton,
taken on a global scale. However, the organic content of 1l.4 mg
1"1 is within the range he quotes for the total suspended matter that
has been reported for inshore waters; although it should be noted
that this refers to a combination of the organic and inorganic
fractions. The experimental concentration is also somewhat less than
the average values of 16% (¥/v) recorded for the total suspended
matter in the flood tide waters at Greenhithe (Section 2.3.4). Thus

since M. enigmatica will readily ingest both inorganic and organic

particles as long as these are of the right order of size, the
experimental situation, on a dry weight basis, is similar to the
field. FHowever, since organic matter makes up only c. 1% of the
suspended solids in the estuary water éSection 2+.3.4), the laboratory
situation also represents about a 100-fold increase in the amount of

available organic material.

Ingestion rates of smaller worms per unit body weight (specific
ingestion rate) are higher than those of the larger animals at both
experimental temperatures, so the rate of ingestion complies with the
general relationship between the rates of physiological processes and
body size. This must however, be considered as unproven for the lower
temperature, 10°C, where the calculated correlation coefficient is just
below the tabulated value at the 5% level of significance. It is
assumed that a logarithmic relationship exists between these two

parameters at both temperatures.
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The relationship between the specific ingestion rate (I) and
body size (W) can be described by the equation I = _a_j_}_)_ where a and b
are constants. If the decline in specific ingestion rate with
increasing body weight is related to the relatively smaller size.of
‘the branchial crown in larger worms, the exponent b might be expected
to approximate 0.67, which is the power law relating surface area to
volume. The slopes (b) of the regression lines relating I at winter
and summer temperatures to wet weight, -0.62 and -0.56 respectively,
are in fair agreement with the ideal surface relationship considering
the amount of individual variation that there is in these data and

would seem to support this hypothesis.

Comparison of the average specific ingestion rates of standard
(0-06) (2-0) ‘
(7.0 mg) worms under winter;and summer, conditions shows that the 10°C
reduction in temperature is accompanied by a 97.15% decrease in I; a
significantly greater reduction than was recorded for oxygen
consumption (Section 6.7.4), somatic growth (Section 8.1.3), and tube
production (Section 8.3.5). Walne (1972) reported particularly

marked reductions in the filtering rates of the lamellibranchs,

Venerupis decussata (L.) and Mercenaria mercenaria (L.) over the same -

temperature range, from which he concluded that feeding activities

could be reduced for long periods during the winter period.

It is not possible to deduce from these data whether the
reduction in feeding rate at the lower temperature is due to reduced
ciliary activity and mucus production, or an alteration in the feeding
béhaviour, or some other component of the feeding mechanism. It was
decided therefare, to investigate the feeding behaviour at the two
experimental temperatures to see whether this would provide an
explanation for the considerable difference between the ingestion

rates under winter and summer conditions of temperature.
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1.5 The effect of temperature on feeding behaviour .

3.5.1 Materials and Methods

Fifteen and fourteen M. enigmatica were transferred from the

10°C and 20°C acclimation tanks respectively, to 500 ml suspensions

of B. submarina cells with a concentration of 1.14 x 104 éells ml—l.

The worms, selected as representing the sample size range, were fed
every 12 h for 2 - 3 days with fresh algal suspensions, to ensure that
they were in an identical nutritional state to those used in the

previous experiment.

Following the feeding period, the worms were separated into
3 size classes on the basis of their tube dimensions,\‘< 4,0 mg, 4.0 -
8.0 mg, and > 8.0 mg. A preliminary investigation ha;ing shown that an
exponential relationship exists between tube length and body weight
(Section 8.1.3), the worms were then placed as groups of 4 or 5
similar sized individuals in a petri-dish containing a suspension of

B. submarina cells at the appropriate acclimation temperature, which

was kept circulating by a stream of air bubbles from a wide-bore

hypodermic needle attached to an air line.

After a 30 min recovery period the worms were observed as groups
of 4 or 5 animals at a time, for two 1 h periods that were separated
by ce 1 hs At 60 s intervals throughout the observation periods, a
record was made of the position of the crown of each animal. An

_extended crown means that the worm is actively feeding, and a withdrawn

crown indicates a lack of feeding activity.

Since M. enigmatica is extremely sensitive to shadows and

Vib;ation, and responds by withdrawing rapidly into its tube, it was
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Table 7. The percentage of total time spent feeding at 10°C ana 20°C
by a) the combined groups of worms, b) worms <4.0 mg and >8.0 mg wet wt. .

10% 20°c
a)

Behaviour Mean ¥ S.De. Number of Mean 4 S.De. Number of
determin- 4 determin-
ations ations

Feeding 74,53 % 35,86 15 - 9807203 a4

. + +

Withdrawn 25.47 - 35.86 1.93 = 2.03

b)
Size class Number of A Size class . Number of
<L.0 mg determinations > 8.0 mg determinations
10°¢c , ,
89.2 ¥ 5.35 5 59.0 £ 84,13 5
20°¢c

97.88 ¥ 2,66 L 98.7 ¥ 1.99 5
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necessary to design an observation set-up which allowed the worms to
be observed whilst shielding them from the movements of the observer.
This was achleved by means of a screen and a mirrore. The screen was
positioned between the observer and the worms thus concealing his
movements, whilst allowing the animals to be observed in the mirror
mounted at an angle of 45° above the water bath. The system was
improved by having only the water bath illuminated. Great care was

taken to avoid causing vibrations during the observation period.

Results

The results of the feeding behaviour observations at 10°C and
20°C are presented in Table 7, and the results of the statistical
analyses are performed on these data are given in Table 8. Since it ‘
was not possible to predict the exact size of the experimental animals
from the size of their tubes because these were often incompleté, the
results have been treated in the following manner: as combined groups
at the two acclimation temperatures; and small and large individuals
namely <4.0 mg and >8.0 mg wet weight thus avoiding the possibility

of overlape.

The mean values for the 10°C and 20°C data are based on 30 and
28 worm-hours respectively, and the individual values used in the
calculations are the means of the combined two 1 h periods. The
crown retractions associated with faeces ejection are not included in
these data, so the percentage time spent withdrawn refers only to

those periods that lasted for more than a few seconds duration.

The behaviour of M. enigmatica acclimated to 10°C is considerably

more variable than is that of worms acclimated to 20°C. This
difference, however, is not constant throughout the different size

classes but is largely localised to the worms with the greatest weights,
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Table 8. The results of statistical analyses performed on the feeding

behaviour data for acclimation temperatures of 10°C and 20°C .

% time spent

feeding at/by

F-test

Statistical
test

Result

10°C and 20°C

<4.0 mg and
>8.0 mg at 10°C

<4,0 mg and >8.0
mg at 20°C

<4.0 ng at 10°C
and 20°C

>8.0 mg at 10°C
and 20°C

.P_ = <0.01

2 =>0,05

P =>0.05

.P_ = <0,01

Modified t
(Bailey, 1959)

Student's t

Student's t

Modified t

Significant
(P =< 0.05)

Not significant
(g =>‘ 0005)

Not significant

Significant

Not significant
(P =>0.05)
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which displayed particularly erratic behaviour since some remained
extended throughout most of the 2 h period whereas others spent the

majority of the time fully withdrawn.

Discussion

The 20°C acclimated M. enigmatica spent a significantly greater

amount of time feeding, than did the 10°C acclimated worms, so these
results are in accordance with the results of the ingestion rate
investigation (Section 3.4). Howevef, the recorded difference of 24%
does not fully explain the difference between I at the two acclimation
temperatures, thus indicating that another component of the feeding
mechanism is also being influenced by temperature. The most likely
factors are ciliary activity and mucus production. A‘decrease in
ciliary activity and mucus production would be accompanied by an
increase in the handling time (Section 3.3.4). This is supported by
the observation of erratic feeding behaviour in the case of the

larger worms, which it will be remembered have got lower specific
ingestion rates (Section 3.4.3), that could have been caused by their
becoming swamped with more cells (a similar situation to that described‘
in Section 3.3.4) than the ciliated tracts could handle at one time.’
The smaller worms, despite a significant reduction in their ingestion
rates, had not reached the threshold concentration where they were no
longer able to function effectively with regard to particulate feeding,
although they did show what could be interpreted as the beginnings of
this effect, namely greater variability in their behaviour at the
lower temperature together with a tendency to spend greater amounts of

time withdrawn .inside their tubes.
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Brachiomonas submarina : The biochemical composition, calorific

content, and dry weight

Materials and Methods

Branchiomonas submarina (The Culture Centre of Algae and Protozoa,

Cambridge) is a spherical cell about 20 um in diameter. This
chlorophycean was particularly suited to the present study because it
is eufyhaline, and swims actively through the water column by the
action of flagella , thus making it feadily available for ingestion by
the experimental animals. Since the chemical composition, dry weight,
and therefore the calorific content of algal cells depends on the
nutrient status, light intensity, temperature and £he age of the
culture (Pugh, 1975), it was necessary to standardisethe conditions‘

under which B. submarina was cultured.

Unialgal cultures of B. submarina cells were maintained in 5 litre

aspirators containing Miquel-Allen medium (Allen & Nelson, 1910) made
up in 0.2 um Sartorius filtered diluted sea water at a salinity of

15 o/oo. The culture medium was sterilised prior to inoculation by
heating to 70°C for 20 min. All glassware was sterilised by autoclaving
for a similar length of time at 2 atmospheres.- Constant illumination
was provided by a combination of natural sunlight from a North-facing
window and a fluorescent strip-light that was mounted 10 cm above the
culture vessels. Cultures were aerated with compressed air that had
first passed through a glass wool filter and a solution of antibiotics
(Section 6.5.2). Under these conditions the cells multiplied rapidly
giving rise to dense suspensions within 14 days. Since centrifugation
revealed a proéressive increase in the proportion of cell ghosts once

the culture had left the logarithmic growth phase, it was decided to

discard the cultures at the end of the period of rapid growth.
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Protein. Protein was estimated by total nitrogen determination
using a Coleman Model 29 Nitrogen Analyser, and multiplying the amount
of nitrogen by the factor 6.25 to give the quantity of protein (Brody,

(16% b:, uuijkb of fmkun LS mhfoaen )

1945) . A Algal cells were separated from the culture medium by
centrifugation. 10 ml samples of medium were centrifuged at 1 000 r.p.m.

for 5 min. Following resuspension in 0.2 um Sartorius membrane-filtered,

diluted, artificial sea water (SeAquariums Ltd., Sheffield), the

Brachiomonas cells were filtered onto weighed 20 mm diameter discs cut
from ashedWhatman GF/C glass-fibre filters. The GF/C filters were
ashed by heating overnight at 500°C before weighing on a Cahn 4100
Electrobalance. Cells retained by the filters were given a quick rinse
with glass—-distilled water to remove excess surface salt before drying
to constant weight at 60°C. Nitrogen readings were cérrected for

background using GF/C filter blanks that had been previously rinsed with

distilled water.

Lipid. Lipid was extracted from pre-weighed cell samples on
GF/C filters with di-ethyl ether in a micro-Soxhlet apparatus. Following.
1.5 h extraction, which a preliminary experiment had shown to be
sufficient to achieve a constant weight, the filters were dried to
constant weight, and the lipid content was estimated by difference. The
samples received a similar pre-determination treatment to those used for
the protein estimation, and dry weights were measured to the nearest

0.01 mg on a Cahn 4100 Electrobalance.

Ash. The inorganic component was determined by ashing pre-weighed
algal cell samples to constant weight on ashed GF/C filter discs.

Ashing was done in a muffle furnace at 500°C (Paine, 1964).
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Carbohvdrate. No carbohydrate analyses were carried out. The

percehtage carbohydrate content of Brachiomonas was estimated by

difference.

Calorific content. 10 ml samples from an actively growing

culture were separated from the medium by centrifugation and resuspended
in filtered diluted sea water. Following a second centrifugation the
cells were resuspended in glass—distilled water and transferred to glass
crystallising dishes, which were then placed in a drying oven at 60°C,
after they had been loosely covered with aluminium foil lids to exclude
dust particles. When dry, the cells were scraped off the bottom of the
dishes and forced through a 125 um steel meshed sieve to ensure that

the samples were completely homogeneous. The powdered cells were

stored in a desiccator over anhydrous calcium chloride.

The calorific content of B. submarina was measured in a Scott
micro-bomb calorimeter (Scott, 1975) which was calibrated with benzoic
acid (British Chemical Standards). A 0.l mV deflection on the chart

recorder was equivalent to c. 0.418 J (0.1 cal).

Ashed and weighed 4 mm diameter GF/C filter discs were placed.on
a suction device similar to the one described by Scott (loc. cit.) and
a drop of distilled water was pipetted onto the filter together with

2 small quantity of dry B. submarina homogenate. The algal materizl was

mixed into the water droplet with the tip of a seeker. Gentle suction
was then applied to the suspension so that the homogenate evenly
covered the surface of the filter disc. The samples were then dried

to constant weight at 60°C before igniting in the calorimeter. A fuse
wire correctioﬂ was applied to the recorded temperature rise, and the
filters and samples were weighed to the nearest 5 pg on a Beckman LM-500

microbalance.
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Dry weight. An estimate of the number of B. submarina cells

per ml 8 day old culture was obtained by haemacytometer counts of twenty
0.1 mm3 heat-killed sub-samples. Ten 200 ml samples of the culture
were then centrifuged at 2.4 x 103 r.p.me for 30 min before resuspending
in glass-distilled water, followed by dialysis against running tap water
for 24 h in Visking tubing. After dialysis treatment to remove the

compounds of low molecular weight (salts), the samples were transferred

- to individual weighed crystallising dishes and dried to constant weight

at 60°C. Care was taken to avoid losing cells at each stage of the
method. After drying, the dishes were reweighed and the dialysed dry
weights of the ten 200 ml samples were obtained by subtraction. All
weighings were made to the nearest 0.1 mg on a Sartorius semi-micro »

balance, and the dialysed dry weight of an individual B. submarina cell

was calculated by dividing the dry weights of the samples by the

estimated number of cells in 200 ml of the original culture.

A similar experiment was carried out in which two 20 min washes

in glass—distilled water were substituted for the dialysis treatment.

Results

¢

Table 9 shows the results of the chemical analyses as means and
standard deviations expressed as percentages of dry weight (see
Appendix 1.4 - 1.6.for experimental values). The results obtained by
Parsons, Stephens, and Strickland (1961) for two other planktonic

green algae are presented for comparison.

In common with D. salina and T. maculata, protein is the principal

organic constituent of B. submarina cells. Brachiomonas however,
appears to have a significantly greater proportion of protein than do

the other species. Parsons et al. (loc. cit.) found a discrepancy
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between the results they obtained with the Kjeldahl method for total
nitrogen using the generally accepted factor of 6.25 to convert their
nitrogen values to protein, and the determinations of protein made

with a colorimetric method, using 2,5-hexanedione reagent standardised
with casein (values in parentheses in Table 9). Although their
suggestion that nitrogen containing compounds other than amino acids
were present in appreciable quantities does not explain the discrepancy,
their results serve to illustrate the potential errors when attempting

to estimate protein by an indirect means.

It seems extremely unlikely that the factor of 6.25 that has been
extensively used for converting nitrogen values to protein is
universally applicable. Furthermore, it is expected that plant cells
especially will contailn appreciable amounts of inorganic nitrogen, which
unless determined separately will lead to overestimations of the amounts
of protein in the cells. Since protein was estimated from the total
nitrogen in the present study, it is possible therefore that the

percentage protein could have been overestimated.

The 1lipid content of B. submarina compared favourably with the
amounts reported in the other specles. However, no measurement was

made of the total pigment in B. submarina, that leached out during the

Soxhlet extraction, which means that the value for lipid content is
overestimated. This is unlikely to have seriously affected these
results because pigment is known to represent only a relatively minor
portion of the total dry weight of algal cells (e.g. Parsons et al.

(see Table 9); Pugh, 1975).

The ash content of B. submarina is significantly less than the

levels recorded in the planktonic algae investigated by Parsons et al.
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(loc. cit.). Platt and Irwin (1973) reported ash contents of mixed
phytoplankton samples, ranging from 33.8 - 50.5% of the dry weight,
although these values were undoubtedly swellemn by the presence of
diatoms, which have extremely high ash contents (Parsons et al., loc.

cit.; Paine & Vadas, 1969). The 4.5% of the dry weight recorded for

B. submarina approaches the low ash contents reported for freshwater

algae, e.g. 3.94% in Chlamydomonas reinhardi Dangeard (Richman, 1958).

It is possible that this reflects B. submarina‘'s euryhalinity, the salts

having been rapidly leached out through a highly permeable cell wall

during rinsing with distilled water.

Finally, the estimated carbohydrate content of B. submarina is

considerably less than the values reported by Parsons.et al. (loc. cit.)
for 11 phytoplankton species, including 3 diatoms and 1 coccolithophore.
Pugh (1975), reported values of 7 - 12% of dry cell weight for the

diatom, Coscinodiscus eccentricus Ehrenberg, during the log growth

phase, and quotes references from which he calculated an average

carbohydrate value for the non-stationary growth phase of 25.3%.

Considering that the cell wall in B. submarina is composed of

cellulose, in contrast to the siliceous and calcareous walls of the
diatoms and coccolithophores, respectively, and that the cells used in
the analyses were actively growing, indicating that the products of
photosynthesis were greater than the basic metabolic requirement, it

seems likely that the quantity of carbohydrate in B. submarina is

underestimated as a result of the protein content being overestimated.

Table 10 shows the results of the cell dry weight and calorific
content determinations (see Appendix 1.7 and 1.8 for the experimental

values), together with the range of cell volumes based on cell
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diameters measured with a graticule eyepiece. Values for several other

green algal species are presented for comparison.

The relationship between cell volume and dry weight for

B. submarina is in accordance with the values reported by Parsons et al.

(loc. cit.). The difference between dialysed dry weight and the
distilled water washed dry weight indicates that an appreciable quantity
of soluble organic matter was lost from the cells during the washing

treatment with distilled water.

The calorific content of the B. submarina cells is less than the

values reported for C. reinhardi and T. suecica. When converted to the

calorific value per unit ash-free dry weight, 4.76 2 0.82 cal mg—l, it

is similar to the average value given by Paine and Vadas (1969) for 10

species of green algae.

There is considerable variation in the calorific values for

B. submarina. As a check for incomplete combustion, the GF/C filters

were examined after ignition for traces of organic residue. In each
case only white ash remained. As a further check, the filters were
welghed before they were heated in a muffle-furnace at 500°C for
several hours, after which they viere reweighed. There was no
appreciable difference between the first and second weighings of all
the samples, indicating that complete combustion of the organic material
on the filters had occurred in the calorimeter. It is possible that
some méterial could have been lost from the filters at the time of
firing, which did not undergo combustion resulting in the observed
variability. Examination of the inside of the calorimeter revealed
no signs of a deposit but in view of the small quantities involved, it

is possible that this could have been overlooked. Unfortunately, it
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was not possible to check for weight loss from the sample using the
expected weight of ash left after complete ignition, since the fuse
wire invariably became fused with the glass—-fibre filter duriﬁg
ignition. Another possible explanation for the recorded variability
is that some soluble organic matter may have leached out from the
samples during the treatment with distilled water that is necessary to

attach the sample to the GF/C filter.

Discussion

Further evidence for an overestimation of the amount of protein

in B. submarina and the resulting underestimate of the percentage

carbohydrate, is the considerable discrepancy between the calorific
content as measured with a micro-bomb calorimeter and: the value
calculated from the percentage composition according to the results

of the biochemical determinations. The heats of combustion of glucose,
1ipid, and protein, according to Brody (1945) are 15.83 J mg~> (3.8 cal
mg-l), 39.5 J mg_1 (9.45 cal mg_l), and 23.62 J mg_l (5.65 cal mg—l)

respectively. The estimated calorific content of B. submarina is

23.7 J mgm1 dry weight (5.67 cal mg-l), more than 4.5 joules higher

than the value obtained by calorimetry. \

The carbohydrate basic unit of B. submarina is assumed to be glucose

since Parsons et al. (loc. cit.) reported that 80% of the carbohydrate
in T. maculata is comprised of glucose. Furthermore, since glucose is
the major constituent of cellulose (Street, 1963) the assumption is

believed justified.

Since there is considerable evidence to show that the protein
component has been overestimated, it was decided to calculate an average

protein content based on published values for other phytoplankton



Table 11. Estimated average composition of phytoplankton with
respect to protein, carbohydrate and lipid, based on published

- valuese.

—— % ash-free dry weight —

Species Protein Carbohydrate Lipid Reference

Tetraselmis 73.8 19.65 3.8 Parsons et al,
maculata (1961)
Dunaliella 55«72 34.13 6.91 "

salina

Mixed 33.37 44,69 21.94 Platt & Irwin
phytoplankton (1973)
Average % 54,3 22.82 10.88

composition
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species, for use in subsequent computations in place of the
experimentally derived value. In view of the discrepancy between the
protein values obtained by Parsons et al. using two different methods,

it was decided to derive the percentage protein for B. submarina

indirectly from carbohydrate, 1lipid, and total pigment values when
expressed as percentages of ash-~free dry weight. Platt and irwin (1973)
analysed the biochemical composition of mixed phytoplankton samples
collected during a spring bloom (their data shows poor agreement between
%N and % protein). Correcting their carbohydrate and protein values for
ash content gives the following respective percentages, 44.69 2 15.23
(S.D.)% and 33.37 = 4.89% of ash-free dry weight (N = 10). These values
plus percentage 1lipid, together with those derived from Parsons et al.'s

data were used in the calculation of the average values, and are

presented in Table 1l.

The energetic aspect of ingestion

It was decided to restrict the energy study to one size of
animal, namely a worm of 7.0 mg wet weight (1.0 mg dry weight) (from
now on referred to as a standard animal). Average values for the

ingestion rates of M. enigmatica weighing 7.0 mg at winter and summer

temperatures were derived from the regression lines relating specific

ingestion rate and body size (Fig. 28 and Fig. 29). When correcting

for weight these are 0.385 pg and 13.51 jg ash—free dry weight nt

respectively for the 10°C and 20°C acclimated animals. Since the

calorific value mg—l ash-free dry weight of B. submarina is 19.02 x

5%9%§ = 19.92 J (4.76 cal), the ingestion rates of a standard worm

3

at 10°C and 20°C are equivalent to 7.67 x 10_3J h-1(1.83 x 10~ cal)

and 2.69 x 10°F J h™L (6.44 x 1072 cal) respectively.
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4, DISSOLVED MUTRIENTS

General Introduction

August Putter was the first to suggest that dissolved organic
matter 1s used as a source of energy and materials by aquatic animals
for their catabolic and anabolic processes, Prom the results of a
series of investigations carried out during the first quarter of this
century which showed an insufficiency in the amount of particulate
food in the surrounding water to satisfy the minimum energy
requirements of a number of planktonic and benthic organisms including
several fllter-feeding species. Plitter concluded that the utilisation

of DOM must represent an important nutritional source.

Since Putter first published his hypothesis, there have been a
number of accounts refuting his argument on the basis that he
underestimated the available food supply and.overestimated the
concentrations of DOM in the environments with which he was dealing.
The main reasons for the discrepancy between Putter's computations
and those of subsequent workers are his lack of knowledge concerning :
the existence of nannoplankton; the importance of detritus in the
energy budgets of suspension feeders; the irregular dispersion
patterns of the food organisms; sensory, tactic, and feeding
mechanisms; digestive mechanisms; and his use of faulty analytical
techniques. However, despite his hypothesis being based on erroneous
data, Putter made a valuable contribution to animal physiology by
focusing attention on thé immense quantity of DOM in the aquatic
environment as a whole from the point of view of 1ts potential as a

nutritional source for metazoans.
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For a comprehensive and critical review of Putter's work and
that of the other early investigators see Krogh (1931); the most

recent review of this subject is that by Jdrgensen (1576).

Due to the enormous amount of potential energy that is
represented by the DOM in the sea (Jgrgensen, 1966, 1976) repeated
attempts have been made to evaluate its contribution to the nutrition
of marine invertebrates. These studies have used either a direct
approach, in which the effects of DOM on animals deprived of a
particulate source of energy are investigated (e.g. Gillespie et al.,
1964, 1966), or an indireét method where the potential energy
contribution of the measured uptake of DOM is compared with the

metabolic requirement (e.g. Stephens, 1962a; Southward & Southward,

1972).

The contribution that those investigations in the former
category have made to our knowledge of the nutritional value of DOM
uptake is minimal. Firstly, by their frequent use of non-sterile
conditions these investigators have failed to take into account the
ability of mucus-secreting filter-feeding animals to utilise bacteria
as food (see Zobell et al., 1937; Sorockin, 1973). Secondly, these
workers have used only a single compound, usually glucose, which
cannot be expected to perform as.a complete nutritional substitute,
since it makes no allowance for the animal's nitrogen requirement.
Thirdly, since some naturally occurring dissolved organic compounds,
€.9. glucose and glycine, have been shown to elicit behavioural
response in marine invertebrates (Collier et al., 1953; Lavandowsky
& Hodgson, 1965; Carr, 1967; loeb & Blanquet, 1973), the enhanced
metabolic rates reported for organisms following exposure to DOM (e.g.

Shick, 1975) do not necessarily imply that this is acting as a
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Fig. 30. Survival curves for detubed, Weymouth Harbour, M. enigmatica

in artificial sea water (SeAquariums Ltd., Sheffield),
with and without a 10-4 M glucose supplement. The water
was replaced with fresh (20 ®/oo, pH 8.16) containing
benzylpénicillin (30 mg 1™") and streptomycin sulphate

(50 mg 1™ at 5 - 7 day intervals. Size ranges were

1¢1 = 8.6 mg (N = 16) and 0.9 - 11.2 mg wet weight (N = 19)

respectively for the control and experimental groups.

Fig. %1. Time course of wet weight changes in M. enigmatica during

starvation. Amean values for worms with initial weights
£ 4 mg, and B8 animals weighing 4 - 8 mg. The vertical
lines represent one standard error above and below the

mean. N values: A= 4; B2 = 10,
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nutritional source. In an investigation of the effect of dissolved
glucose on thebsurvival of detubed (starving) Mercierella (see
Section 4.3.4), it was the worms that received the glucose supplement
that were the first to die (Fig. 30). This was probably due to the
glucose enhancing their metabolic rate through its effect on their
behaviour, thus causing them to oxidise their storage products at a
faster rate than those in artificial sea water containing only
antibiotics. Gillespie et al. (1966) reported that oysters maintained
in a mixture of glucose and amino acids died sooner than those without
DOM supplements, from which they incorrectly concluded that the
compounds were having a toxic effect. Finally, Stephens (1968)
incorrectly reported Gillespie et al. (1966) as having demonstrated
that additions of glucose supported some growth in Cr;ssostrea
virginica (Gmelin). However, Gillespie et al.'s data refers to wet
weight which my preliminary experiments with Mercierella showed to
increase during the initial stages of starvation (Fig. 31) whereas dry

welght decreased throughout the experimental period.

Indirect studies of the role of DOM in the nutrition of marine
invertebrates (for references see J#drgensen, 1976) have generally paid
little attention to the non—catabolic functions of these compounds. It
is misleading to consider the total uptake in terms of its potential
contribution to the organism's immediate metabolic energy requirement,
when there is every reason to expect them to enter anabolic and, in
the case of certain amino acids, osmorequlatory processes, in addition
to whatever involvemenf they might have in the catabolic reactions.
Thus the published estimates for the possible contribution that DOM
uptake may make to the metabolic energy requirements of various soft-—

bodied marine invertebrates, (these range from 6% to 150% (Stephens,
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19633 Shick, 1975)), are of little value when one is attempting to
determine their role in those organisms,energy budgets, unless
substantiated by data concerning the recovery of the label in the
form of 14C02° It is only that fraction of the accumulated compound
that becomes oxidised to cérbon dioxide which should be considered in
terms of a metabolic energy contribution. This method was used in

this study of the uptake of DOM by Mercierella enigmatica.

Materials and Methods

The Mercierella used in the DOM experiments‘were collected from
the Thames population at Greenhithe, Kent, in January 1276, and were
maintained in the laboratory at the appropriate acclimation temperature
for a minimum of 21 days (maximum 5 months) before thé experiments

commenced. The worms were fed twice weekly with a suspension of washed

Brachiomonas cells, however, their diet was supplemented with particles
of organic matter that became detached from.the boulders, stones, and
various debris, on which they were growing. The water in the tanks

was changed before each second, sometimes third, feed, and small amounts

of tap water were added at intervals to replace evaporative losses.

The worms were maintained in artificially aerated, diluted
Plymouth sea water, at a salinity of 15 o/oo. Aeration prevented
stagnation and the particles of food from settling out of suspension.
A temperature of 10°C was achieved using a constant temperature room,
and the 20°C animals were acclimated at room temperature. Since the
room temperature was found to display an appreciable amount of diurnal
fluctuation, the 20°C animals were kept for several days prior to the
experiments in a water bath at 20 z 0.2°C, in an attempt to counteract
the variation. A third experimental temperature of 15°C was achieved

by the use of a water bath and dip ccoler (see Section 6.4.4).
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Since it was not possible to remove entire tubes from flint
which comprised the most common type of substratum, and as the worms
are usually in close association with other tubes, resulting in their
being fused together and closely intertwined, it was necessary to use
detubed Mercierella in the majority of the experiments. In these

instances the pre-experimental treatment was as follows.

After acclimation the worms were carefully removed from their
calcareous tubes and given several rinses in clean water, to remove
adhering tube fragments and partiéles of food remaining in the branchial
crown, before transferring them to crystallising dishes containing 0.2 um
Sartorius membrane filtered water at the appropriate acclimation
temperature. The dishes were then loosely covered to:exclude dust
particles and set aside for 24 h, after which the worms were examined
for signs of damage, and any damaged individuals discarded. Healthy
Mercierella, characterised by extended crowns and responses to shadow
and touch stiﬁuli, were transferred to a solution of antibiotics,
streptomycin sulphate (50 mg 1™1) and benzylpenicillin (30 mg 1_1), in
which they remained for 24 h to reduce bacterial contamination, a
preliminary experiment (Section 6.5) having shown that these antibiotics
are effective in reducing bacterial activity without modifyingAthe
worm's respiration rate. Following the decontamination treatment, and
several rinses in filtered water to remove traces of antibiotics
adhering to the body surfaces, the worms were ready for experimentation.
To avoid damaging their external surfaces, the worms were manipulated

in drops of water between blunt forceps.

Glass, screw-top, liquid scintillation vials were used as
experimental vessels. Working strength solutions of radioactive
glucose, or glycine, were made up no more than 1 h before the

experiments commenced, to reduce the possibility of error resulting
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from bacterial activity. Measured aliquots of the labelled compounds
were added to precisely determined volumes of filtered, diluted sea
water, and thoroughly mixed before being dispensed into the
experimental vials. The experiments were carried out at the
appropriate acclimation temperature, and sufficient time was allowed
for the radioactively labelled solution to equilibrate with the

temperature of the water bath, before the worms were introduced.

Single worms were incubated in 2 ml aliquots of the experimental
medium, and when small groups were used 2 ml of solution was:allowed
per individual. No antibiotics were used in the incubation media to
minimise the number of variables, and controls for bacterial

catabolism were used.

At the end of the incubation period, the worms were rinsed free
of surface contamination in several changes of filtered water, blotted
dry on a paper tissue and weighed to the nearest 0.0l mg on a Cahn RTL
Electrobalance. 0.1 ml samples of the experimental media were removed
for counting immediately before and after the incubation period. The .
radioactivity which entered the worms was treated as three séparate
fractions of the total uptake: the ethanol soluble fraction; the ethanol

insoluble fraction; and the fraction recovered as 14CO which represents

21
that part of total uptake that was catabolised, presumably to supply

energy for the worm's immediate metabolic needs.

The ethanol soluble fraction was extracted from the individual
somas during one or two 24 h periods spent in separate O.1 ml volumes
of 80% ethanol. The extracted somas were given a 5 s rinse in clean
ethanol before they were transferred to individual vials containing
0.2 ml of 1.0 M Hyamine hydroxide (Koch-~Light). The alumihiﬁm cap

liners were replaced with polythene to prevent the loss of volatile
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label during the digestion of the tissues; a process that normally
took from 43 to 72 h at 50°C. In some instances, the ethanol
extraction was omitted and the somas were transferred directly to

Hyamine hydroxide.

The radioactivity released as 14CO2 during the incubation periods
was collected for counting in the following way. The worms were
incubated in vials with polythene cap liners to prevent the loss of
label. After the worms were removed from the vials, a small glass
tube, sealed at one end and containing a Whatman no. 40 filter paper
wick impregnated with 0.2 ml of Hyamine hydroxide, was suspended by a
length of cotton thread over the surface of the medium, to which
sufficient 30% sulphuric acid was added to make a 3% :solution. The
vials were then sealed and set aside for 24 h, sufficient time for the
respired 14CO2 to be absorbed by the alkali on the wick, which was then
removed for counting. The 0.1 ml samp1e§ of the medium were removed
after the acidification treatment to avoid counting the hydrated 14CO

2

together with the residual compound. The medium samples were corrected
for the volume of the acid. Control vials, lacking Mercierella were
incubated and then acidified, and the measured radioactivity used to

correct the experimental values for bacterial catabolisme.

The scintillation fluor used was toluene and Triton X-100 (Koch-
Light) 3 : 1 by volume, containing 4 g of 2,5 Diéhenyloxazole (PPO) and
0.3 g of 1,4-Di~-(2-(5-phenyloxazolyl))-benzene (POPOP) per litre
(Cooksey, 1972). From 5 to 8 ml of this solution was added to each
sample, plus 2 ml of 80% ethanol in the case of the medium samples to
produce a clear solution. Samples containing Hyamine hydroxide were
dark equilibrated for 48 h before counting to avoid chemiluminescence

€rrore
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14C labelled glucose and glycine were purchased from the

Radiochemical Centre, Amersham. The 14C—D-glucose(U) had a specific

activity of 317 mCi mmol-l, and the 14C—glycine(U) 112 mCi mmol .

14C activity was counted in a Packard model 2003 liquid

scintillation spectrometer for 1 min. The samples containing Hyamine
hydroxide were counted twice at an interval of about 1 h as a check for
chemiluminescence. Due to the high levels of radioactivity in the
samples, a single count was sufficient to give an accurate indication
of the amount of radiocactivity present. The results were corrected by

the channels ratio method (e.g. Dyer, 1974).

The influence of antibiotics and the calcareous tube on the uptake

rate of 14C—g1ycine

Introduction

The outside of the tube is commonly colonised by a variety of
organisms including bryozoans and algae, that enrich the organic matter
and silt trapped in the surface irregularities with the particulate
by-products of their metabolism, and in time with their decaying
tissues. The organic component supports a considerable bacterial flora
which represents a potential source of error in the DOM investigations,
since heterotrophic micro-organisms are of major importance in
metabolising and recycling the DOM in sea water (see Jdrgensen, 1976;

Williams et al., 1976).

The inner wall of an intact tube is unlikely to support a large
population of organisms because the mucous secretion that lines its
surface contains protease enzymes (Zottoli & Carriker, 1974). Should
the tube become damaged however, as a result of abrasion or erosion by

water action, as commonly happens to the older portions (Straughan, 1972)
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detrital material soon accumulates thus producing a suitable site

for microbial colonisation. In addition, the chitinous opercular
spines trap quantities of organic debris (Fig. 3A) whose thriving
bacterial populations attract considerable numbers of ciliates.
McIntosh (1926) observed this phenomenon and suggested that many of
the organisms which live amongst the debris may be carried into the
mouth by the ciliary currents of the branchial crown, thereby inferring
that the complex defense structures on the §istal surfaces of serpulid
opercula serve a feeding function. Whereas McIntosh exaggerated

their nutritional role, these do harbour an appreciable number of

organisms which could seriously affect the results of DOM studies.

In addition to its endo.and epi~-fauna and flora, Mercierella's
calcareous tube is potentially a barrier to the uptake of DOM, due to
its impermeability and because only the anterior end of the worm
extends beyond its confines. Little and.Gupta (1969) have reported a

significant increase in the rate of phenylalanine uptake by the

pogonophore, Siboglinum ekmani Jﬁgersten)following detubing, even

though in this case the tube proved to be permeable to this amino acid.
It can be appreciated that since numerous organismé are commonly

associated with the tube, it is desirable to use detubed animals in

the DOM investigations. However, to help transfer the data to

environmental conditions it is essential to determiné the influence of -

the tube itself on the accumulation of dissolved organic compounds,

and also the effect of pretreatment with antibiotics on the uptake

mechanism. For without this information it would be impossible to

assess whether the subsequent results are physiologically and

ecologically valid.
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Materials and Methods

Thirty-six Mercierella, acclimated to 15°C, were removed intact
from chalk béulders. The outer surfaces of the tubes were scraped
clean of encrusting organisms, detrital material, and fragments of
substratum followed by several rinses in clean water, before they were
transferred to finger bhowls containing clean water. All specimens
exhibited normal activity within a few minutes, indicating that they

had suffered no ill effects as a result of the cleansing treatment.

After 24 h, the worms were separated by eye into four groups with
similar size distributions. Two groups were detubed, and one of these
together with a group of tubed animals were placed in a bath of
filtered water containing the antibiotics, streptomycin sulphate
(50 mg 1_1) and benzylpenicillin (30 mg 1_1) (Marshall & Orr, 1955).

The two groups of worms were treated in the solution of antibiotics
for 24 h; the remaining groups were incubated for 24 h in filtered water

lacking antibiotics.

To investigate the effect of antibiotics on the uptake mechanism,
it was necessary to ensure that the body surfaces of the worms were
first free of all micro-organisms. It was therefore necessary to
assume that the rinsing treatment was sufficient to remove any debris
adhering to the crown and operculum, and any organisms associated with
the integument. It is unlikely that the general body surface wou;d
support a large microbial population, because it is normally covered
with a mucous secretion which apart from being of low nutritional value,
has been shown in some serpulid species to contain protease enzymes
(Zottoli & Carriker, 1974). It is possible, however, that some of the

organic matter associated with the operculum may not have been removed
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by the rinsing treatment, so this has to be considered as a potential

source of error in this investigation.

Following the antibiotic treatment, the worms were rinsed in
several changes of filtered water, after which they were transferred
as groups of 3 individuals to 6 ml aliquots of filtered water
contalning 14C—glycine, at a concentration of 1.0 1M 1-1, in which
they were incubated for 1 h. The experimental vials were shrouded
with black polythene to exclude light and possible disturbances

were avoided during the incubation period.

At the end of the incubation period, the worms were rinsed free
of radioactivity adhering to their body surfaces and the tubedspecimens
were carefully detubed, taking care to retain the tubé fragments for
counting. After blotting with paper tissue, the worms were individually
weighed, before extracting for 24 h in 80% ethanol, followed by
digestion in Hyamine hydroxide. The tube fragments were rinsed for
5 s in distilled water to reduce salt error, before they were air dried
to constant weight on tared aluminium foil trays. After weighing to
the nearest 0.1 mg on a Cahn RTL Electro-balance, the radioactivity
adhering to the individual tubes was extracted in 0.2 ml of Hyamine

hydroxide, at 50°C for 48 he

All samples were corrected for background activity, 23 - 32
disintegrations per minute (d.p.m.). Counting efficiencies were
54 - 67% for the medium samples; 66 - 68% for the ethanol extracts;

and 63 - 70% for tﬁe Hyamine digests and extractse.
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Table 12, The uptake rates of 1uC—glycine from a 1.0 puM 1_1 solution

after the four experimental treatments.

Treatment Number of Mean uptake rate ¥ s.p.
determinations (x ‘101+ d.p.me indv.-1 h'1)

Tubed with 9 - 3,86 ¥ o.28
antibiotics

Tubed without 9 3,62 Toouy
antibiotics

Tubeless with 9 3.59 g
antibiotics

Tubeless without 9 3,72 ¥ .07

antibiotics
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Results

The estimated initial concentratiohs of labelled glycine for
the four treatments : tubed with antibiotics; tubedwithout antibiotics;
detubed with antibiotics; and detubed without antibiotics, were
respectively, 1.15 = 0.15 (S.D.), 1.24 £ 0.19, 1.02 £ 0.1, and 1.07
I 0.07 M 1—1(each value is based on 3 separate determinations). At
the end of the 1 h incubation period, the levels of radicactivity in
the experimental vials were reduced by the following amounts:

20 2 9.9%; 24.4 £ 9.3%; 19.4 L 12.8%; and 19.1 % 10.5%, respectively.
Since there is no significant difference between the 4 treatments as
to the amounts of radioactivity removed, no correction was made to the
uptake rates for the change in the ambient 14C-glycing concentration

during the incubation period.

The radioactivity in the ethanol extract and Hyamine digest were

combined to give the net uptake of radiocactivity individual_l h—l, i.e.
minus the amount catabolised during the incubation period, and the

individual uptake values were corrected for weight, using the formula:
d.p.m. indv."1 h-1

0.67 ' assuming uptake and weight are related in the form,
weight °

uptake = wa, where k is a constant, W is weight, and a is the slope of

the line relating uptake and weight, namely 0.67 (see Section 4.5.4).

Statistical comparison of the mean uptake rates for the four
experimental treatments (Table 12), using Student's t-test, showed no
significant difference between the rates of 14C—glycine accumulation
by the tubed and détubed Mercierella, with or without the pretreatment
with antibiotics (P = 2 0.05). The standard deviations indicate that
although there is considerable variability within each treatment, there

is,howevery significantly less variation in the results for tubeless

worms (F-test : P = < 0.05).



The amounts of radiation recorded from the decontaminated and
non-decontaminated tubes are 8 = 3 d.p.m. mg—l dry weight, and
1 216 I 369 d.p.m. mg»l dry weight, respectively. This indicates that
the vast majority of the radiocactivity recorded from the tubes was due
to microbial activity and only a relatively small quantity was due to

adsorption and capillarity.

4.3.4 Discussion

Pretreatment with antibiotics éppears to have no effect on the
DOM uptake mechanisme. Furthermore, there is no evidence to suggest
the presence of appreciable numbers of micro-organisms on the external
surfaces of the cleansed worms. However, in view of the organic matter
commonly associated with the operculum, and the possibility of
contamination with gut flora, it was decided in subsequent experiments

to pretreat the worms with antibiotics.

In contrast to the findings of Little and Gupta (1969), detubing
has no significant effect on the mean rate of amino acid accumulation.
This suggests that the branchial crown is the major uptake site. The
crown is structurally suited for this purpose due to its relatively
large surface area, rich vascular supply (Section 6.3.3), and abundant
cilia which promote a rapid flow of medium across its surface. Although
there is a circulation of water around the body of the worm at all times,
except when the operculum is tightly closed, this volume is relatively

small compared with the amount coming into contact with the extended

crowne.

Although there is no significant difference between the mean
uptake rates for the four groups, the individual uptake rates for the

tubed worms exhibit far greater variation when compared with the values
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for detubed animals. There is proabably a behavioural explanation

for this apparent anomaly.

The results of the activity studies (Section 3.5) show that
feeding is a discontinuous process. During periods of inactivity
when the crown is withdrawn inside the tube, the latter forms a
barrier to the accumulation of DOM, which is further reduced by the
concomitant cessation of blood flow to the crown (Section 6.1). This
may provide an explanation for the low uptake values obtained for
some of the tubed worms. Furthermore, since detubed animals are
deprived of this behavioural versatility it would, in part, account

for the smaller variation in the values obtained for these animalse.

The higher rates of glycine accumulation by som; of the tubed
Mercierella may have been due to their ability to ingest the mucus
produced by the branchial crown. In contrast, detubed worms are
incapable of ingesting the mucous strings produced by the crown
(Hall, 1954). These subsequently build up as a plug in the centre of
the crown, effectively ligaturing the anterior of the worm. The
adsorption of DOM to mucus was suggested by Collier et al. (1953) in
connection with glucose accumulation by bivalve molluscs, and Stephens
and Schinske (1961) described it as a possible mechanism of amino acid
uptake in marine invertebrates. Stephens (1962a) demonstrated that

A .
1“C—glucose will bind to mucus secreted by the solitary coral,

Fungia scutaria. Tubed Mercierella therefore have a mechanism for the

accumulation of DOM that is not available to detubed specimense.

In the absence of @vidence to suggest that pretreatment with
antibiotics, or removal from the calcareous tube, have a significant
effect oﬂ the mean uptake rate of 14C—glycine by Mercierella, these
manipulations need not be regarded as potential sources of error in

subsequent DOM uptake experimentse.
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4.,4.1

4,4.2

4'4-3

The effect of time on 14C-g;ygine uptake

Introduction

The results of investigations carried o;t on a variety of marine
invertebrates have shown a linear relationship between the accumulatiqn
of DO and the incubation time, during experimental time periods ranging
from 180 seconds (Wright et al. 1975), to 30 minutes or longer (Stephens,
1963; Southward & Southward, 1970; Shick, 1975). It is important to
establish what relationship exists bétween the accumulation of dissolved
nutrients and time, since this has a bearing on their potential
contribution to Mercierella's energy budget. Furthermore, the resglts
of this investigation will determine the length of the incubation

periods used in subsequent experiments.

Materials and Methods

Six groups, comﬁosed of 4 — 5 worms acclimated to 20°C, selected
by eye as having similar size distributions, were exposed to a

14C—glycine solution (c. 2.0 uM 1-1) for the following periods of time :

5, 15, 30, 60, 90 and 120 min. Following incubation, the somas were
digested with Hyamine hydroxide, and the medium was acidified to drive
off the 14CO2 which was then collected on alkali wicks. The lﬁcoz

results were corrected for bacterial catabolism.

Background amounted to 23 - 35 d.p.m. Counting efficiencies were
53 = 57% for the medium samples, 48 — 50% for the Hyamine digests, and

57 - 58% for the respired radioactivity.

Results

The initial 14C-—glycine concentration in the incubation medium

was 2.19 uM 1"1 (the mean of two determinations that differed by less
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Table 13. Summary of the results of the 14C-glycine uptake as a

function of time investigation.

Mean wet Standard Number of Exposure Animal 14002
weight of deviation worms time activity

group (min) (x 10° d.pem.)
5.46 I oz 5 5 4.95 0,09
5.72 T o307 5 15 8.15 0.25
5.4% I oo 5 30 13,47 0.51
5.56 R W 5 €0 21.96 1.45
"6.64 I s.57 4 90 26.01 3.4
5.19 I oo 5 120 31.91 4,68

.

*
The 90 min group had a somewhat different size distribution to the

rest but a similar total wet weight of tissue.




than 5%). The bacterial controls amounted to less than 1% of the

animal respiration after 1 h.

The experimental results are summarised in Table 13. Both the
amount of radioactivity accumulated in the body and the respired
activity increased as functions of the incubation time. After 120 min,
the animals contained 6x the amount of radiocactivity accumulated in
the first 5 min, and during the same period they respired almost 49x

the amount catabolised during the initial period.

Fig. 32 shows the time course of 14C—glycine incorporation into
the animal (radioactivity in the Hyamine hydroxide digest) and respired
activity fractions. Although the total activity (Hyamine hydroxide
digest plus respired fractions) continued to increase:throughout the
120 min exposure period, there was a reduction in its rate of
incorporation into the animal fraction after 30 min, resulting in this
fraction containing 87% of the total uptake after 120 min, compared
with 98% after S min. 1In contrast, the respired activity showed a
marked increase after 30 min. This probably reflects the time lag

between absorption of 14C—glycine and its catabolism to 14COZ.

Fige 33 shows the concentration factor, expressed as a fraction
of the incubation time; The concentration factor is the ratio of the
de.pe.m. mg'_1 of worm to d.p.m. pl—l of medium. Total uptake (animal
activity plus respired activity) was used in the calculation. There
is a linear relationship between the total uptake and time for at least
60 min. However, this was followed by an apparent reduction in the rate
of 14C—glycine accumulation, which resulted in the concentration factor
after 120 min being only 84% of the value predicted from the results

for the first 60 mine.
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Fig. 32. Time course of 140—g1ycine incorporation into the animal
(radiocactivity recovered from the worm tissues) and respired
activity fractions., The initial ambient concentrstion was

2 pM 1_1, and each point is based upon the total uptake

of four or five arimals,

Fig. 33. Relationehip of total uptake (animal activity plus respired
~activity), expressed as a concentration factor (the ratio
of the d.p.m. mg-1 of worm to d.p.me. nl-1 of medium), to

time of exposure., The regression line was fitted by eye

estimation.
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During the 120 min incubation period, the radiocactivity in the
medium was rapidly depleted (Fig. 34), so the apparent reduction in
the rate of uptake could have resulted from the effect of a declining
ambient 14C—-glycine concentration on the accumulation processes
(Section 4.6). However, when a correction is applied to the total
uptake values for each of the incubation periods, based on the
percentage recovery of radioactivity from the animals, the respired
fraction and the ambient medium, the calculated uptake values remained
linear for at least 90 min (Fig. 34, predicted values). This indicates
that the apparent reduction could have resulted from a progressively
greater proportion of the accumulated label entering a fraction that
was less effectively determined. Since a progressively greater
proportion of the label was entering the 14CO2 fractién, which because
of its volatile nature is the most likely component to be underestimated,

this has to be considered as at least a partial explanation for the

apparent reduction in 14C—glycine accumulation after 60 min.

4,4,4 Discussion
ks

The results of this experiment show that the accumulation of
4C—glycine by Mercierella is linear against time for a minimum of
60 min, and is therefore in accordance with the reported relationship
for a variety of other soft-bodied marine invertebrates, including
bivalve mollusc tissues, cnidaria, and pogonophores. This suggests
that the uptake of dissolved nutrients by Mercierella is continuous,
thereby conferring the process with the potential for being a

\

supplementary nutritional mechanism.

The positive shift of the extrapolated line (Fig. 33) away
from the origin toward a positive intercept on the ordinate, may

have been due to a more rapid initial uptake rate. This phenomenon
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Fig. 34. The depletion of radioactivity in the incubation medium

by five M. enigmatica. The left ordinate is the amount

of radioactivity remaining in the medium; the right
ordinate is the amount of radiocactivity absorbed by

the worms.
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was also observed in a preliminary experiment using groups of smaller

animals (2.3 X 1.4 mg wetweight).

Shick (1975) showed a linear uptake of 14C—glycine by Aurelia
aurita (L.) syphistomae, for at least 120 min, in which there was an
initially higher rate of accumulation during the first 5 min.
Stephens (1963) presented 14C--glycine uptake data for the bamboo

worm, Clymenella torqpata,to support his claim that accumulation was

linear against time for the first 30 min. However, Stephens' data
ar¢ more suggestive of a curvilinear relationship with a positive
intercept with the ordinate, thus implying a higher initial rate

of uptake. In contrast, Wright et al.(1975) showed a linear
relationship for 14C—cycloleucine uptake by the isolated gill tissues

of the mussel, Mytilus californianus Conrad, in which the extrapolated

line intercepted the origin. Apart from their use of isolated organs,
rather than whole animals, Wright et al.'s experiments were carried

out using much shorter exposure times (15 - 180 s).

This difference between the results of the short-term and long-
term experiments may be due to some intrinsic property of the uptake
mechanism. However, an alternative explanation for the failure of the
extrapolated line to intercept with the ordinate, is the adsorption
of some of the labelled compound to the mucous secretions on the
external surfaces of the body, which is supported by the results of
the previous experiment (Section 4.3.4), and the findings of

Stephens (1962a).

’
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4.5 The effect of body size on 14C-g1ycine uptake

4,5.1 Introduction

Due to the natural size variation within the population
(Section 8.1), it was necessary to use worms of a range of sizes in
the experiments. Attempts at selecting animals of a similar size
were usually prevented by the difficulty in obtaining accurate
measurements of the lengths of tubes that were intertwined with others
(Section 8.1.3). Furthermore, the détubing of a large number of
individuals in order to obtain a sufficient quantity of similar sized
animals for experimental purposes would have resulted in a
considerable wastage, due to their subsequent inability to feed on

particulate matter. :

It has been generally observed that body size has a significant
effect on a variety of physiological processes (e.g. Zeuthen, 1953;
Hemmingsen, 1950, 1960; Dejours, 1975; Schmidt-Nielsen, 1975}, including
the accumulation of amino acids by polychaete worms (e.g. Stephens,
1963, 1964; Reish & Stephens, 1969). It was therefore important to 1
determine the relationship between body size and uptake of DOM by
Mercierella, so that this could be taken into account when analysing

accumulation data with respect to other variables.

4,5.2 Materials and Methods

Mercierella, acclimated to 15°C and representing the full sample
size range, were incubated for 1 h, in a 14C—-glycine solution with an
initial concentration of 1.88 uM 1_1 (mean of two determinations). A
1 h incubation period was chosen because 14C—glycine uptake is linear

for a minimum of 60 min (Section 4.4.3).
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Fig. 35. The rate of uptake of 14C—g1ycine expressed as a function
of wet weight, from an initial 1abelled concentration of

Ce 1.9 M 1.,

Fig. 36. The specific rate of 1AC~glycine uptake (mg—q) expressed
as a function of wet weight. Experiment carried out at

15°¢.



- 169 -

1

1 1

++

- W0
=14
e

o]

E

)

L

2

Q

3

-

2
- 0
(=}

[Te}

(M,

< (3]
‘Aput wrdp 0L X ) 3el

~N

dn

q d

Il

15

1
10
Wet weight (mg)

1
5

10

-
5
0 o
o o

(,-4,.bw .E.Q.Umo_xv a»jeidn

0754




4.,5.3

4.5.4

Following the incubation period, the worms were extracted
individually in O.1 ml volumes of 80% ethanol for 24 h, before the
somas were digested with O.2 ml of Hyamine hydroxide. These values
were combined to give the net uptake of radicactivity, no attempt
was made to measure the radioactivity that was lost from the worms

14

as C02.

Counting efficiencies were : 64 - 69% for the ethanol extracts;

62 - 66% for the Hyamine digests; and 55 — 67% for the medium samples.

Background amounted to 23 - 35 d.p.m.

Results

Fig. 35 shows the individual net uptake values expressed as a
function of wet weight. Despite the considerable variability in these
data, it is evident that there is a positive relationship between the
rate of 1I;C—glycine uptake and body size, with the largest worms
accumulating c. 2.5x the amount absorbed by the smallest individuals.
There is however a reduction in the specific uptake rate (per unit
weight) with increasing size. Fig. 36, in which the specific rate of |,
14C—glycine accumulation is expressed as a function of wet weight,

demonstrates this more clearly. The smaller worms have specific uptake

rates more than two times greater than those of the larger animals.

Discussion

The results show that 14C—glycine uptake by Mercierella complies
with the generally observed relationship between the rates of
physiological processes and body size. The smaller worms having higher

specific accumulation rates when compared with larger animalse.
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Table 14. The slopes of the regression lines for the log of rate of

140-—glycine uptake expressed as a function of the log of wet weight,

at three ambient concentrations.

Initial Number of Slope Correlation P
concentration measurements a coefficient
(M 1—1) r
0.91 8 0.6 - 0,84 <0.01
1.88 12 0.59 0.81 <0.01

' 9.9k 8 0.59 0.92 <0.01
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Stephens (1963) showed that the relationship between the rate
of amino acid accumulation and wet weight of the bamboo worm,

Clymenella torquata, could be described by the equation, uptake = kwa,

where k and a are constants, and W is the wet weight. The values of
a and k are obtained from a regression line calculated for the
logarithm of the accumulated radioactivity expressed as a function of
the logarithm of wet weight. The slope of this line is equivalent

to the value of a, and the intercept to that of k.

Table 14 shows the values of a at three different medium
concentrations; for further details of the method see Section 4.6.
There is a highly significant correlation between the 14C—glycine
accumulation rate and body size at all three ambient concentrations.
These experimentally derived values for a are in fair agreement wit
the expected 0.67, should there be a surface relationship between the
two parameters (see any general textbook of.animal physiology, e.g.
Schmidt-Nielsen, 1975). This seems to be a reasonable assumption in

view of the unequivocal evidence supporting an integumentary transport

mechanism (Section 4.3.4). ’

For ease of calculation, an exponent of 0.67 was used in the

uptake indv.”t

weighto'67

formula, weight corrected 14C-—glycine uptake rate =

Reish and Stephens (1969), reported a similar surface relationship
between the rate of 14C—glycine accumulation and wet weight of the

polychaete, Neanthes arenaceodentata (Moore).

4.6 The effect of the ambient concentration on 14C-glycine uptake

4,6,1 Introduction

This investigation was carried out to determine the effect of the

ambient 14C—glycine concentration on the accumulation rate. Since
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Stephens (1962a) suggested that the relationship between the uptake

rate of 14C-glucose by Fungia scutaria and the surrounding concentration

could be formally treated like an enzyme-catalyzed reaction, it has
been general practice to describe the uptake process in terms of the
Michaelis-Menten, or Briggs-Haldane equation. Although the generally
observed relationship has saturation kinetics similar to enzyme
catalyzed reactions, it remains to be demonstrated that the process is
enzyme mediated. With this reservation, the expression of this
relationship in Michaelis-Menten terms, Vmax, the maximum attainable
rate of reaction (uptake), and Km, the Michaelis-Menten constant or
the substrate concentration at which the rate of uptake is half the
maximum, provides a useful means of comparison with the uptake

processes of other organisms.

Materials and Methods

Groups of 4 - 5 Mercierella, acclimated to 15°C, were incubated
for 1 h in 10 ml1 aliquots of the following 14C—glycine concentrations,

0.54, 0.91, 1.88, and 9.94 uM 1L,

After the incubation period, the worms were extracted individually
in 0.1 ml volumes of 80% ethanol for 24 h, before digesting with 0.2 ml
volumes of Hyamine hydroxide. No measurements were made of the
radioactivity in respired COZ’ consequently the individual values

represent the net uptake of 14C—glycine.

Counting efficiencies were 64 - 69% for the ethanol extracts,
62 ~ 66% (with a single value of 73%) for the Hyamine hydroxide digests,
and 53 - 67% for the medium samples. Background amounted to 23 - 35

d.p-m.
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Fig. 37. The relationship between the rate of 1AC—g1ycine uptake
and wet weight at four medium concentrations. The figures
refer to the initial, ambient, labelled concentration, in

M 17T,
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2.6.3 Results

Fig. 37 shows the relationship between the rate of 14C—glycine
uptake and weight at four medium concentrations. With the exception
of the lowest concentration, there is a marked similarity in the
relationships between the two parameters. However, since the
correlation coefficient for the lowest concentration was not significant
(r = 0.75; P => 0.l1) for an N value of just 5 worms, which contrasts
with the highly significant relationships at the three higher
concentrations (Table 14), the difference in slope probably has no

biological significance.

Whilst the effect of raising the ambient 14C—glycine concentration
is to increase the rate of accumulation, the uptake mechanism exhibits
a tendency to become saturated at the highest ambient concentration.
To make this clearer, the accumulation of radioactivity by a worm of
3.0 mg wet weight was plotted as a function of the initial ambient
concentration (Fig.38). It is eviden£ that a limit to the accumulation
rate is approached at the highest concentration, 9.94 uM 171, This
is in accordance with the relationship between the uptake of DOM and '
the ambient concentration, reported for a varlety of other marine
invertebrates, (e.g. Stephens, 1964; Southward & Southward, 1970;
Wright, Johnson & Crowe, 1975; for further references see the

comprehensive review by J#rgensen, 1976), and indicates that the

transport mechanism has a restricted transport capacity.

4.6.4 Discussion

The relationship between 14C—glycine uptake by Mercierella and

the concentration in the medium takes the form of a rectangular

hyperbola, since the uptake rate does not increase linearly with
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Fig. 38. Relationship of the rate of uptake of 140—glycine to
ambient concentration. Each point is the mean value

for an individual M., enigmatica of 3.0 mg wet weight.

The vertical lines show one standard deviation on

each side of the mean,
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increases in the ambient concentration, rising sharply at low
concentrations, followed by a progressive decrease in slope to the

highest concentration.

For ease of comparison with the data from other species, the

relationship is expressed in terms of the Michaelis-Menten equation:

Vmax. X

U= ~ 1 KO where U is the initial uptake rate, Vmax is the maximum

attainable uptake rate, x is the concentration of the compound in

solution, and Kt is a modified form of the constant, Km, and refers

to the value of x where U = Vmgx. The Michaelis-Menten constant Km

should be reserved for enzyme reactions (see Southward & Southward,

1972).

It has been general practice in DOM uptake studies, _ graphically to
determine the values of Vmax and Kt from a reciprocal transformation

(Lineweaver-Burke plot) of the uptake versus concentration data. This

' t
involves transposing the equation to the form _1 - X+ Kt K

Vmax  Vmaxex Vmax — x’

. 1 1 . . . Kt
1 = i = i =5
and plotting g against  which gives a straight line of slope Vo _and
intercept Vrax * Although the equation in this form provides a simple

‘

method for the determination of the constants, there is the disadvantage
that disproportionate emphasis is placed on the rate of uptake at the
lower medium concentrations, thus yielding unreliable kinetic parameters

(Neame & Richards, 1972).

Following the example set by Neame and Richards, a linear
transformation of the Michaelis-Menten equation was applied to the
uptake data for Mercierella. This method does not distort the
relationship in any way. Fig. 39 shows how the Vmax and Kt values
were determined by plotting %:against x (Woolf plot). The relationship

between the two parameters is highly significant (r = 0.99, P = <0.0l).
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Fig. 9.

14C-glycine accumulation data presented in a linear
transformation of the Michaelis-Menten equation
(Woolf plot). The abscissal intercept is equivalent

to -Kt, and the slope of the line to 1 .« The
Vinax '
regression line was fitted by the method of least

squares, T = 0.99, ¢ = 0.44 + 0.29X. Kt = 1.55 pM 1-1

Vmax = 3.4 x 10° d.p.me indv.-1 h—1.

-
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The slope of the regression line, calculated by the method of least

squares, is equivalent to Vﬁ%; , and the abscissal intercept to -Kt.

Table 15 shows the amino acid transport constants for several
polychaete species, including errant and sedentary forms. Although
it is evident that there is considerable variation in the Vmax and Kt

values, in general the systems appear to have low transport capacities.

Mercierella appears to have the lowest Kt value, which is only

approached by the values reported for Nereis diversicolor, which is

commonly found in association with Mercierella clumps at Greenhithe.
In contrast, Clymenella, the only. strictly burrowing species mentioned,
has the highest transport constants, whereas the nereids which divide -
their time between a sedentary and errant existence have intermediate

Kt valuese.

The reported Kt values are high, when compared with the amino
acid levels in sea water (for references see Southward & Southward, 1972;

and the critical review by Jgrgensen, 1976). The amino acid

1

concentration in unpolluted oceanic sea water seldom exceeds 1.0 uM 1 ,

although the usual amoﬁnt present in coastal waters is several times
greater. Stephens (1962b, 1975a,b, and personal communication, 1975)
recognised the apparent discrepancy between the transport cosstants of
marine invertebrates, and the natural levels of DOM, and has carried

out a series of investigations of the naturally occurring concentrations
in the interstitial water surrounding the burrows of tubicolous
polychaetes. Stephens has found that these are considerably more in
accordance with the measured trahsport constants. This suggests that

the Kt values for the polychaete exahples quoted above, may be indicative

of the natural environmental concentrations to which the worms are

normally exposede.
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Table 15. Amino acid transport constants for several polychaetes.

Species Compound Vmax Kt Reference
(i gn™) (i)

Clymenella Lysine 3.64 120 Stephens (1963)
torquata Valine 4, 25 270

Glycine 10.35 200

Phenyl- 3.53 50

alanine .
Mercierella Glycine 0.46 1.55
eniggatica
Nereis Mixed 0.08 - 0.21 1.6 - 14 Southward &
diversicolor amino ‘Southward (1972)

]

M&ller acids
Nereis Glycine 0.12 37.5 Stephens (1964)
limnicola
Johnson
Nereis Glycine 1.4k 168.5 " "
succinea

Frey & Leuckart

Nereis Glutamic 0.2 43,5 Taylor (1969)
virens acid

Sars
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Stephens (quoted in Wright et al. 1975) has suggested that there
is a selective advantage for the transport mechanism to be synchronised
with the naturally occurring levels of DOM. This is supported by
Southward and Southward's (1972) observation that a variety of
transport systems, including those of pogonophores and the vertebrate
gut, are adapted to operate at the naturally occurring concentrations
of dissolved nutrients. Mercierella, whose transport system appears
to be adapted to function at the lowest ambient concentration, which
incidentally is in accordance with the expected glycine level in the
organically polluted estuary, is the only member of the group of worms
presented in Table 15, in which the body is not exposed for at least
part of the time to direct contact with the interstitial water

surrounding the particles of sediment.

Further evidence for the postulated relationship between the
transport kinetics and the natural environmental concentration is
provided by the results of Stephens' (1975b) study of primary amine

accumulation by the sedentary Capitella capitata (Fabricius) and

Nereis diversicolor. Stephens found that in contrast to the uptake

of glycine which is similar in both worms (expressed as uM gh-l), the
rates of accumulation of glutamate and aspartate by Capitella are an
order of magnitude higher than those of Nereis from an ambient
concentration of 50 uM 1_1. Furthermore, the average hourly influx

of total primary amines is about a third higher in the case of
Capitella. The similar values for glycine accumulation by these two
worms show that the differences in uptake are not due to size, the
éagitella used in these experiments were less than one tenth the weight
of the Nereis, but instead are related to the natural environmental

concentrations to which these animals are normally exposed.
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In addition to the effect of concentration on the uptake of
DOM, it is interesting to note that Mercierella appears to have a

higher rate of accumulation than is reported for N. diversicolor, which

could be related to their dissimilar body forms. Mercierella with its
finely divided branchial crown, has a relatively greater surface area,
than has the more vermiform Nereis. However, since these investigations
were carried out with different compounds and under different
experimental conditions, the cause of the observed difference awaits

unequivocal verification.

The effect of temperature on 14C-g1ycine uptake

Introduction

Since the uptake process has saturation kinetic; similar to an
enzyme catalyzed reaction (Section 4.6.4), an investigation of the
effect of temperature on the accumulation rate seems a natural sequel.
Compared with what is known about the effect of concentration, there
are surprisingly few accounts dealing with temperature (Stephens, 1962a,
1962c; Reish & Stephens, 1963; Stephens, 1975a; Shick, 1975),

especially since the majority of the DOM investigations have concerned

eurythermal organisms.

In the Thames estuary, Mercierella experiences diurnal and
annual fluctuations in temperature (Section 2.3.4), which have been
shown to have a major influence on its particulate feeding rate
(Section 3.4), growth rate (Section 8.1.3), reproduction (Section 8.2.4),
and respiration rate (Section 6.7). It is important,therefore, to
determine the effect of temperature on the uptake process, because a
proper evaluation of its potential nutritional contribution cannot be
made until an investigation of the effects of the various environmental

factors has been carried oute.
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£.7.2 Materials and Methods

Two groups of 10 Mercierella (0.67 - 14.1 mg wet wt.), acclimated
to winter and summer water temperatures for Greenhithe (10°C and 20°C),
were exposed for 1 h to a 6.4 uM l-1 14C—glycine solution at the

appropriate acclimation temperature.

After the incubation period, the worms were extracted individually
in 0.1 ml1 of B80O% ethanol for 24 h, before digesting in 0.2 ml of
Hyamine hydroxide. WNo attempt was made to determine the amounts of
radicactivity in respired CO

>° The radioactivity measurements for each

worm were combined to give the net uptake of 14C—glycine per hour.

Counting efficiencies were 64 - 67% for the ethanol extracts;
55 - 63% for the Hyamine hydroxide digests; and 57 - 56% for the

medium samples. Background amounted to 24 - 35 d.p.me

£.7.3 Results

The initial 14C—glycine concentration in the medium was 6.45 uM
1-1, the mean value of two determinations that differed by less than
0.4% of this amount. Only one measurement of the final medium
concentration, for a 20°C sample was made. The percentage recovery
of radioactivity, based on this final concentration of 4.22 pM 1—1,
plus the animal (combined radioactivity in the ethanol extract and

Hyamine digest) activities, was 87%, indicating that an appreciable

4
proportion of the radioactivity had been respired as 1 COZ'

The individual results were corrected for weight using the method
described in Section 4.5.4. The mean 14C—glycine accumulation rates
at 10°C and 20°C, are presented in Table 16. The large standard

deviations indicate considerable variation in individual uptake rates
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Table 16. Weight-corrected 1“C—glycine uptake rates for M. enigmatica

acclimated to winter and summer temperatures, from an initial ambient

concentration of 6.4 pM 1-1.

Acclimation Number of Mean uptake Standard
temperature worms rate deviation
(x 10° dep.m. individual™' h~7)

10°C 10 0.96 - 0.5

20% 10 1.32 ¥ 0.58
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at the two temperatures. A comparison of these valuss using Student's
t-test, showed that there 1s no significant difference between the
individual hourly uptake rates of 14C-glycine by Mercierella at the
winter and summer temperatures. The calculated value of t, 1.5, is
somewhat less than the tabulated value at the P = O.l level of
significance. However, there is a tendency for the uptake rates at

10°C, to be lower than those at the higher temperature.

Discussion

A temperature coefficient of 1.38 for the temperature range,
10 - 20°C,demonstrates that the uptake of 14C—glycine by Mercierella is
insensitive to temperature change over the natural environmental range.
Furthermore, the lack of a significant difference between the uptake
rates at the winter and summer temperatures, indicates that in some
instances thermal compensation was complete. This deduction may be
false, however, for only one 14C-glycine-concentration‘was used. It
is possible that there may be an alteration of the slope in the
relationship relating uptake and ambient concentration (Fig. 38) in
response to a change in temperature, that could be overlooked using -
a single relatively high(S.Aﬁ,pM 1_1) glycine concentration.
Recognising this potential source of error (which seems to have been
overlooked by other authors) it was decided to limit any discussion

to the reported concentrations.

The results of the pfesent investigation are in accordance with
the responses to temperature change reported for the DOM uptake
mechanisms of several other marine invertebrates. Stephens (1962a)
reported a temperature coefficient of between 1.19 and 1.36 for the

uptake of glucose by the solitary coral, Fungia scutaria, from an
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initial concentration of about 2.0 uM 1’1, for the abnormally high
temperature range, 20 - 35°C. He also calculated a Qlo of 1.7 (5 -
25°C) for phenylalanine uptake by the maldanid polychaete, Clymenella
(Stephens, 1962c), and temperature coefficients ranging from 1.5 - 2.0
for other amino acids (unpublished data referred to by Reish &

Stephens, 1969). Stephens (1975a) also showed that Arenicola marina

(L.) exhibited little difference in amino acid uptake over a

temperature range of 10°C.

The most detailed study to date of temperature effects on the

rate of DOM uptake, is that of Shick (1975) on the accumulation of

14C—glycine by Aurelia aurita scyphistomae. Shick reported temperature
coefficients ranging from 0.8 for the temperature interval, 30 - 35°C,
to 15.9 and 5.4 for the intervals, 12 - 15°C and 15 - 20°C,

respectively. Over the intermediate range, 20 - 30°C, the Q o was

1
about 2.0. From these results, Shick concluded that the scyphistomae
were showing extreme thermal sensitivity above the lower lethal limit,
reduced sensitivity at intermediate temperatures, and insensitivity as

the incipient high lethal levelwas approached. Furthermore, he found

no difference in this relationship for starved animals.

Although there is a need for further investigation into the
effects of acute temperature fluctuations on the uptake process, it is
evident that the thermal insensitivity over Mercierella's natural
environmental range, may reflect a regulatory mechanism, analogous
to that described for the standard respiration rates of some intertidal

marine invertebrates (see Newell, 1973; Pye & Newell, 1973).

Apparent thermal insensitivity does not exclude the possibility
that the transport of DOM across Mercierella's integument is enzyme

mediated, because a number of pure isolated enzyme systems are known
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to exhibit temperature insensitive rates of catalysis at physiological
substrate concentrations (for reviews see Hochachka & Somero, 1968;

Somero & Hochachka, 1969; Somero, 1969, quoted in Pye & Newell, 1973;

Hochachka & Somero, 1973, quoted in Shick, 1975).

Although the exact nature of the transport mechanism is unknown,
there is evidence which suggests that it is not a decrease in ‘enzyme'-
substrate affinity that is causing the effect. Stephens (1962a)
reported no apparent change in the témperature coefficient when, in an
attempt to demonstrate that glucose uptake by Fungia was not limited
by diffusion, he increased the ambient concentration by about 270-fold.
This appears to indicate that it is some other factor, possibly the
amount of carrier substance or the supply of energy, that appears to be

limiting the reaction.

It is believed that a low temperature coefficient for the
standard metabolic rate of 1ntertida1»mérine invertebrates has a
considerable selective advantage, since it prevents tge rapid depletion
of the metabolic energy reserves during the period that these organisms
are exposed to high air temperatures. However, whilst the similariﬁy
of DOM uptake with respiratory phenomena is ﬁeassuring, the role of

the low temperature coefficient cannot be similarly explained.

Whilst it remains to be shown whether the uptake of DOM has any
nutritional value to Mercierella, an obvious result of the mechanism's
to}umrwahuc,
7r¢LaAﬂV0«_insensitivityA in the light of the measurements of
respiration rate (Section 6.7), is its potentially greater contribution

to the animal's energy requirement during the winter period, when the

metabolic rate is considerably reduced.
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The distribution of the radioactivity followingﬁth—glycine uptake

Introduction

In the experiments just described, the distribution of the
accumulated radioactivity within Mercierella's body was not considered.
In addition to their involvement in the anabolic and catabolic
processes, amino acids are known to play an important role in cellular
osmoregulation in brackish water and marine invertebrates (Clark, 1968a,
b; Oglesby, 1969 (a general review of polychaete osmoregulation);

Pierce & Greenberg, 1973). It is important therefore, to determine
the fate of 1uc-g1ycine following its absorption, before an attempt is

made to evaluate its possible nutritional contribution.

Materials and Methods

Two groups composed of 9@ and 10 worms, acclimated to 1500, were
incubated individually for 1 and 3 h respectively, in 2 ml of filtered
and diluted sea water containing 1“C-glycine,;at an initial
concentration of about 5.0 pM 1-1.7At the end of the incubation period,
the worms were extracted for two 24 h periods in 0.1 ml volumes of 80%
ethanol, before digesting in 0.2 ml volumes of Hyamine hydroxide. The
medium was acidified following the incubatioﬁ period, and the respired

14

002 was collected for counting.

Counting efficiences were 63 - 67% for the ethanol extracts;
61 - 6€% for the Hyamine digests; 57 - 65% for the Hyamine impregnated

wicks; and 57% for the medium samples.

Since no measurements were made of the amounts of radioactivity
remaining in the media after acidification, the quantities were

calculated by difference,



- 192 -

Fig. 40. TUptake of 14C—glycine into the ethanol soluble fraction
(EtOH soluble) from a 5.0 uM 1_1 solution, compared with
the total animal activity after 1 and 3 h exposures.

The points represent the mean values of nine 1 h, and
ten 3 h measurements; vertical bars b 1 standard error

of the mean and vertical lines ¥ 1 standard deviation.
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4,8.3. Results
The initial level of radioactivity in the medium was equivalent
to a 1“C-glycine concentration of 5.21 pM 1~ '. The amount of
radioactivity remaining in the medium at the end of the incubation
period depended on the size of the worm and the length of the exposure.
The Mercierella that were incubated for 1 h, removed on average 50%

of the label, and the 3 h worms about 75%. In no instance did an

animal remove all the 1“0— glycine from the medium.

The individual results were corrected for weight using the method
described in Section 4.5.4. Fig. 40 shows the level of radioactivity in
the ethanol soluble fraction, compared with the total animal activity
(including the respired component), after the 1 h and 7 h exposures.
The large standard deviations indicate that there is considerable
variation in the individual results. In contrast to the total animal
activity, which continued to increase throughout the 3 h incubation
period, the ethanol soluble component achieved a'steady-state condition
after an initial rapid increase during the first hour, which accounted
for 80% of the total animal activity. The reduction in the total uptake
rate after 1 h is probably due to the effect of the declining ambient

14C-glycine concentration (Section 4.6.4).

Whilst the amounts of radiocactivity incorporated into the Hyamine
digest and respired fractions continued to increase throughout the 3 h
incubation period (Fig. 41), there was a decrease in the rate at which
1hC-glycine entered the bound fraction (presumably where it is
incorporated into large non-diffusible compounds, e.g. proteins). This
decrease was accompanied by an increase in the amount of radioactivity

released as 1“C02, which probably reflects a delay between the absorption

of 1hc—glycine and its catabolic breakdown (see Section L.k.3).
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Fig. 41,

Levels of radioactivity in the Hyamine digest and respired
activity (14002) fractions after 1 and 3 h exposures to a
1hC-glycine concentration of 5.0 pM 171, The points
represent the mean values of nine 1 h and ten 3 h
measurements, vertical bars ¥ 1 standard error of the

mean and vertical lines ¥ 1 standard deviation.
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After 1 h, the Hyamine digest and respired activity fractions
contributed about 12% and 8% respectively, to the total animal
activity, whereas after 3 h, when the ethanol soluble fraction had
become reduced to 65%, these each represented 17.5%. These results
show that it was largely the incorporation of radioactivity into the
bound and respired fractions, that accounted for the continued increase

in total animal activity after the first hour.

Discussion

It is evident that the 14C—glycine becomes involved in several
distinct processes within Mercierella. In addition to the an%bolic and
catabolic pathways, indicated by the Hyamine digest and respired
fractions respectively, a considerable quantity must have entered
Mercierella's free amino acid (FAA) pool if uptake follows a similar

pattern to that demonstrated by Ahearn and Townsley (1975).

Since glycine is a major component in the intracellular FAA pool
of polychaetes (see review by Oglesby, 1969), and amino acids are
largely responsible for intracellular osmoregulation, it seems likely

that the ethanol soluble fraction has a largely osmoregulatory function.

This is supported by the observed steady-state relationship for

this fraction, and by the findings of Ahearn and Townsley (loc. cit.)

who showed that the majority of the free labelled amino acid in the

apodous sea cucumber, Chiridota rigida, remained in the intracellular

compartment. Glycine is also present in the blood of Mercierella
(Skaer, 1974b) where the concentration is directly related to ambient

salinity, which agrees with Mercierella being an osmoconformer (Skaer,

1974a).
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In an energetic sense it is desirable for an organism to use a
non-metabolic substance{s) for osmoregulation, or otherwise it will
have to expend energy in repumping fresh compound each time that some
is used for anabolic or catabelic purposes. Since some of the

14

accumulated léc-glycine was catabolised to CO2 this indicates that

the osmotic and nutritional processes are interrelated in Mercierella.

The effects of starvation on the uptake and subsequent utilisation of

14C-—D—glucose and 14C-glycine

Introduction

In the preceding investigations of 14C—glycine uptake by

Mercierella, the worms were fed with a regular supply of Brachiomonas

cells, prior to the experiment. Whilst Krogh's suggestion, "Death from
starvation is no doubt of very frequent occurrence in the sea as on
land" (Krogh, 1931), may not apply to Mercierella in the Thames estuary,
it seems likely that under certain conditions particulate food is not
readily available. Worms in the intakes of power stations, and on the
hulls and propellors of ships, probably experience extended periods when
particulate feeding is not possible as a result of fast water currents,
although throughout these periods the animals remain in contact with
water containing DOM. It is of interest therefore, to determine the
effects of food deprivation on the uptake and subsequent utilisation of
DOM, since it is under these conditions that dissolved organic compounds

might contribute significantly to Mercierella's nutrition.

Materials and Methods

Mercierella acclimated to 20°C, were removed from their tubes

and separated into six groups with similar size distributions, each
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comprised of 10 or 14 individuals. After the 48 h decontamination
procedure, three groups were set aside for 14 days in darkened
containers of filtered, diluted sea water plus antibiotics. No food
was offefed during this period, and the water was replaced with fresh
at 4 day intervals. The remaining groups were used for immediate

experimentation.

The first group (1) of recently fed worms (2 daysfasted), was
incubated individually in 2 ml of a 2.0 uM 1_1 14C-—glycine solution for
1 h. The second group (2) was$ incubated individually for 1 h, in 2 ml
of a 2 uM 171 14C—D-—glucose solution, and the third group (3) was

used . individually in a volumetric micro-respirometer (Section 6.4)
for 5 h, before they were incubated for 1 h in 2 ml of a 2.0 uM 1_1

14C—glycine solution.

At the end of the incubation period the worms were weighed, and
groups 1 and 2 were extracted for 48 h in two 0.1 ml changes of 80%
ethanol, followed by digestion in 2 ml of Hyamine hydroxide. Meanwhile,
group 3 were placed into individual vials containing 2 ml of filtered
water and transferred to fresh water at the following time intervals :
1, 2, 4, and 6 hs At 8 h, the worms were given a S s rinse in distilled
water to reduce salt contamination, before they were dried to constant

weight on tared aluminium foil trays, and 60°C.

The incubation media and the water which contained the group 3
worms following their exposure to 14C—g1ycine, were'a;idified and the
14CO2 was collected on Hyamine impregnated wicks. After 14 days, these
treatments were repeated with the three groups of starved worms (4, 5,

and 6, respectively), which were deprived of particulate food for a

total of 16 days.
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Counting efficiencies were 60 - 66% for the ethanol extracts;
58 -~ 60% for the Hyamine digests; 57 - 60% for the Hyamine impregnated
wicks; and 55 - 58% for the medium samples. Background activity
amounted to 29 - 33 d.p.m. The respired radioactivity was corrected
for bacterial catabolism, whose hourly rate was 34x and 130x the
background in the fasted and starved uptake studies using 14C—glycine,

1
and 73x and 87x for the respective 4C--D—glucose investigations.

Results

Since a preliminary investigation showed that wet weight fluctuates
during starvation (Fig. 31), it was necessary to use dry weight in this
study. In the case of the Mercierella digested in Hyamine hydroxide,
their dry weights were estimated from the relationship between wet weight
and dry weight of other worms»in a similar nutritionzl state (Appendix 1.9).
The individual results were corrected for weight, using the method
described in Section 4.5.4, since the relationship between 14C—glycine
uptake and weight of starved Mercierella is similar (r = 0.7, P = < 0.05)

to that of fed animals.

The mean, standard deviation, and standard error for each fraction
of total 14C—glycine uptake by fed and starved Mercierella are presented
in Table 17, together with the results of the comparisons made with
Student's t-test. Despite considerable variation, there is a tendency
for the results for the starved worms to be less variable, although
these differences are not significant (F-test, P => 0.05). Furthermore,
there is no significant difference between the total uptake of 14C—glycine
by fed and starved Mercierella during the 1 h exposure, although there is

a suggestion that starved worms have a higher total uptake rate.

’
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Whilst there is no change in the amount of radioactivity
incorporated into the bound fraction after 16 days starvation, there
is a significant increase in the rate of 14C02 production. The
ethanol soluble fraction represents about 93% and 91% respectively, of
the total 14C--glycine uptake by fed and starved Mercierella, compared
with the 4% and 3% in the Hyamine digests, and 3% and 6% in the respired
activity fractions. Thus starvation appears to increase the rate of
1

4
'C02 production by a factor of two, on both an absolute and relative

basise.

The means and standard deviations for the components of total
14C—D—glucose uptake by fed and starved Mercierella are shown in Table 18,
together with the results of comparisons made using Student's t-test.

In contrast to the results for 14C-glycine uptake by starved animals,
there is a significant reduction in the rate of 14C—D—glucose |
accumulation after food deprivation. Furthermore, the ethanol soluble
fraction in béth fed and starved worms represent; a considerably
smaller proportion, about 55% of the total glucose uptake, which is in
accordance with polychaetes having relatively small amounts of free
sugars in their body fluids (see the review of polychaete carbohydrate

metabolism by Scheer, 1969).

Whilst starvation has no significant effect on the levels of free
glucose, there is a tendency for the starved Mercierella to have somewhat
lower values than were found in the fed animals. This is accompanied
by a marked decrease in the amount of radiocactivity that becomes bound
to the tissues (glycogen?), together with a smaller, though still
significant increase in the rate of 14CO2 production. 14CO2 production
by starved Mercierella is greater by a factor of about three, and
represents an increase from 2% to 9% of the total 14C—D—glucose uptake

in relative terms (P =< 0.00l).
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Fig. k2. Uptake of 1hC-D-glucose from an initial concentration
of about 2.0 pM 177 by O, recently fed (2 daysfasted)

and A, 16 daysstarved M., enigmatica, expressed as a

function of estimated dry weight., The regression lire
was fitted by the method of least squares, r = 0.73,

f = 0.22 + 0.5%.
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The apparent relationship between the ethanol soluble fraction
and the insoluble fraction of total 14C—D—glucose uptake is in
accordance with observations for other species, including pogonophores
(Southward & Southward, 1970, A.J. Southward, personal communication,

1977) .

As in the 14C—glycine experiment, the majority of the starved
worms weighed less than the fed individuals. Fig. 42 shows the
invididual 14C—D—glucosé uptake data for fed and starved Mercierella,
expressed as a function of the estimated dry weight. The correlation
between these two parameters is highly significant (r = 0.73,

P = < 0.001). The regression line was fitted to the® data by the

method of least squares.

The slope of the regression line, 0.5, departs ﬁérkedly from the
expecged 0.67 (Section 4.5.4), therefore an exponent of 0.5 was
substituted for a in the equation: uptake = Eﬁi, when the individual
results were corrected for weight. It is of interest to note that
Stephens (1963) reported a similar slope for the relationship between
the uptake of the amino acids, phenylalanine, lysine, and glycine, and
weight of the polychaefe, Clymenella. The significance of this value

is not understoode.

Fige. 43 shows the mean cumulative 14CO2 production by fed and

starved Mercierella following a 1 h exposure to a 2.0 pM 1—1 14C-glycine

4
solution. As was demonstrated previously, the rate of 1’CO production

2
by the starved worms during the incubation period, was about twice that
of the fed animals. A higher 14CO2 production rate was maintained
throughout the 9 h period, with the maximum rate of production by starved

worms being reached by the end of the third hour, which contrasted with

the fed animals, that did not achieve their maximum rate of 14CO2
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Fig. 43.

Cumulative 14002 production by recently fed (2 days fasted)

and starved (16 days) M. enigmatica, following a 1-h

exposure to qqc-glycine at an initial concentration of
about 2.0 pM 171, Each point represents the mean of n
individual values (shown in parentheses), and the vertical

. + .
lines - 1 standard error on each side of the mean,
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release until nearly two hours later. After reaching the maxima, the
rates of 14CO2 production steadily declined until the end of the ninth
hour, when most of the accumulated compound had been respired (see
Table 17). These results show that there are both quantitative and
temporal differences in the catabolism of 14C--glycine by fed and
starved Mercierella. Compared with the results for the fed worms,
there is greater variation in the individual 14CO2 production rates
by the starved animals (for standard‘deviations see Appendix 1.10).
This probably reflects the differing degrees of starvation reached by
worms of different sizesafter a given time, due to the smaller animals
having higher specific metabolic rates (see Section 6.7.4). A related
problem associated with starvation experiments of this type, is the
possibility that the experimental animals, although aéclimated to the
experimental conditions, may differ with regard to the amounts of
storage materials they contain. This may be determined by a variety
of factors apart from size, such as sex, genetic constitution and pre-

collection experience.

Fige. 44 shows the oxygen consumption rates of fed (2 daw fasted)
and starved (16 days) Mercierella plotted against dry weight. The
respiration rates of the starved Mercierella are less variable
(S.D. = 0.17), compared to the rates for the fed worms (S.D. = 0.31)
(F~test, P = < 0.05). .This reduction in variability could be due to
starved animals metabolising the same respiratory substrate, namely
glycogen, whereas fed worms probably respire a mixture of comﬁounds.
Thus the oxygen consumption rates of the starved animals probably
. represent the minimum expenditure of energy compatible with body-

maintenance.
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Fig. k4.

Oxygen consumption rate related to dry weight of recently

fed (crosses) and starved (circles) M. enigmatica.

The regression lines were fitted by the method of least
squares and the dashed lines represent the 95% confidence
limits about each line; +, n = 25, ¥ = 0.32 + 1.07X;

O, n=9, i = 0.2 + 0.94X,
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In contrast to the relationship between oxygen consumption and
dry weight of starved Mercierella (r = 0.67, P = < 0.05), the
correlation between these parameters for fed worms in this experiment
is not significant (r = 0.55, P => 0.05). Since there is no difference
between the treatment and method used in this investigation and in the
respiration experiment described in Section 6.7, it was possible to
supplement the data with values obtainhed previously for animals of a
similar size range. Due to the increased n value, the correlation

between the two parameters is highly significant (r = 0.56, P =< 0.01).

Due to the variability in the data, there is no statistically
significant difference between the respiration rates of fed and starved
Mercierella (P = > 0.05), although the lower average respiration rates
of the starved animals, are in accordance with the generally cobserved
effect of nutritional stress on the oxygen consumption rates of marine
inveréebrates (e.g. Thompson & Bayne, 1972; Bayﬁe, 1¢73a, b; Newell,

1973).

Discussion

The results of the 14C—glycine uptake experiment give further
support to the proposed major osmoregulatory role of this amino acid
(Section 4.8.4), and are in accordance with the reported effects of
starvation on the uptake processes of other marine invertebrates

(Reish & Stephens, 1969; Shick, 1973, 1975).

The suggested increase in the amount of radioactivity in the
ethanol soluble fraction of starved Mercierella, agrees with the

increased levels of glycine and taurine in the FAA pool of starved

Aurelia aurita scyphistomae (Shick, 197S5). Shick suggested that the

presence of these compounds would compensate for the reduced
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concentration of other amino acids that were catabolised during
starvation. Similarly in Mercierella, glycine may be taken up to
maintain osmotic equilibrium between the FAA pool and the external

mediume.

There is also evidence which suggests that when glycine becomes
incorporated into the synthetic pathways (Stephens, 1964; Stephens &
Virkar, 1966; Shick, 1973) its function is osmoregulatory rather than
simply anabolic. These authors have demonstrated an inverse relationship
between ambient salinity and the amount of bound 14C-glycine, indicating
that some marine invertebrates, including polychaete examples, may
synthesise protein as a means of removing amino acids from the intra-~
cellular pool during periods of hypo-osmotic stress. :Bedford (1971)
suggested this as a possible mechanism for cell volume regulation by

the gastropod, Melanopsis trifasciata. Since the size of the bound

fraction is dependent on the ambient salinity rather than on
nutritional status, this would account for the similarity between the
amounts of bound activity in the fed and starved Mercierella that were

maintained at a constant salinity of 15 o/oo.

In contrast to glycine's major involyement in the osmoregulatory
processes, glucose is known to perform a nutritional role, both as a
respiratory substrate and as an energy reserve (glycogen) (see the
review by Scheer, 1969). However, some of the accumulated 14C—?;zi?ne

4

was catabolised to 1 C02 by fed and starved Mercierella, showing,it too

is able to serve as a respiratory substrate.

Although it is tempting to suggest that the decrease in the level

1

of bound 4C—D-- glucose that accompanied the increase in amount of

4CO2 released by starved Mercierella, was due to their catabolising
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the accumuiated compound at the expense of the glycogen store,
since the increased 14C02 production accounted for only 18% of the
reduction in the amount of radioactivity which entered the bound
fraction of starved animals, this appears to be only a partial
explanation for the observed relationship. Furthermore, Barry and

Munday (1959) have shown that in Patella vulgata L., the blood glucose

level also falls when glycogen is used as the energy reserve, which
suggests that this compound is also catabolised when in the free form.
Thus an alternative explanation is required for the observed decrease
in the bound fraction and the overall reduction in 14C-D-glucose uptake

following starvatione.

An extremely interesting outcome of this investigation is the
discovery of an apparently direct relationship between the amounts of
radicactive glucose that become incorporated into the body fractions of
fed and starved Mercierella, and the quantities of unlabelled compound
already present in each of the compartments. The possible reduction
in the amount of radioactivity that was recovered from the ethanol
soluble fraction of starved worms is in accordance with the decrease

in free sugars reported for Littorina littorea (L.) during starvation

(Holland et al., 1975), whilst the reduction in the bound fraction after
starvation reflects the expected decrease in glycogen reserves. This
seems to suggest that the uptake of dissolved glucose by Mercierella

is somehow determined by the amount of the compound present inside the
worm at the time of exposure, and could be interpreted as indicating
that the apparenﬁ accumulation of this compound into these fractions
results from homo-exchange diffusion. Furthermore, a concomnitant
decrease in 14C--D-glucose uptake in response to depleted glucose levels

in the starved animal appears to contradict what might be expected were
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DOM acting as an important supplementary nutritional source during

periods of particulate food deprivation.

There is evidence, however, of enhanced catabolism of exogenous
glycine and glucose by starved Mercierella which tends to support an
increased contribution to the worm's metabolic energy requirement during
starvation, especially as the maintenance energy requirement appears to
be reduced after a éeriod of starvation. It must be pointed out that
no measurement was made of Mercierella's oxygen consumption rate
following exposure to labelled DOM, which may have increased due to the

possible effect of DOM on feeding activity (Section 4.1).

Shick (1973) suggested that the increased quantity of 14CO2 .
produced by starved Aurelia scyphistomae could have resulted from the
labelled compound representing a greater proportion of the total amount
of thqt compound present inside the animal, rather than being due to an
enhanced rate of oxidation. Wwhilst this cannot'be discounted as the
cause of some of the increased 14CO2 production following starvation,
particularly in the case of glucose which probably shows an overall
decrease as a result of food deprivation, the reduced delay between

‘ :
C-glycine uptake and the maximum rate of 14CO2 production following

exposure, shows conclusively that there is enhanced catabolism in

Mercierella. It is evident)therefore, that when Mercierella is

deprived of particulate food there is an increased participation of
exogenous DOM in its catabolic processes resulting in an increase in

their potential contribution to its nutrition.

The estimated contributions of dissolved glucose and glvcine to

Mercierella's energy budget

The classical approach when considering the nutritional role of

food materials is to compare the energy content of the food intake with
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the metabolic energy requirement (Lavoisier & Laplace, 1780, in
Stephens, 1568; Brody, 1945). Due to the practical difficulties
associated with direct measurement of heat production by aquatic
invertebrates, an estimate of the energetic cost of metabolism is

generally derived indirectly from respiration rate (Section 6.8).

Putter (1509, quoted in Krogh, 1931) was the first to apply the
indirect approach to dissolved organic compounds, and it has subsequently
been general practice to compare the amount accumulated with the maintenaﬁce
energy requirement (S;Sf Stephens, 1%62a, 1963, 1964, 1968; Southward &
Southward, 1972; Anderson & Bedford, 1973; Vright et al, 1975). It is
misleading to consider total uptake in terms of the potential
contribution to an organism's catabolic energy requirement because only
a small proportion of the accumulated compound is oxidised during the
exposure period (Section 4.8). The majority is incorporated into the
anabofic pathways or used in the osmoregulatory.processes. The amount
of 14CO2 produced during the exposure period is therefore a more
realistic indication of the accumulated compound's contribution to the
animal'sl15fﬁukots energy requirement, and this approach is adopted

in the present study.

The weight-corrected oxygen consumption rates of fed and starved

=1 3

Mercierella at 20°C, are 1.53 I o.68 mm3 indv.~l h 7, and 1.06 L0.28m
inclv.—1 h—l, respectively. The individual respiration rates were

corrected for weight using the surface law exponent 0.67 (Section 4.5.4).
The energetic cost of metabolism for fed Mercierella was calculated
using the oxycalorific coefficient (13.93 J mg~1 0,) 3.33 cal mgm1 0,,

for worms feeding on Brachiomonas cells (Section 6.8), and a coefficient

of (14.76 J mg'~1 0,) 3.53 cal mg—l 0, was used for the starved animals,
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assuming that these were respiring glycogen (3.53 cal mg—l O2 is the

generally quoted Q. for glucose).

The estimated hourly cost of metabolism for fed and starved

2

Mercierella is 3.04 x 1072 J (7.28 x 107> cal) indv.'l, and 2.23 x

1072 J (5.34 x 10™> cal) indv." ' respectively. (S‘mmmen caludobion:

183 « 32,1393 _ 0.0304
1000 224 )-

Brody (1945) quoted 3.11 kcal g-1 as the calorific value of

1 (2.33 x 10° cal

glycine, which is equivalent to 9.75 x 10° J mole”
mole—l). Since Brody's value refers to the heat of combustion, which
is greater than the amount of potential energy available to Mercierells,
in which the degradation of protein is incomplete (Section 7.1), it is

necessary to correct this value for the energy lost in the form of

ammcniae.

The biological oxidation of 1 mole of glycine by an ammoniotele
resulfs in the formation of 1 mocle of ammonia. .Since agueous ammonia
has a calorific value of 3.48 x 105 J mole"1 (8.33 x 104 cal mole—l)
(Section 6.8), assuming efficient deamination and aerobic oxidation,

the maximum amount of energy that Mercierella can obtain from the

catabolism of 1 mole of glycine is 6.27 x 105 J (1.5 x 105 cal).

The amount of radiocactivity respired by fed Mercierella in a
2 uM 1—1 labelled glycine solution (Section 4.9.3) is equivalent to

2.41 x 107> ny h‘l, or 1.51 x 10> J h™F (3.61 x 10°° cal h’l), whereas

5 1

the starved worms respired 5.63 x 107> Ny h_l, or 3.53 x 10~ J h~

(8.44 x 10‘6

cal h_l) which represent just 0.05% and 0.16% respectively
of the maintenance energy requirement. Thus the energy derived from

the integumentary uptake of glycine, accounts for only a very small

proportion of the estimated energetic cost of metabolism, and contrasts
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markedly with the reported range of values (6% - 150%) based on the
potential contribution of the total accumulated amount of amino acid
(e.ge. Stephens, 1963; Shick, 1975; for other references see Jdrgensen,

1976).

Similar calculations were carried out using the results of the
glucose uptake investigation (Section 4.9). Glucose, in contrast to
glycine, is not used in osmoregulation (Section 4.9.4), and should
therefore be a better indicator of the value of DOM in Mercierella's

energy budget.

Although the natural levels of glucose in unpolluted oceanic

-1

’

8

sea water are generally as low (e.g. 1.9 x 1007 - 3.9 x10°% M1
Josefsson, 1970), as the concentrations of amino acids (3.33 x 10
M 1"1, Degens et al., 1964; 3 x 107 -1 x10°% K 1'1, references
quoteq by Southward & Southward, 1972), the glucose concentration in
coastal waters, in common with amino acids, is‘;everal times greater
(see Jdrgensen, 1976, for references). Thus the concentration of about
2 UM 1"1 used in the present study, is probably of the correct order
of magnitude for the Thames estuary, the organically polluted waters
of which undoubtedly céntain a high concentration of free sugars,
resulting from bacterial decomposition of particulate organic matter
both in the water column and organically rich sediments that are

characteristic of the middle reaches (Section 2.1 and 2.3.4).

In addition to the sugars produced bybacterial activity, it is
likely that a significant amount of soluble carbohydrate is released
by phytoplankton, benthic diétoms and filamentous algae, during their
photosynthetic activities (e.g. Fogg, 1966). Whereas it is extremely

unlikely that benthic algae are able to photosynthesise during periods
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of high water because of the turbidity of the water (Section 2.3.4),
rapid photosynthesis takes place during intertidal periods which
probably results in localised high concentrations of free sugars in

the pools of standing water. Since Mercierella lives in close
proximity to these plants these compounds should be readily available
to the worms, that retain a feeding posture throughout the intertidal
period as long as they are covered by water. Wright et al., (1975)
reported high concentrations of DOM in the region of algal mats growing
on wharf piles, and suggested that these could be important with regard

to mussel nutritione.

Brody (1945) reported an energy content for glucose of 3.75 kcal
g—l, which is equivalent to 2.82 x 10% 3 mole™! (6.75 x 10° cal mole D).
Since all the energy contained within the glucose molecule is available

to Mercierella (Section 6.8), the radioactivity respired by the fed

-1 14 &

worms in the 2 pM 1 C-D—glucose solution is equivalent to 1.4 x 10

~1  (9.45 x 1077 cal h™1) wheress the starved

animals oxidised the equivalent of 3.8 x 10 = M nt

wM h‘l, or 3.95 x 10°° J h
, or 1.07 x 107 3
nl (2.56 x 10°° cal h™1). These amounts of energy represent just
0.013% and 0.043% respectively of the estimated average hourly energetic

cost of metabolism for fed and starved Mercierella.

Thus the catabolism of exogenous glucose and glycine by Mercierella,
from natural environmental concentrations, accounts for only a small part
of the maintenance energy requirements of fed and starved worms. The
percentages are conservative estimates, however, since the delay between
uptake and catabolism, as is demonstrated in the long term léCO2
production experiment (Section 4.9.3), was not teken into account.
Neither was the DOM already present in the medium (natural sea water

wads used in most cases, unless otherwise stated). However, since

maximum 14Co2 production rates by fed and starved Mercierella
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(Appendix 1.10) exceeded the values used in the calculations by only
1.6x and 1l.7x respectively, and as the water is unlikely to have
contained a greater concentration of DOM than was used in the
experiments, the estimated contributions are unlikely to be out by
more than a factor of two, and are certainly of the correct order of

magnitude.

In contrast to glycine uptake, a considerable proportion of the
accumulated glucose became bound to the tissues., It is of interest,
therefore, to calculate the percentage contribution this represents to
the worm's production. The radiocactivity recovered as the bound

fraction of fed Mercierella, following exposure to a 2.0 M 1-1

14C—D—glucose solution (Section 4.9.3) is equivalent to 9.84 x 10'-5 J
h~! (2.35 x 107 cal h™1). Since a worm with a respiration rate

3

equivalent to 2.78 x 102 5t (6.64 x 10~ cal h—l), has a production

2 31071 (9.4 x 1073 cal nl) (Section 2.0), the

rate of 3.93 x 10~
radiocactivity incorporated into the synthetic pathways accounts for
only 0.25% of the estimated total production. Thus exogenous glucose

plays a minor role in Mercierella's anabolic activities.

DOM accumulation studies have been criticised for the general
lack of information concerning the loss of material through leakage
(e.g. Johannes, Coward, and Webb, 19269). It is only when complete data
are available for the influx and efflux of dissclved organic compounds
across the integument that the absolute contribution to the energy
budget can be determined (see Stephens, 1275b). Despite the lack of
information concerning the efflux of materials in the present study,
it is evident that exogenous dissolved organic compounds do participate

in Mercierella's anabolic and catabolic activities, although it is

unlikely that DOM could possibly represent an important nutritional
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supplement, even if there is no loss of materials through leakage. If
there is no loss of materials through leakage, the total uptake of

14C—D—glucose and 14C—glycine account for only 0.68% (2.07 x lO_4 J

1 1 5

h™ " 4.95 x 10~ cal h™1) and 0.55% (1.23 x 10~ J h 75 2.94 x 107

cal h™Y) and 1.46% (4.45 x 1077 J h™1; 1.06 x 107% cal h™0) and 2.5%
(5.57 x 10—4 J h-l; 1.33 x 10—4 cal h"l) respectively of the estimated
metabolic energy requirements of fed and starved worms. Thus in
relative terms, the individual contributions are appreciably less than

the reported values for a variety of other marine invertebrates (see

Section 4.1; and Jgrgensen, 1576).

Further evidence for the lack of importance of excgenous glycine
in Mercierella's energy budget is provided by the saturation kinetics
of the uptake process (Section 4.6.4). To satisfy the maintenance
energy requirement of a fed worm, the trans-integumentary uptake of

2

glycine would have to be 4.85 x 10 - uM h_l, whereas, the Vmax value

for glycine (the maximum attainable rate of uptake) is only 1l.34 x 10_3

th‘l (8.44 x 1002 g n L

; 2.02 x 104 ca1 vl or just 2.77% of the
maintenance energy requirement. It is therefore impossible for the

trans-integumentary uptake of this particular compound to exceed this

amount (temperature remaining constant).

Thus in the absence of evidence to suggest that the uptake of DOM
is a significant nutritional supplement it remains to explain why

Mercierella should accumulate these compoundse.

As one might expect as a result of the evolutionary process, there
is certainly nc single explanation that applies to all animals and all
compounds. In contrast to some amino acids, including glycine, that

undoubtedly enter the animal as part of the osmoregulatory process
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(Section 4.8.4), and whose subsequent oxidation is incidental rather
than essential, some DOM may enter the body of the organism through

the same channels as the osmoregulatory materials but itself performs

no role in osmoregulation, e.g. sterols (Saliot & Barbier, 1573).

This uptake mechanism could explain those observations that the
accumulation process requires energy (e.g. Schlichter, 1973, 1975;

Emig & Thouveny, 1976). The metabolic inhibitors used in these studies,
could be blocking the osmoregulatory mechanism, rather than a transport
process specifically adapted to the accumulation of DOM. The existence
of this channel is supported by Stephens! observation that osmoregulation
and uptake of DOM are inccmpatible (Stephens, 1964). Several references
have also been made to the presence of microvilli on the outer surfaces
of soft-bodied marine invertebrates (e.g. Schlichter, 1873, 1975), that
have been referred to in connection with the accumulation of DOM.

Nott (1973 however, has postulated that the micro-villi of larval
serpulids have an important function in the absérption of inorganic

ions.

Due to the highly permeable integuments of soft-bodied marine
invertebrates it is not surprising that there is a trans-integumentary
movement of dissolved organic compounds (it should be noted that
Crustacea are the only group of marine invertebrates that do not
accumulate significant quantities of DOM (Anderson & Stephens, 1969)).
It has long been known that marine invertebrates contain high internal
concentrations of dissolved organic compounds (e.g. Fredericq, 1901;
Awapara, 1962; Skaer, 1974b), which would tend to leach out of their
bodies as a result of diffusion processes. If, as is suggested in
Section 4.9.4, the uptake mechanism is operating by homo-exchange

diffusion (see Neame & Richards, 1972), the observed accumulation rates
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could result from an exchange with material present in the animal
giving rise to no net change in the internal concentration. It will
be remembered that the rate of diffusion depends on the size of the
differential between the internal and external compartments. Thus
the observed uptake phenomenon could be a mechanism for mgintaining
the status quo m, sfﬂz qf the necessary permeability for the

worm's survival in rapidly fluctuating salinities (see Skaer, 1974al.

In common with the majority of marine invertebrates, Mercierella
is capable of feeding on particulate food (Section 3.0). Since this
process undoubtedly requires a great deal more energy than does the
transport of DOM across the body wall (see Stephens, 19€8; and
Schlichter, 1973, for estimates of the energetic cost of trans-
integumentary uptake), it is paradoxical in view of evolutionary
parsimony, why such organisms should have evolved complex feeding
organg and digestive systems, if they are capable of obtaining sufficient
amounts of energy from solution. This supports the findings of ﬁhe
present study, and suggests that in most instances, the accumulation of

DOM is at most a supplementary feeding mechanisme.

Finally, the uptéke of DOM may ke a vestigial mechanism. It
will be remembered that accumulation of dissolved organic compounds is
the process by which heterotrophic aquatic micro-organisms obtain
their nourishment (for references see Jgrgensen, 1976). This could
have been retained by soft-bodied marine invertebrates, when due to
their increased body size and complexity, in association with the
invasion of different niches, they evolved alternative methods for

obtaining their food.
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The only group of free living marine invertebrates to which
DOM is of major importance as a source of energy is the Pogonophora
(e.g. Southward & Southward, 1968, 1970, 1972). Since these are
believed to have arisen from primitive annelid stock (George &
Southward, 1973) this supports the theory that DOM uptake is a
primitive characteristic of this group. The pcgonophores have
retained this mode of nutrition because of the high ambient DOM
levels in the homogenous environment in which they live, and have

seccondarily lost the mouth and gut.

It should be pointed out that DOM may be an impmortant source
of energy for the epidermal structures of echinoderms which have no
other appafent means of obtaining their nourishment apart from by
direct uptake (see Burgh, 1975), and it is perhapsvat the organ level
that further studies of the role of DOM in the lives of marine

inveréebrates, should be pursued.
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5 EGESTIOHN

Introduction

Mercierella produces discrete, mucus-bound faecal pellets which
are carried to the anterior of the tube by the action of cilia in the
ventral abdominal groove, at the junction of the abdomen with the
postericr lobe of the thoracic membrane, and on the dorsal surfeace
of the thorax. When a number of fzecal pellets have collected at the
base of the branchial crown, they are expelled from the tube into the
strong rejection current by a rapid, longitudinal, contraction of the
animal's body. The faeces appear from the tube as an amorphous mass
since they adhere together by their mucous ccats. This facilitates
rapid sinking out of the feeding zone, whilst the mucous coverin
prevents re-suspension and re-ingestion of essentially ncn-nutritive

materiale.

.

The worms used in the egestion investigations were collected
at Greenhithe, in November 1975 and January 1976.> In the laboratory
they were maintained in 6~1 stock tanks in a constant temperature
room at 10°C, and at room temperature {c. 20°C). The worms were
acclimated to the experimental temperatures for a minimum of 28 days,
during which time they were fed twice weekly with a suspension of

B. submarina cells. The tanks contained Bay of Biscay, or Flymouth,

sea water diluted to a salinity of 15 o/oo with tap water. The water
in the stock tanks was artificially aerated, and changed befcre each

second feed.

About 1 week before the experiments commenced, the tubes were

removed intact from the chalk boulders and cleaned of encrusting
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matter, before they were placed in 500 ml crystallising dishes
containing water at the appropriate acclimation temperature. A

similar feeding régime was observed to that in the stock tanks.

5.2 The effect of food deprivation on the rate of egestion

5.261 Introduction

An experiment is described in which the effect of particulate
food deprivation on egestion rate was investigated. It is necessary
to understand this relationship, since in subsequent experiments it
was Intended to harvest faeces for weighing, and calorific and
biochemical determinations. The results of this experiment will show
whether it is feasible to harvest faecal pellets in the absence of a
food suspension, since the algal cells have a tendency to adhere to
the mucus surrounding the pellets and thereby represeﬁt a potential
source of error in the analyses. This can only.be done, however, if
there is no significant change in passage time (the time taken for

food to pass through the gut) during the harvest period.

5.242 Materials and Methods

Ten large Merciefella (> 8.0 mg wet weight) acclimated to 20°C,
were transferred to 250 ml of dilute algal suspension, which was
replaced with fresh suspension at 12 h intervals during a 2 d
preliminary feeding period. After this feeding period, the worms
were transferred to a petri dish containing 0.2 ym Sartorius membrane
filtered water, via several rinses with filtéred water to remove any
adhering particulate matter that would otherwise have represented a
source of error in the subsequent weighings. After a few minutes the
worms commenced normal filtering activity, and began to release

amorphous masses of faeces from the anterior ends of their tubes.
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Fig. 45. Relationship between rate of faeces production and time
following removal from the food suspension. The points
represent the mean hourly faeces production values, by

ten large M. enigmatica, for the time intervals shown

on the abscissa. The regression line was fitted by eye

estimation after a semi-logarithmic transformation 6f

the data.
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After 1 h, the worms were transferred to a similar dish for a further

60 min. This process was repeated at intervals during a total of 58 h.

The contents of the dishes were filtered through ashed (500°C
for 12 h), and pre-weighed 20 mm discs of Whatman GF/C glass fibre
filters mounted in a sintered funnel of Ce 1 mm pore diameter. After
salt contamination had been reduced with a 3 s rinse in glass-distilled
water, the filters plus faecal material were dried to constant weight
at 60°C. Weighings were made to the nearest 1lug on a Cahn 4100
Electrobalance. The dry weights of faeces released during the various
time intervals following the worms removal from the food suspension

were obtained by subtraction.

Results

Fig. 45 shows the mean hourly egestion rates fof-the 10 large
Mercierella during various intervals of time following their removal
from the algal suspension. Egestion rate did not remain constant
throughout the post-feeding periode Instead, after an initial period
of at least 5 h duration when there was considerable variation in the
rate of faeces release, there was a marked decline resulting in the
mean egestion rate for the final 11l.5 h being less'than 1% of the

initial rate.

Discussion

A preliminary investigation revealed that the guts of fasted
Mercierella (7 d without food in filtered water plus antibiotics)
contained appreciable amounts of food material. This observation
together with the results of the present experiment contrast with the
findings of the feeding experiment éSection 3.2) which show that under
normal feeding conditions food has a passage time of between 4.5 h and

C- 6.5 he It would appear from the results of these investigations
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that incoming food has a significant influence on the passage of food
material through Mercierella's qut. This could be achieved in two
interrelated ways. First, due to physical pressure where the
incoming food forces the gut contents towards the posterior end of
the worm. Second by maintaining the appropriate level of food in
the gut, so thatthe cilia lining the alimentary canal (see Hanson,

1948) can move it effectively in a posterior direction.

The presence of residual material in the gut of Mercierella
during extended periods of food deprivation has some survival value
since it may act as an 'external' energy store, steadily releasing
nutrients whilst the digestive enzymes continue to act on it. In
addition, soluble materials could be released into the gqut lumen as a

result of bacterial activity.

-These observations raise a gquestion mark concerning the results
of those experiments in which marine invertebrétes have been left
for a few hours only in clean water "to allow time for them to clear
their guts". Obviously, a general investigation is required into the
relationship between food deprivation and passage time in marine

invertebratese.

Since there is no significant reduction in egestion rate during
the first 5 h following removal from an algal suspension, it was
decided to adopt the method which has been generally employed in
energetics studies, which is to transfer fed animals from the food
supply to containers of clean water. The fasecal material is then
harvested after a predetermined period of time has elapsed. The
published time periods range from a few hours to 2 or 3 days (e.g.

Hughes, 1970, 1971a; Kofoed, 1975a; Johnson, 1976). It is recognised,
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however, that the longer the time period, the greater is the possibility
that some of the faeces has undergone a greater amount of digestion,

and the more chance there is of significant changes taking place in its
chemical composition (see Johannes & Satomi, 1966) and hence in its

calorific contente.

Investigation showed that faecal pellets released during the
initial 4 h following removal from the algal suspension were brown in
colour and contained appreciable amounts of chlorophyll (this leached
from the faeces when these were placed on wet filter paper). In
contrast, the faeces that were released after 4 h were dark brown -
black and contained relatively less chlorophyll and more phaeo-pigments,
which are products of its degradation (See Shuman & Lorenzen, 1975).

To reduce the possibility of error resulting from leaching and increased
digestion, it was decided to harvest the faeces in subseguent experiments

at the end of two hours.

The effect of temperature on egestion rate

Materials and Methods

One hundred and seventy five and one hundred and eighty five

Mercierella acclimated to 10°C and 20°C respectively, were placed into

500 ml volumes of B. submarina suspension with an estimated cell

density of l.1 x 104 cells mlm1 and left to feed for 3 days, the
suspension being replaced with fresh at 12 h intervals. At the end of
the feeding period, both groups of worms were separated on the basis of
their tube dimensions into groups of small (< 4.0 mg wet weight),
medium (4.0 - 8.0 mg wet weight), and large (8.0 - 21.0 mg wet weight),
composed of 2 - 16 individuals. Following several rinses with clean

water to remove any particulate material, the groups were transferred tc
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Table 19. The egestion rates of individual M. enigmatica at 10°%C

and ZOOC, when fed on a suspension of B. submarina at a cell
density of 1.1 x 10" cells mi™ .

(Numbers in parentheses are the number of weighings on which

the mean values are based)

————— ash-free dry weight indv.” 1 B e
10°¢c 20°c
Size class Mean egestion * s.D. - Mean egestion t s..
(mg wet wt.) rate (pg n ) rate (ng n )
<4.0 2.56 o7 (B 2.3 I (5)
4.0 - 8.0 3,34 21,06 (11)  3.73 I 2.83 (12)
8.0 - 21.0  5.66 ok () 11.93 1t 6,25 (16)
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individual petri dishes containing filtered water. The antibiotics
streptomycin sulphate and benzylpenicillin (see Section 6.5) were

added to the water 1 h before it was used, to reduce bacterial activity.
The groups of worms were left undisturbed for 2 h, before they were
returned to the food suspensions for a further 12 h, after which the
process was repeated until sufficient faecal material had been

harvested.

The contents of the petri dishes were filtered through individual,
ashed, 5 mm diameter discs of Whatman GF/C glass fibre filter.
Filtration was carried out under negative pressure on a suction
apparatus similar to that described by Scott (1975). The faeces were
given a 3 s rinse with glass-distilled water to reduce salt contamination,
before the filter discs were dried to constant weight at 60°C. After
weighing, the discs plus faeces were ashed in a muffle furna¢e at
500°C ‘for 4 h, and when cool were reweighed. Weight loss during ashing
is equivalent to the amount of ash-free organic material egested by a
group of worms during the 2 h post-feeding period. Weighings were made

to the nearest 1 ug on a Cahn 4100 Electrobalance.

5.3.2 Results

The average egestion rates of individual worms in the 3 size
classes at the 2 temperatures are presented in Table 19. The values
for individual worms were obtained by dividing the total ash-free dry
weight of faeces produced by each group in 2 h by the number of
individuals. These values were then divided by 2 to give the hourly
egestion rates. Despite the considerable variation in these data, due
to a combination of natural variability and the range of sizes comprising
each class, there is reasonable agreement between the amounts of faeces

produced and body size.
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Table 20.

Results of the statistical tests performed on the egestion

data for the 'small', 'medium' and ‘'large' M. enigmatica at 10°C and 20°¢,

Mean ash-free F-test Method of Result
dry wt. of comparison
faeces produced
by:
1) 10°C small P =<0.05 Modified Significant
and t-test (P =<0.05)
10°C large (Bailey, 1959)
2) 20°C small P = <0.01 " Highly
and significant
20°C 1large (P =<0.001)
3) 10°C small P =>0.05 Student's t Not significant
and (P =>0.05)
20°C small
4) 10°C medium P =<0.01 Modified Not significant
and t-test (P =>0.05)
20°C medium
5) 10°C large P =<0.05 " Significant
and (P =<0.01)

20°C large
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The results of the statistical tests that were performed on the
data in Table 19 are summarised in Table 20. There is a significant
size effect at both experimental temperatures, with the large worms
producing a greater amount of faeces than did the small animals per
unit time. It is not possible to compare the results for adjacent size
classes due to the unavoidable overlap between them, since it was
impossible to predict the exact size of anwanihal from its tube
dimensions due to the natural variation in the relationship between

body size and tube length (see Section 8.1.3). Furthermore, in most

instances the tubes were incomplete.

In contrast, there is no significant effect of temperature on
the egestion rates of small and medium size Mercierella, although
there is a significant effect on the rate of egesﬁion.of large worms.
Worms belonging to the large size class produced on average about twice
the a%ount of faeces at the higher temperatureQ It seems 1iké1y,
however, that any temperature effects on the other size classes are

concealed by the increased variaticn.

Discussion

The results of this experiment indicate the anomalous nature of
the results described in Section 3.4 concerning the effect of
temperature on ingestion rate. This experiment was conducted under
similar conditions to the present one, namely the same food
concentration and temperatures, yet there is a complete lack of
agreement between the amount of material ingested at the lower
temperature, 10°C (see Fig. 28) and the quantity of faeces produced.
In contrast there is Qood agreement between the rgtes of ingestion and

egestion at the higher temperature, 20°C.



Table 21. Faeces expulsion behaviour of 'small', 'medium' and 'large'

M. enigmatica, at 10°C and 20°C, when fed on a suspension of

B, submarina cells, at a cell concentration of 1.1 x 104 cells ml-1.

(Numbers in parentheses are the number of worm-hours on which the

adjacent value is based)
10°%¢ 20°¢c
Size class Contraction -~ S.D. Contraction ¥ S.D.
(mg wet wt.) rate (h”)) rate (b))
<k.0 1.9 * 0.89 (10) 3.5 .78 (8)
4,0 - 8.0 1.3 + 1.2 (10) 2.4 + 0.89 (10)
8.0 - 21.0 0.9 + 1.24 (10) 1.6 * 0.96 (10)
Grand means 1.37 t 1.13 (20) 2.43 .37 (28)
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It is not clear why the 10°C acclimated Mercierella used in the
experiment in Section 3.4 should have behaved differently than those
used in the experiment described here, although it must be noted that
the faeces were harvested in clean water. It is possible that 10°C
acclimated animals spend extended periods of time withdrawn inside their
tubes, as demonstrated by a few of the worms used in the feeding
behaviour investigation (see Section 3.5.2), in which periods of
withdrawal were interspersed by periods of more rapid feeding than is
suggested by the results of Section 3.4. The results of the present
eyperiment suggest that Mercierella's feeding rate at 10°C is more in
accordance with the usual relationship between the rate of a
physiological process and temperature which has been recorded on several
separate occasions for this animal (see Sections 6.7.3 and 8.1.3),
namely between a half and one third of the rate recorded at 20°C. For

some unknown reason all the worms used in the ingestion experiment at

« D

10°C appear to have been retracted for most of the time.

5.4 The effects of size and temperature on faeces expulsion behaviour

S.4.1 Introduction

Throughout the feeding behaviour studies (Section 3.5), a
simultaneous record was kept of the number of faeces ejection
movements made by worms in the 3 size classes, ;t the 2 acclimation
temperatures, 10°C and 20°C. Worms belonging to the 'small'size class,
L 4.0 mg wet weight, that were acclimated to 20°C,were observed for a

total of 8 worm~hours, whereas the behaviour of the other groups was

recorded for 10 worm-hours each.

5.4,2 Results

The results of the faeces ejection behaviour study are summarised

in Table 21. The mean numbers of body contractions n! associated
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Table 22. Summary of the results of the statistical analyses performed

on the faeces expulsion behaviour data for the 'small', 'medium' and

'large!' M. enigmatica, at 10°C and 20°C, feeding on a suspension of

B. submarina cells, at a concentration of 1.1 x 10 cells ml—1.

Comparison of F-test Method of Result
the mean comparison
contraction
rate of:
1) 10°C small P =>0.05 Student's Not significant
with t-test (P =>0.05)
10°¢c large
2).20°C small P =>0.05 " Not significant
~ with (P =>0.05)
20°%¢ large .
3) 10°C small P =>0.05 " Not significant
with (P =>0.05)
20°C small
4) 10°C medium P =>0.05 " Not significant
with (P => 0.05)
20°C medium
5) 10°C large P =50.05 " Not significant
vith (P =>0.05)
20%c large
6) 10°C sample P =>0.05 n Significant
with (P = <0.05)

20°% samﬁle




with the release of faeces from the tubes of worms belonging to the
three size classes, at 10°C and 20°C, are based on the combined means
of two 1 h observation periods, which in each case were separated by
c. 1 h. The results of the statistical tests that were performed on
these data are summarised in Table 22. Since it was not possible to
predict the exact size of a worm from its tube dimensions (see
Section 5.3.2), only the'small'and'large'groups at any one temperature

have been compared.

It is apparent from the results that there is a tendency for
smaller Mercierella to expel their faeces more often than do larger
worms, at both experimental temperatures. There is also a tendency
for werms in any one size class to expel their faeces more often at
the higher temperature. In common. with the majority of the other
physiological processes that have been investigated in the present
studyi the effect of a 10°C increase in acclimation temperature is to
increase the average rate of the reaction by a factor of about 2.
However, due to the considerable variation in these data, as indicated-
by the standard deviations about each of the means in Table 21, the
apparent size effect on faeces expulsion behaviour is not significant,
and only the combined data for each temperature show a significant

temperature effect.

5.4.3 Discussion

Preliminary investigation of Mercierella's egestion mechanism
ends
was carried out using worms with the posterioryof their tubes removed
to expose the last few segments of the abdomen. Although the faecal

pellets are released singly from the anus (see Section 8.4.5 for

details of the rate at which these are released in relation to

¢
temperature), they are accumulated at the anteriog‘of the thorax
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Fig. 46, Ethograms for representative worms from each of the size
owwmmmm“ 'small' (<L.0 mg wet weight), 'medium' (4.0 - 8.0 mg),
and 'large' (8.0 - 21.0 amv.. at the two temperatures. Faeces

expulsion activity, when the branchial crown is partially
fube

withdrawn inside the,for < 2 s, is depicted by the short spikes.
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before being ejected from the tube as an amorphous mass. Faeces
expulsion is effected by a rapid, longitudinal contraction of the

worm's body, which forces water out of the tube, carrying with it the
faecal material. The body contraction generally lasts for less than

2 s, during which time the branchial crown is partially withdrawn

inside the tube. Fig. 46 shows ethograms for representative worms

from each of the 3 size classes, at the two experimental temperatures.
Faeces expulsion behaviour is depicted by the short spikes. Occasionally,
faeces ejection contractions are followed by the complete withdrawal of
the crown, and a mass of faecal pellets is sometimes expelled from the

tube before a worm recommences feeding activity.

5.5 The biochemical composition and calorific content of faeces produced

by Mercierella acclimated to 10°C and 20°C

5.5.1 Materials and Methods

Two groups of 30 Mercierella acclimated to the two experimental
temperatures, 10°C and 20°C, were placed into 500 ml volumes of
B. submarina suspension, which had a cell density of 1.1 x 104 cells

ml—l. Each of the groups was selected as representing the sample size

range. At the end of a 3 d_Apreliminary feeding period, during which

the algal suspension was replaced with fresh at 12 h intervals, the

worms were transferred to petri dishes containing filtered water plus
antibiotics, via several rinses with clean water to remove adhering '
cells. Each petri dish contained about 5 worms chosen to represent the
sample size range to counteract possible size effects on the biochemical
composition and calorific content of faecal material. The faeces

produced by the groups of worms were harvested after 2 h (see Section 5.2),

and the worms returned to the algal suspensions for a further 12 h, after
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which the process was repeated until sufficient faecal material was

obtained for analysis.

For biochemical analysis, the contents of the petri dishes were
filtered through ashed and weighed, 20 mm diameter discs of Whatman
GF/C glass fibre filter. After a 3 s rinse with glass~distilled water
to reduce salt contamination, the discs were dried to constant weight
at 60°¢. The faeces used for the calorific determinations were
concentrated by Qlow centrifugation (1 000 r.p.ms) and the supernatant
discarded. The faecal matter was then resuspended in glass—distilled
water, and after a second centrifugation, transferred to a clean
crystallising dish. The dish was loosely covered to exclude dust
particles before it was placed in a drying oven at 60°C. When the
faecal material was dry, it was scraped off the bottom of the dish, and
forced through a 125 um steel-meshed sieve to ensure cémplete homogeneity.
The dry faeces samples were stored in a desiccator, over anhydrous

calcium carbonate.

Protein. This was estimated from total nitrogen content,
determined with a Coleman Model 29 Nitrogen Analyser. The measurements /
were multiplied by a factor of 6.25 to give the amounts of protein in
the faeces samples. (It was assumed that protein contains 16% N by .
weight;> Six faeces samples collected at 10°C (size range: 1.26 -~
1.93 mg dry weight), and fifteen 20°C samples (size range: 1.0l - 2.97
mg dry weight) were analysed for nitrogen content, and fhe readings
corrected for background using glass fibre filter blanks. Weighings

were made to the nearest 0.1 mg on a Sartorius semi-microbalance.

Lipid. Lipid content of the faeces samples was determined
gravimetrically after extraction with diethyl ether (1.5 h at 60°C)in

a micro-Soxhlet apparatus. Twelve 10°C faeces samples (size range:
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0.22 - 2.27 mg dry weight), and sixteen 20°C samples (size range:
0.79 - 2.11 mg dry weight) were analysed for lipid content. Dry
welghts were measured to the nearest 10 ug on a Cahn 4100

Electrobalance.

found.
Ash. The ash contentydepended on the method, rather than being

a characteristic of the organisme. Due to the repeated harvestings

that were necessary from the 10°C acclimated worms, to obtain
sufficient faecél material for a sinéle sample, these had higher ash
contents (caused by the accretion of salts during the repeated dryings),
than the samples taken from the 20°C worms. Recognising these
differences as being non-biological in origin, all computations have

been carried out using ash-free dry weights.

Since N determination involved the complete destruction of the
sample, it was necessary to estimate the percentage ash content of
the protein analysis samplessyusing duplicate samples. Eightv10°c
faeces samples (size range: 0.22 - 2.27 mg dry weight) and nine 20°C
samples (size range: 1.03 - 5.4 mg dry weight) were oxidised in a muffle
furnace at 500°C for 4 h (Paine, 1964). 1In contrast, it was possible
to recover the lipid analysis samples after extraction in.the Soxhlet
apparatus, consequently ash content was determined using the same
samples. The ash contents of twelve 10°C faeces samples (initial size
range: 0.22 - 2.27 mg dry weight) and sixteen 20°C samples (initial
size range: 0.79 - 2.11 mg dry weight) were measured. Weighings were

made to the nearest 10.ug on a Cahn 4100 Electrobalance.

Carbohydrate. No carbohydrate analyses were carried out. The

percentage carbohydrate contents of the faeces samples were estimated

by difference.
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Calorific content. The calorific contents of the faeces

samples were measured in a Scott micro-bomb calorimeter (Scott, 1975).
The calorimeter was calibrated with 14 separate determinations of
benzoic acid (British Chemical Standards), the samples ranging in size
from 10 - 95 ug. There is a linear relationship between the calorific
values of the samples (0.26 - 2.51 J) and the recorded galvanometer

deflections (0.11 —= 0.57 mV).

Small amounts of dry faeces were placed onto dampened, ashed and
weighed, 4 mm diameter discs of GF/C glass fibre filter, mounted on
a suction device similar to that described by Scott (1975). Excess
water was then drawn through the filter by gentle negative pressure,
and the faeces were dried onto the discs in an oven at 60°C. When they
were dry, the filter discs were re-weighed before the adhering faeces

were ignited in the calorimeter.

In contrast to the B. submarina cells (Section 3.6} the faeces

samples failed to combust completely in the calorimeter, and examination
of the discs revealed considerable quantities of salt, particularly in
the case of the 10°C samples. Previous experiments, using somatic
tissues (Section 8.1.2), and gametes (Section 8.2.2) had shown that
their combustibility is improved by dialysis treatment. It was decided
therefore to resuspend the faecal material in glass-distilled water for
S min to remove some of the salts. The faeces were then recoveredAby
centrifugation (1 000 r.p.m. for 30 s) and transferred to fresh glass
fibre discs. As this calorimetry was carried out at the Scottish
Marine Biological Association's Laboratory at Dunstaffnage, Oban, a
distilled water wash was used instead of dialysis with Visking tubing.
This treatment'improved their combustibility, but 50% of the éamples

still failed to ignite completely, so in these cases, the recorded
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Table 23, The chemical composition of the food and faeces of

M. enigmatica acclimated to 10°C and 20°C, feeding on a cell suspension

with a concentration of 1.1 x ‘1Obr cells ml—1.

————— % ash-free dry weight-----

(Numbers in parentheses are the number of analyses on which the

adjacent value is based)

Protein ¥ S.D. Carbohydrate Lipid I s.D.

(N x 6.25) (by difference)
Brachiomonas  87.09 ¥ 7.05 (6) 3,5 9.41 % 4,33 (6)
submarina sh,3 36,29 9.41 ¥ 4,33 (6)
10°C faeces 58.42 ¥ 9.1 (6) 28.29 23.19 ¥ 2,57 (2)
20°C faeces sk L6 ¥ ¥ 3,94 (16)

14,05 (15) 28.35 17.19

*

average value for protein content of phytoplankton, based on the
results of Parsons et al. (1961), and Platt & Irwin (1973) (see Section
3.6.% and Table 11).
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temperature rise was corrected for the weight of the uncombusted but
combustible material. This was determined by ashing the weighed
residue in a muffle furnace for about 4 h, and re-weighing the discs

plus ash.

The ash-free dry weights of the faeces samples wﬁich completely
combusted in the calorimeter, were estimated from the percentage ash
contents of 3 replicates for each temperature. Weighings were made to
the nearest 5 yg on a Beckman IM-500 microbalance. Four 10°C faeces
samples (size range: 10 - 113.7 ug ash-free dry weight, and five 20°C
samples (size range: 42.6 — 127.8 ug ash—free dry weight), gave
galvanometer deflections of 0.073 ~ 0.536 mV, and 0.15 — 0.475 mV

respectively, after a fuse wire correction was applied.

5¢542 Results

{Table 23 shows a summary of the results of the biochemical
analyses performed on the faecal material produced by Mercierella,

at 10°C and 20°C, together with the results of the B. submarina

analyses (Section 3.6).

The faeces produced at 10°C contained on average 5.46 X 1.06% N,
and the 20°C faeces 6.63 = 1.71% N. These samples were estimated as
having protein contents of 34.13 b 6.63%, and 41.44 ? 10.69% of the
dry welght respectively. There is no significant difference between
the mean ash contents of faeces samples used for the nitrogen
determinations (29.51 X 9.8% of the 10°C samples, and 23.91 & 13.62%
of the 20°C samples). After an F-test had shown there to be no
significant difference between the variances about the mean ash-free

dry weights of protein in the 10°C and 20°C faeces samples (P = > 0.05),
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Table 24. Statistical analyses performed on the estimated lipid

contents of the B. submarina cells, and faeces produced at 10°¢C

and 20°C
Lipid content F-test Method of Result
of: comparison
1) 10°C faeces P =>0.05 Student's t Not significant
with (P =>0,05)
20°C faeces
2) B. submarina P =>0.05 oo Significant
with (B = <0.01)
10°C faeces
'3) B. submarina P =>0.05 " Highly significant
with (P = <0.001)

20°C faeces
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the means were compared using Student's t-test, which showed there is

no significant difference between them (P = > 0.05).

Excluding an anomalous lipid value of 61.7% of the dry weight
recorded for a faeces sample with an initial dry weight of 2.27 mg and
ash content of 16.3%, the majority (10) of the 10°C samples failed to
show a significant loss of weight in the micro-Soxhlet apparatus. In
contrast, the remaining two 10°C samples had lipid contents of 21.37%
and 25.01% ash-free dry weight. Those samples which showed zero weight
loss had very high ash contents, ranging from 42.3 - 68.5% of the dry
weight, whereas the two samples whicﬁ showed significant losses of
weight had ash contents of only 7.95% and 6.98% dry weight. It is not
known why the presence of relatively large amounts of. salts apparently
prevented the release of 1lipids in the Soxhlet apparatus. Thus only
two 10°C analyses were used in the calculation of the value showh in

Table 24.

The results of the statistical tests performed on the mean values

for lipid content of B. submarina cells, and the faeces produced at 10°C

and 20°C, are presented in Table 24. It should be noted that the values
for lipid content are slightly overestimated because no correction is
made for the amount of pigment lost from the samples during the Soxhlet

extraction (see Section 3.6.2).

The 10°C and 20°C faeces samples that were combusted in the
micro-bomb calorimeter, had estimated ash contents of 61.96% and
34.33% of their dry weight respectively. The calorific values of the

faeces samples, together with the calorific content of B. submarina

cells (see Section 3.6.2), are presented in Table 25a. The value for
the food alga is based on an ash-content of 4.51% dry weight (Table 9).

Compared with the results obtained for the B. submarina cells, and the
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Table 25. A summary of the results of a) the calorific content measurements
of the food, and faeces at 10°C and 2000, and b) the statistical analyses

performed on them.

a)

Sample Mean calorific = S.D. Mean calorific = S.D.
content content
(joules mg_1) (calories mg_1)
Brachiomonas 19,9 b 3.43 ' L, 76 Y o.82
submarina .
10°%C faeces 27.21 9.8 6.51 14.88
20°C faeces w.bhe .30 3.46 ¥ 0.3
) Calorific F-test Method of Result
content of: comparison
1) 10°C faeces P =<0.01 Modified Significant
with t-test (P =<0.02)
20°C faeces (Bailey, 1959)
2) B. submarina P =>0.05 Student's t Not significant
with (P =>0.05)
10°C faeces
3) B. submarina P =<0.05 Modified
with t-test " Significant

20°C faeces (P = <0.05)
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20°C faeces samples, the 10°C values show considerable variatione.

This is probably due to the difficulty that was experienced in
achieving combustion of these samples in the calorimeter. It is likely
that appreciable amounts of soluble organic matter were lost from the
faeces during the washing treatment to reduce the salt content. The
results of the statistical tests that were carried out on the calorific

data for the food and faeces are summarised in Table 25b.

Discussion

In common with the results of biochemical analyses of B. submarina

(Section 3.6.2 and Section 3.6.3), protein predominates among the
organic components of the faeces. Assuming that the estimated protein
contents are correct, there is no difference between the percentage
protein composition of the food and faeces at the two experimental
temperatures. In contrast, the faeces appear to contain appreciably
more lipid than do the algal cells (on a unit weight basis), indicating
that relatively less lipid assimilation had occurred compared with
protein. In addition, whereas there is no difference between the levels
of carbohydrate in the 10°C and 20°C faeces samples, these contained

less carbohydrate than do the B. submarina cells, indicating that

relatively more carbohydrate than protein was assimilated.

The results of the statistical analyses performed on the
calorimetry data (Table 25b) show that there is no significant
difference between the calorific contents of B, Submarina and the
faeces produced at the lower temperature, whereas the 20°C faeces have
a significantly lower calorific value per unit ash-free dry weight.

Calculation of the energy content of B. submarina, 10°C faeces and

20°C faeces, from their proximate biochemical composition, using values

given by Brody (1945), for the heats of combustion of glucose, lipid
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Fig. 47. Egestion rate expressed as a function of body size of

M. enigmatica acclimated to winter and summer temperatures,

and feeding on a B. submarina suspension with a concentration

®of 1.1 x 10& cells ml™'. The points represent the mean
rate of faeces production per individual and the vertical

lines ¥ 1 standard deviation.
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and protein (see Section 3.6.3) gave the following values: 22.3 J
mg-l ash-free dry weight, 25.11 J mg_1 ash-free dry weight and

24.15 J mg~1 ash-free dry weight respectively. Thus, whereas there
is reasonable agreement between the estimated and measured values in

both the B. submarina and 10°C faeces samples, there is a considerable

discrepancy in the case of the faeces produced at the higher temperature.
Possible reasons for this discrepancy have been discussed already in

Section 3.6.2.

The loss of energy through defaecation

The average hourly egestion rates at 10°C and 20°C by Mercierella

weighing 7.0 mg wet weight, when feeding on a B. submarina suspension

with a density of 1.1 x 104 cells ml-l, were obtainedtfrom lines fitted
to the average rates of egestion by the 3 size classes (Table 19) when
plotted against body size (Fig. 47). The estimated rates of egestion

by a standard worm when acclimated to winter and summer temperatures
are 3.6 and 4.7 ug ash-free dry weight incliv._'l h'_1 respectively. From
the calorific measurements made using the Scott micro-bomb calorimeter
(Table 25a), it was calculated that these values represent the following’

energy losses: 9.8 x 1072

Jht (2.32 x 107 cal b™1) at 10°C, and
) ‘

6.8 x 107> J h™L (1.63 x 10°2 cal h™1) at 20°C.
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6. RESPIRATION

Introduction

When Mercierella is covered by water the branchial crown extends
from the end of the tube, and the large collar is folded back over the
anterior margin. The expanded branchial crown forms a funnel through
which water is drawn from the sides to be'forced out of the centre as
a strong rejection current. Dales (1957) demonstrated that serpulid
tube-worms filter relatively considerabtle volumes of Qater in terms of
body weight during the course of their feeding activities. Pomatoceros

triqueter strains 1.4 1 h-1 -1 fresh weight, and Hydroides norvegica,
rriguerer g iy )

1

0.91h g‘-l fresh weight. Behavioural investigations showed
(Section 3.5.2) that Mercierella filters water for the majority of the
time, and unless it is disturbed, the worm's feeding activities are
only énterrupted by the sporadic, rapid, longitudinal contractions of

the body that are associated with the ejection of faecal pellets into

the rejection current.

In contrast to the branchial crown, the rest of the body does not
leave the confines of the hard, impermeable calcareous tube. However,

a flow of water inside the tube has been described for several serpulid

species: Filograna implexa Berkeley (Faulkner, 1929 in Thomas, 1940);

Pomatoceros triqueter (Thomas, 1940); and Mercierella enigmatica (Hall,

1954). 1In contrast to Filograna's tube which is open at each end,

Mercierella's tube is usually closed at the narrow, posterior end, and
unless recently damaged there are no holes in the walls. For the worm
will repair any small holes and fractures that can be reached with the
calcium carbonate secreting glands situated beneath the collar. There

is also evidence which suggests that serpulids may be able to secrete

tube material from other parts of their bodies (see Hedley, 1958).
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Since under normal conditions the tube is complete, water can
only enter through the anterior opening. Hall (1954) reported that
water is drawn into the tube between the divided dorsal lobes of the
collar and circulates in the chamber formed by the folds of the thoracic
membrane. Initially the water travels in a posterior direction against
the dorsal (inner) surface of the thoracic membrane before turning back,
after several segments, on the dorsal surface of the thorax. A similar

anteriorly directed current occurs in Pomatoceros.

In addition to these thoracic currents, there is a strong ciliary
generated movement of water along the median ventral groove on the
abdomen, which was demonstrated in Mercierella living in clear polythene
tubes, by introducing carmine and graphite particles into the cpen
posterior end. Within a few seconds of their introduction, the particles
were swept in this current to the anterior part of the abdomen, from
where:they were directed by the ventral lobe of the thoracic membrane
onto the-adjacent, dorsally-directed, lateral ciliary tracts, which
carried them to the dorsal surface of the thorax and the anteriorly

directed water currents that carried them to the outside.

Apart from the iﬁwardly directed water current on the dorsal
surface of the collar, which moves water towards the tube entrance,
there are no other posteriorly directed ciliary generated currents.
Instead, there is a passive movement of water along the dorsal and
lateral walls of the abdomen to replace that which is displaced in an

anterior direction, by cilia beating in the median ventral groove.

When disturbed, Mercierella withdraws the branchial crown into the
safety of the tube entrance, whilst leaving the sensory-tactile tips of

the branchial filaments protruding from the end of the tube. The cilia
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on the‘branchial filaments remain active throughout this partially
withdrawn phase, and if no further disturbance follows, the worm will
return to the normal feeding position within a few min. However, if the
tips of the branchiae are touched, as by a potential @redator, the worm
.quickly retreats inté the posterior portion of the tube, blocking the

entrance with the defensive operculum.

When Mercierella is fully withdrawn inside its tube, ciliary
activity on the‘crown ceases altogether, but faecal pellets continue to
be released from the anus and are carried to the base of the crown by
the ciliated tracts on the body which indicates that water continues to
circulate around the general body surface. The operculum of a fully
withdrawn worm is not held tightly in place, unless it has been recently
disturbed, and a narrow gap usually remains enabling an exchange with

oxygenated water from the outside to take place.

When the crown is partially withdrawn, the flow of blood along the '
gut-sinus becomes reduced, and when the worm is fully withdrawn inside 7
the tube the blood flow is further reduced. Measurements of the rate‘at
which the antiperistaltic waves of muscular contraction passed a fixed
point on the gut of a worm growing on a microscope slide (this enabled
the gut to be viewed through the body wall since the tube is incomplete
on the lower side), showed that the rate of blood flow is 16 contractions
min—l, at 17°C, 12 min-l in a partially withdrawn animal, and 3 m:'Ln-1 in
a fully withdrawn specimen. When Mercierella is fully withdrawn, the

flow of blood to the operculum and branchial filaments ceases.

Up till now, the observations have dealt with animals that are
immersed in water. However, on occasion the worm is exposed to the air.

When Mercierella becomes emersed, it withdraws fully inside its tube and
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closes the entrance with the operculum. Unless the inside of the tube
begins to dry out, a narrow gap remains around the edge of the
operculum which allows gas exchange to take place between the chamber
enclosing the animal and the surroﬁnding air, a situation that is
.analogous to the function of the micropyle of the barnacle, Chthamalus
stellatus (Poli). Under damp conditions Mercierella will sometimes
protrude the collapsed branchial crown from the tube entrance, a
behavioural phenomenon that parallels a condition observed during the
animal's exposure to anaerobic conditions resulting from the breakdown
of an air pump. The tank in question contained a considerable amount of
detrital material whose decomposition hastened the depletion of oxygen.
In contrast, if the inside of the tube begins to dry out, the worm will
tightly seal itself in by means of the operculum, reméining in an inactive

state for as long as 2 d at room temperature (c. 20°C).

In view of the behavioural complexity associated with a tubicolous
hebit, it is of interest to determine the relative significance of the
various parts of the body as respiratory surfaces during the different
behavioural phases. However, before this was carried out, it was
necessary to know the extent of the blood system and the nature and

properties of the blood pigment.

6.2 The blood-system and blood pigment

6.2.1 Introduction

The anatomy of the blood-system in the Serpulidae is described in
detail by Hanson (1950). Apart from giving a detailed account of the

blood-system in Pomatoceros triqueter and the variations found in 11

other serpulid species, Hanson also reviewed the previous work that had

been carried out on this group.
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Basically, the blood-system consists of two parts: a central
system consisting of large vessels, and a peripheral system comprised
of blind-ending vessels of smaller diameter. The dorsal blood vessel
has lost its identity, except in the ocesophageal région; along the
rest of its length it envelopes the gut, forming the gut biood—sinus
(Fig. 56). The outer wall of the blood-sinus contains muscle fibres,
in common with all other serpulid blood vessels (Hanson, 1950), which
force the blood along it in an anterior direction, by a series of
antiperistaltic waves of contraction, each of which is several segments
in length. Anteriorly, the blood enters the dorsal blood vessel, that
lies above the oesophagus. From the dorsal vessel the blood flows into
the branchial crown and operculum, which form part of the peripheral
blood-system and/or is directed through the transvers; and circum-
oesophageal vessels to the ventral vessel (Fig.56), where it travels in
a posterior direction, finally making its way back into the gut-sinus
through the segmentally arranged ring vessels. In the anterior part of
the dorsal vessel there is a valve that prevents blood leaving the

branchial region from flowing back into the dorsal vessel.

The peripheral blood-system consists of the branchial vessels
(Fig. 53), and their branches that supply the crown filaments and the
operculum, and the vessels supplying the collar, lips and anterior
portion of the alimentary canal, the plexus surrounding the oesophagus,
and the trans-septal vessels which supply the body wall, chaetée and
the thoracic membrane. The peripheral blood-system consists of |

blind-ending vessels that are alternately - full and empty.

Materials and Methods

Mercierella were collected from the pools of standing water at

about the mid-tide level at Greenhithe, Kent.
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The worms were bled soon after return to the laboratory. Blood
was collected from the gut—siﬁus in glags micro-pipettes, after the
body cavity had been opened along its dorsal surface and the viscous
coelomic fluid blotted off with a paper tissue. The micro-pipettes
were inserted at an oblique angle to prevent rupturing the gut. The
operation was performed on a moistened glass slide under a binocular
microscope, whilst the worm was restrained with thin sheets of rubber
placed across its anterior and posterior ends. Blood was also collected
from rhe operculum in a micropipette inserted through the peduncle.
Approximately 0.2 ul of blood was obtained from each animal. The blood
samples were stored<’after the ends of the pipettes had been sealed in a

flame) packed in ice for no longer than 3 days.

A pooled 30 il sample of whole blood was diluted with distilled
water, to give a 1% solution of pH 7.0, and centrifuged at 20 000x g
for 5 min to remove debris. The resulting clear supernatant had a faint
green tinge, indicating that the respiratory protein had not been spun

down by this treatment.

Three 1 ml samples of the 1% blood solution were equilibrated
for about 10 min with different oxygen tensions, carbon monoxide (coal
gas), and reduced with sodium hydrosulphite, in a tonometer that
incorporated a glass spectrophotometer cuvette of 1 ml internal
capacity. Gases were selected from pressurised cylinders of oxygen-free
nitrogen, pure oxygen, and compressed air, and mixed in a Gallenkamp gas
mixer. The experiments were carried out at room temperature (c. 20°C).
The approximate positions of the absorption maxima were first located
with a Beckman DB-G spectrophotometer, before their wavelengths and
percentage transmission were measured exactly with a Unicam SP SO0

spectrophotometer.
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Fig. 48. Sigmoid-shaped oxygen equilibrium curve for the diluted

blood of M. enigmatica (1% solution) at pH 7.0 and 20°C,

showing its failure to reach full saturation at an

atmospheric oxygen tension of 152 mm Hg (p02).
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Results

The blood pigment in Mercierella is dichroic, being red in the
large blood vessels and green in the smaller ones, and is in free
solution in the blood. The 1% solution had a and é absorption maxima
at 604 and 554 nm, and a prominent Soré&t band at 437 nm in the
oxygenated state. In the reduced condition, the Sorét peak is shifted
towards the red end of the spectrum at 447 nm. Moreover, the a and B
maxima become depressed into a broad weak band, with traces of the two
peaks being recognisable at 600 and 571 nm, showing that there is a
concomitant decrease in the span between them. These results are in
agreement with the data of Fox (1926, 1949), Antonini et al., (1962),
and Wells and Dales (1975) for the iron-containing pr9tein, chlorocruorin,

that is found in the other members of this group.

Compared with oxychlorocruorin, the o peék of carbox?chlorocruorin
is shifted towards the violet end of the spectrum at 600 nm, and the
B peak is deﬁressed. The span between the a peaks of oxy- and
deoxychlorocruorin differs from one chlorocruorin to another (Fox, 1926).
Similarly, different genera and families show differences in the exact

positions of the absorption maxima. v ‘

Discussion

Fig. 48 shows the oxygen equilibrium curve for the diluted blood
of Mercierella, at pH 7.0 and 20°C. Like other chlorocruorins, with

the exception of that of Myxicola infundibulum (Wells & Dales, 1975)

Mercierella's blood is not fully saturated with oxygen when it is in

equilibrium with air (pO2 152 mm Hg)e It is only 78% saturated in air,
complete saturation being achieved by exposing the solution to pure

oxygen, pO2 760 mm Hge.
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A PSO of 50 mm Hg suggests that Mercierella's chlorocruorin
functions at high external oxygen concentrations, although Wells and
Dales (1975) pointed out that despite their relatively low oxygen
affinities, chlorocruorins appear to have high oxygen capacities, which
could enable them to transport oxygen under lower ambient oxygen levels
than the equilibrium curves suggest is possible. However, due to its
intertidal distribution, Mercierella is not generally exposed to the
extremely low levels of dissolved oxygen that prevail during the low
tide periods at Greenhithe (Fig. 23). The recorded distribution is
thus in agreement with the experimentally determined properties of the

bloode.

Occasionally, worms in the Greenhithe population are exposed to
low external dissolved oxygen levels (< 20% > 10% saturation), although
for only a few hours at a time. Straughan (13970) described a

Mercierella (= Neopomatus ?) population in the North Pine River,

S. Queensland, that survived exposure to completely deoxygenated water
for about 3 h each tide, after which the oxygen content of the wéter
gradually rose to the normal surface level (D. Straughan, personal
communication; 1974). Another reported dﬁummg(af serpulids surviving
exposure to reduced levels of dissolved ;i§§;h is that by T.C. Nelson
(in Tebble, 1956), in Barnegat Bay, New Jersey. These specimens were

not positively identified as Mercierella enigmatica, but the

environmental conditions were appropriate for this species. Whilst
these observations seem to refute the generally held view that fan worms
are restricted to well aerated waters because their blood is unable to
transport oxygen under low external concentrations, the possible
importance of the intermittent periods of high external oxygen levels

should not be overlooked.
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The relative significance of the potential respiratory surfaces

during the different phases of activity

Introduction

There are conflicting reports in the literature concerning the
sites of gaseous exchange in serpulid tubeworms. Thomas (1940) stated
respiratory exchange takes place through the branchial crown and the
general surface of the body, whereas Straughan (1968) reported that
the branchiae are used mainly for the collection of food, "and not,
as their name suggests for respiration". Straughan stated that gas
exchange occurs through the surface ofrthe collar and thoracic membrane,

although she provided no data to support this statement.

The essential criteria for a respiratory organ are : a large
surface area; tissues that are permeable to gases; and a rich blood
supply. This is complicated however, in the case of Mercierella since
only the anterior portion is extended into the surrounding water when
the vorm is feeding, and generally the whole body is withdrawn inside
the calcareous tube when it is emersed. It is unlikely therefore, that
the same organs will function as the major gas exchange sites during

all phases of activity.

The possible respiratory surfaces are: the branchial filaments and
pinnules; the operculun; the lips; the oesophagﬁs; the collar; the
thoracic membrane; the general body surface; and the rectum. An
his#ological‘investigation has been made of each of these, and their
relative significance as respiratory surfaces during the three phases of
activity: feeding, partially withdrawn, and withdrawn,. has been assessed

based on this and observations of the worm's behaviour.
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Materials and Methods

Adult Mercierella with a total body length of about 10 mm were
removed from their tubes and fixed in glass tubes, that prevented the
abdomens curling during fixation. For the general anatomical
investigation the specimens were fixed in'70% alcohol, whereas those
used in the study of the blood-system were fixed in 10% formalin.
Longitudinal and transverse serial sections were cut of whole worms
at a thickness of 8 um. For general.anatomy, the sections were stained
with haemotoxylin and eosin, whereas the blood-system was stained
using the benzidine method for peroxidases (Pfaff & Williams, 1942 in

Gray, 1954; Ziegler, 1945).

The permeability of an organ to oxygen depends on the thickness
of the cuticle, and the nature and thickness of the underlying tissues.
Measurements of cuticle thickness, and the minimum and maximum
distances between the external surface and the nearest blocd vessel
were carried out using a calibrated graticule eyepiece. Each cuticle
value is the mean of 10 separate measurements. Since the benzidine
method results in the production of appreciable volumes of oxygen gas,
that has a tendency to damage and distort sections, all the measurements

were made using haemotoxylin and eosin stained material.

Observations of the blood flow in the branchial crown, and ciliary

activity, were made using worms.living in clear polythene tubes.

Results

The branchial filaments

In transverse section a branchial filament is quadrilateral, with
the shortest side innermost (Fig. 49). The innermost surface is

concave, ciliated, and lacks a cuticle. In contrast, the three
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Fig. 49. Transverse section of a branchial filament stained

Fig. 50.

with haemotoxylin and eosin. The innermost surface (R.H.S.)
is damaged in this specimen. b.v., blood vessel; c., cuticle;
e.,epithelium; l.m., longitudinal muscle fibres;

P., parenchymatous tissue.

Transverse section of branchial pinnules stained with
haemotoxylin and eosin, showing the approximately ovate
form. The blunt, innermost surface lacks a cuticle and
bears a ciliated groove, c.g., which carries the food
lzden mucous secretions, produced by mucous glands, Mege,
to the filament. f. frontal cilia; l.f.c., latero-

frontal ciliaj l.m.,ring of longitudinal muscle fibres.



- 268 -

o

40 um

-

T
E)

-, |
[
v T -
»ov “.
_
; A '
“w , /
-
.
.-
..
.
|
, y
~l L
. ,
.. <)
Ee—— Y. =~ ?
—_— ol N

20 um

_alm




- 269 -

unciliatéd sides are covered with a thin cuticle. The wall of the
filament is composed of a single layer of columnar epithelium, beneath
which is a region of parenchyma, that contains discrete bundles of
lpngitudinal muscle fibres. Beneath the parenchymatous region is a
small coelomic space that §urrounds a central, thin-walled, blood

vessel.

The paired pinnules are borne either side of the ciliated groove
on the innermost face of the filament. Each pinnule is approximately
oval in transverse section (Fig. 50), although the innermost face is
slightly concave. The concave surface, which is continuous with the
groove on the filament, is ciliated. The cilia are shortest in the
middle (frontal cilia), and extremely long at the sides {latero-frontal
cilia). Like the filament, the three unciliated'sides of the pinnule
are covered with a thin cuticle. Anatomically; the pinnules are
simpler than the filaments, since they lack the layer of parenchymatous
tissue, and in contrast to the filament musculature, which consists of
four discrete bundles of muscle fibres, there is a ring of longitudinal

muscle fibres beneath the layer of columnar epithelial cells.

The ciliary pattern on Mercierella's branchial crown is similar

to that of Sabella pavonina (Nicol, 1930), and Pomatoceros triqueter

(Thomas, 1940). The latero-frontal cilia on the pinnules cause the water
to move centripetally, with respect to the funnel formed by the extended
branchial filaments, and trap particles of food from the passing water
which are then transferred to the intermediate ciliated groove. Here

the food particles become entangled in a mucous secretion produced by
special gland Eells (Fig. 50), which is wafted into the ciliated groove

on the filament by the frontal cilia. Once in the filament groove the
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Fig. 51.

Figo 520

Transverse section of a peduncle (operculum stalk),stained
using the benzidine method and counter stained with eosinj
the thin dorsal wall is damaged in this section. b.s.,

large central blood-space traversed by trabeculae, t.;

f., fibrous tissue.

Transverse section through the oblique, distal end of an
operculum, stained using the benzidine method and counter
stained with eosin. c., thick layer of cuticle; c.h.,

insertion of chitinous hook; f., relatively thin fibrous

layer.
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food particles are carried to the mouth in the mucous strings produced

by the filament gland cells. Mercierella enigmatica's feeding

mechanism has been described by Hall (1954).

The operculum

The operculum is a fig-shaped structure with a stalk, or peduncle,
at the narrow, proximal end. The oblique distal end has a concave
surface, which bears several concentric rows of dark, inwardly directed,
chitinous hooks (see Fig. 3A). The number of hooks is variable, and
depends to some extent on age, younger Mercierella tend to have fewer
hooks than do older ones. Recently regensrated opercula ,however,have
fewer hooks than were present on the original. In contrast to the
roughly circular distal end of the operculum, the pedéncle is triangular

in transverse section, and has & pronounced dorsal groove. The

morphclogical variations in the operculum of Mercierella enigmatica

have been described by Hartman-Schroder (1957).

A transverse section of a peduncle is shown in Fig. 51.
Externally it is covered with a thick cuticle. The outer wall is
composed of a single layer of columnar epithelial cells which encloses |
a layer of fibrous tissue. The fibrous zone is of variable thickness |,
being thicker at the three corners, especially on the ventral side, and
has a structural supporting function. The central region consists of
a large blood-space that is traversed by fine strands of trabecular
tissue. McIntosh (1926) postulated that the trabeculae might play an
important role in the cirmlation and efficient replenishment of the
blood that enters through a single, median blood vessel and Hanson

(1950) suggested that Mercierella has a spiral vessel similar to the one

she described in P. triqueter. However, the results of this
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Fig. 53.

Fig. Sh.

Part of a transverse section through the base of the

branchial filaments in the region of the mouth. Stained

- using the benzidine method and counter stained with

eosin, showing the dorsal and ventral lips, d.l. and
Vole., mouth, ma.,and the blood vessels supplying the

individual filaments, b.v.e.

Longitudinal section through the anterior end of the
thorax, stained with the benzidine method and counter
staired with eosin. The internally ciliated lips, d.l.
and vl.l., ana oesophagus, 0.,the ventral co;lar fold,
VveCef., and the body wall contain numeroﬁs blood vessels.
€., excretory pore; m.g., mucous gland; supra-oesophageal

ganglion, S.0.Ze.



%

Wll

- 274 -

100 urn

200um



- 275 -

investigation failed to reveal conclusive evidence that the trabeculae
are arranged in anything other than a random wayY. The central blood-
space appears to be nothing more than an irregular shaped cavity. The
operculum of an average sized adult worm (c. 10 mm) contains about

0.1 pl of blood.

Fige. 52 shows a transverse section through the oblique, distal
end of an operculume. In addition to the insertions of the chitinous
hooks, the concave surface is covered by a very thick layer of cuticle.
In contrast to the peduncle, the distal end of the operculum contains
a relatively small amount of fibrous tissue, which results in the blood-

space being generally closer to the surface.

Lips and oesophaqus

In the centre of the branchial crown at the base of the filaments
is the slit-like mouth, bordered by crescent-shaped, dorsal and ventral
lips (Fig. 53). The lips are bounded internally and externally by a
single layer of columnar epithelium (Fig. 54). The external epithelium
is covered with a thin cuticle, whereas the internal surface is richly
ciliated and contains numerous mucous cells. A component of the
external epithelial cells stained darkly with the benzidine stain.

Thomas (1940) reported a similar reaction for P. tricueter when stained

with iron haemotoxylin. The internal and external epithelia are
separated by connective tissue which contains numerous blood vessels.
Thomas also reported circular muscle fibres beneath the internal
epithelium, but these could not be distinguished in the Mercierella

preparations.

The mouth opens into the oesophagus, which is lined internally

with a layer of ciliated columnar epithelium which contains numerocus
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Fig. 55.

Fig. 56.

Longitudinal section through the large, ventral collar
fold, stained using the benzidine method and counter
stained with eosin. Note the rich blood supply (dark
masses) and proximal wedge of connective tissue, c.t.,

separating the dorsal and ventral layers of columnar

epithelium,

Part of a tfansverse section through the abdomen, showing
the gut, ge.surrounded by the gut blood-sinus, g.b.s.,

the ventral blood vessel, v.b.v., ventral longitudinal
mascle, v.l.m., and peripheral blind-ending blood vessels,
b.v., beneath the cuticularised layer of epithelium, e.,
which in the mid-ventral region is richly ciliated and
contains numerous mucous glands, forming the ventral

ciliated groove, v.c.g.. The section was stained using

" the benzidine method and counter stained with eosin.
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mucous cells. The epithelium is surrounded internally by a layer of
circular muscle, and in this respect differs from the rest of the gut
which lacks a muscular wall. Externally the muscle layer is covered
with connective tissue, in wﬁich run the blood vessels that constitute
the peri-oesophageal plexus. Lying above the oesophagus and joined

to it by the connective tissue is the large dorsal blood vessel.

The collar

Fige 55 shows a longitudinal séction through the large ventral
collar fold. The dorsal and ventral surfaces are.covered with a thin
cuticle, beneath which is a layer of columnar epithelium. The cells
on the dorsal surface are ciliated. Proximally, the dorsal and
ventral epithelia are separated by connective tissue,:containing
muscle fibres and numerous blind-ending blood vessels, whereas , distally

connective tissue is absent.

The thoracic membrane

The lateral lobes of the thoracic membrane consist of two layers
of cuticularised epithelium, that are separated by numerous blood
vessels. The dorsal surface is ciliated. In contrast, the posterior |,

lobe of the thoracic membrane is similar in structure to the ventral

collar lobe with a proximal wedge of connective tissue.

The thorax and abdomen

These are covered with a thin cuticle that overlies a layer of
epithelium (Fig. 56), which in certain areas, e.g. the abdominal ventral
groove, contains numerous mucous glands. The dorsal surface of the
thorax, and the abdominal ventral groove are richly ciliated. Beneath

the epithelium are numerous, blind-ending, blood vessels (Fig. 57).
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Fig. 57. Peripheral, blind-ending, blood vessels, b.v., underlying
the outer layer of epithelium, in the region separating

the epidermis from the muscle layers. Longitudinal section
of the abdominal body wall, stained using the benzidine

method and counter staiﬁed with eosin.



- 280 -

50 um



- 281 -

The rectum

This is lined with a layer of ciliated columnar epithelium
which contains numerous mucous cells. Externally, the rectum is

)

surrounded by the gut blood-sinus.

6.3.4 Discussion

The results of this investigation are summarised in Table 26.
Since the cuticle is thicker on the outermost side of the branchial
filaments and distal end of the operculum, and thinner in the peduncle's
dorsal groove, than it is on the rest of these organs, two values are
given for cuticle thickness. The relative areas of the potential
repiratory surfaces, and their estimated respiratory contributions
during the three phases of activity are expressed.as star ratings from
one to five, five star rating representing the highest proportional

value in each case.

During the feeding periods, and when the worm is partially
withdrawn, the branchial crown and collar are the major sites of
respiratory exchange. Conversely, during the withdrawn phase, when
blood flow to the crown ceases (Section 6.1), the thoracic appendages
and the general body surface are largely responsible for this

function.

Several authors have suggestzd that the large blood-spaces in
serpulid opercula may play an important role in respiraticn,
especially when the worms are withdrawn inside their tubes (Srley, 1384,
and Loye, 1208, in Hanson, 1950; McIntosh, 1926). This seems unlikely,
however, because of the thick cuticle, and large amount of fibrous

tissue separating the epithelium from the central blood-space. In
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addition, where thé fibrous tissue is thinnest; at the distal end,
the chitinous hooks are generally covered in a thick coat of debris,
thus making efficient gas exchange extremely unlikely. The thin
region on the dorsal surface of the peduncle probably acts as a
respiratory surface but because of its limited area, and since blood
flow in the operculum ceases when the crown is fully withdrawn, it is

unlikely to serve more than a minor role.

Tubed Mercierella that have been dﬁ;ected midway along the thorax
will usually form a new, though initially mirfature, crown within
3 weeks at room temperature (c. 20°C). Wells (1952) reported that
predation results in about half the Sabella population suffering
mutilation of the anterior region at one time or another. Although
no datagr@ available for Mercierella populationé, there is a record of

Nereis diversicolor supposedly browsing on the extended brarchisae

(Mathfas'& Izac, 1963). Mercierella that have suffered crown damage

as a result of dehydration are able to autotomise the whole crown and
grow a new one. This ability to regenerate a lost crown shows that
Mercierella can obtain sufficient oxygen while in its tube, to supply ’
both the basal metabolism of the thorax and abdomen, and the regenerative
processes. There is no anatomical evidence, however, for supposing that
the branchial crown and the rest of the body function as separzte systems

with regard to the supply of oxygen when the worm is feeding, as was

suggested by Wells (1952) for Sabella pavonina, since there is an

intercommunicating, circulating blood-system. Skaer (1974c) reported
that there was a rapid transfer of fluorescein dye, following its
injection into Mercierella's opercular blood-space, throughout the
vascular system. The branchial crown therefore contributes to the

oxygen supply of the rest of the body during the periods that the worm



is active. However, when the worm is withdrawn inside its tube the

crown and the rest of the body function as separate systems.

The oesophagus is not a respiratory surface of general importahce
because apart from being relatively small, it contains an appreciable
amount of muaus that will reduce the rate of oxygen diffusion in the
lumen. In addition, Mercierella feeds on algae and detrital material
that contains large numbers of micro-organisms, which will compete with
the epithelium for available oxygen. Thomés (1940) found no histologicel

evidence of enzyme-secreting cells in the ocesophagus of P. triqueter,

wnich suggests that the food organisms will continue to respire until
they reach the stomach. Any oxygen that does diffuse into the cells
lining the wall of the cesophagus is unlikely to reach the blood
vessels because it is probably utilised by the cilia or the ruscle

cells.

Stephenson's (1913) claim that ascending water currents are
present in the gquts of several polychaefe species, including serpulids,
was criticised by Lindroth (1938, in Hanson, 1948) for failing to
discriminate between the metachronal waves, that travel in a posterio-
anterior direction, and the effective ciliary stroke which Hanson (1948)

demonstrated conclusively as travelling in an anterio-posterior

direction in P. triqueter. From the behaviour cf carmine particles
near the anus of.Mercierella, I could find no evidence to support the
existence of an ascending current in Mercierella, and should one be
present it is of little respiratory value since the rectum is occluded

by descending faecal pellets.
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6.4 A differentisl volumetric micro-respirometer

Gebol Introduction

A simple and inexpensive volumetric respirometer is described in
which respiration rates of less than 5 il O2 h_l have been measured.
It is of the differential type in which gas pressure and volume change
simultaneously, and consists essentially of 2 vessels connected by a
horizontal capillary tube containing an index droplet. The history

and theory of this and other volumetric methods are reviewed by Dixon

(1951), Umbreit et al. (1964), and Holter and Zeuthen (1966).

The sensitivity of a volumetric respirometer can be increased
by decreasing the volume of the vessels and the diameter of the
capillary tube (Dixcn, 1951; Umbreit 22”53'3;1964)' In practice

the size of

however, there is a lower limit topvessel determined by the size of
the organism, or the amount of tissue required to produce a detectable
change in gas volume. Frurthermore, Kok et al. (1953) demonstrated that
there is a minimum capillary diameter (1.0 mm) below which a propdrtional
decrease in sensitivity results from an increase in the pressure required
to induce movement of the index fluid. The major improvement in design
that this apparatus has over existing modelé (e.g. Fenn, 1927) is the
relatively large bore of the capillarye. This complies with the findings
of Kok et al. (loc. cit.) who suggested the use of isovaleric acid as
the index fluid. The latter however produces nauseous fumes and in
this apparatus has been replaced with Apiezon oil, which due to its low
vapour pressure and good wetting properties, provides a satisfactory

alternative.

A further improvement is the transfer of the alkali wick to the-

roof of the respiration chamber, which facilitates the manipulation of



- 286 -

Fig. 58A : Volumetric micro-respirometer. B and C : The bung assembly.
D : Vertical section through the slotted rack showing a single
respirometer unit in position. a, respiration vessel; b, valve;
¢, capillary; d, connecting tube; e, graduated scale; f, 'Perspex'
holder; g, compensation vessel; h, alkali well. As an indication

of scale, the 'Perspex' holder is about 30 cm long.

(Drawing by A.J. Lee).|
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the experimental material. In addition,the design of the valves is'
such that fluids can be dispensed into or removed from the respiration
and compensation vessels by means of a syringe after the apparatus

has been assembled. This allowed worms to be fed with an algal
suspension whilst in the respirometer, permitting the measurement of
their standard and feeding cxygen consumption rates, with a minimum

of disturbance during the experimental procedure.

Description and construction

The apparatus (Fig. 58A) consists of a respiration vessel with
an alkali well, valve and graduated capillary containing a drop of
index fluid connected by a short length of thin-walled polythene
tubing to a compensation system. This is mounted on a fPerspex' holder,

and supported by a frame in a water bath.

:The wide-mouthed respiration and compensation vessels, internal
capacities of about 5.5 ml, are supplied by F.B.G. Trident Ltd.,
Iondon (1 dram vials). The capillary tubing is manufactured by Clay
Adams, U.S.A., as 100 pl micro-pipettes (Yankee, Micropet). A
satisfactory scale was_constructed with lacquered, 1 mm squared graph'
paper threaded onto the horizontal arm of the capillary tube by means
of two, short, transverse slits at either end. A finer scale can be

produced by photographic reduction.

No. 17 rubber bungs were drilled to accommodate a glass well and
capillary tubing (Fig. 58 B & C). The wells comprise 10 mm lengths of
glass tubing (internmal diameter c. 5 mm), sealed at one end. The
micro-pipettes were bent into a right-angle approximately 30 mm from

one end, in a cool flame. Valves were constructed from 40 mm lengths of



- 289 -

capillary tubing inserted through the rubber bungs, with 20 mm 1eng£hs
of polythene tubing (internal diameter 2 mm) pushed over their free

ends so that 10 mm extended beyond the end of the capillaries.

The holder consists of a strip of 3 mm 'Perspex' drilled to
accommodate four 25 mm long pegs which hold the bungs in position. A
slotted rack (Fig. 58D) was constructed to accommodate 6 respiromete;s
(5 experimental and 1 control) approximately 50 mm apart in a water

bath. The rack was supported in the water bath by four L['--shaped hookse

6.4.3 Calibration and preliminary test

For the successful operation of the apparatus it is essential
that the gas volumes in the respiration and compensation sections of
the respirometer are identical. Since the combined internal volumes
of the capillary and valve are the same in the two sections, it remains
to determine the internal cepacities of the respiration and
compensation vessels when attached to the bungs. This was achieved
using a gravimetric method, in which mercury was run into the vessel
up to the level of the bunge. The mercury was then weighed after its
temperature had been measured. The weight of the mercury in grammes;
divided by its density at that temperature (see Dixon, 1951, p. 141)
gave the required volume in ml. It is essential that the bung is
inserted to the same depth in the vessel each time, and this is

facilitated by the thick rim in the vessels described above, the

lower edge of which acts as a convenient marker.

To ensure that the index droplet moves freely the tube wall must
be’ideally)wetted with Apiezon o0il, and this is achieved by running a

drop of oil through the capillary under gravity. The capillary is
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allowed to stand upright until all the excess oil has drained throuéh.
Excess oil should then be removed with paper tissue. A 3 mm long index
drop of Apiezon 0il is then introduced into the long arm of the
graduated capillary which should be tilted to allow the drop to travel
down into the graduated section. The respirometer is then assembled
and all the joints greased with silicone high vacuum grease (supplied

by Edwards High Vacuum Ltd., Sussex, England.

The respirometer is tested for leaks in the following way. The
valves should be sealed with 3 mm of silicone grease, this will cause
some movement of the index droplet and it is better if the compensation
side of the apparatus is closed first, since this will prevent the drop
from being pushed into the interconnecting polythene tube. After the
valves are closed, the compensation vessel should be warmed slightly
with the hand, which will cause the index droplet to move towards the
respiéation vessel. When the hand is removed the drop will move back
towards its original position. The test should be repeated using the
respiration vessel. If the index droplet fails to respond when a
vessel is warmed this indicates that there is a leak on that side of
the system which should be treated by the application of more grease ;o
the joints. After the valves have been opened by snipping off the
blocked sections with a pair of sharp scissors the respirometer is

ready for use.

Operation

It is essential that the respiration vessels are kept
scrupulously clean and free from all traces of algal or bacterial
contamination. This is achieved by washing the vessels in sterile

water after use, and autoclaving them prior to each experiment. The
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bung bases should be wiped clean with a paper tissue wetted with a
dilute solution of antibiotics (streptomycin sulphate (50 mg 1_1) and
benzylpenicillin (30 mg 1—1)). As a further precaution against
contamination water for use in the respirometer was passed through a

sterile 0.2 um Sartorius membrane filter and treated with antibiotics.

A sufficient volume of water is added to the respiration vessel

“to cover the animal completely. In the case of Mercierella 1.5 ml was
used. To ensure that there is a rapid exchange of gas between the
gaseous and liquid phases in the vessel it is important that the
surface area to volume ratio of the liquid is as large as possible.
Under these conditions shaking of the apparatus was found to be
unnecessarye. Sufficient sterile water should be added to the
compensation vessel to balance exactly the gas volumes on the two
sides of the systeme. After the 1lip of the glass well in the respiration
chambér has been lightly greased to prevent alkali creep, a fluted wick
made from Whatman No. 42 (starch-free) filter paper, and wetted with

a 5% solution of KOH is inserted, taking care to blot off excess
alkali. The organism should now be placed in the respiration vessel
and the vessels connected to the rest of the respirometer. The
respirometers should be arranged in the water bath so that the water

level reaches the'Perspex pegs.

Once sufficient time has been allowed for complete temperature
equilibration, the valves should be closed with silicone grease, and
after a few minutes the initial reading can be made. The scale can be
moved so that a convenient mark can be a2ligned with the meniscus on
the leading edge of the index droplet. A lens may prove useful when

measuring very small changes in gas volume, and care must be taken
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when reading the position of the lowest point on the meniscus to

avoid errors resulting from parallaxe.

The readings in mm of oxygen are converted to ul at S.T.P. by

in
substituting thejequation:

x=d| 2A .P . 273

P T
o]

where: x = the amount of gas absorbed at S.T.P.

d = the distance in mm through which the o0il moves in the
capillary.

A = 1.316 mmz, the cross-sectional area of the capillarye.

P = the barometric pressure at the time the valves were
closed (in mm of Hg).

Po = standard pressure (760 mm Eg).

T = the absolute temperature of the water bath

It should be noted that this is a simplification of the equation
given by Dixon (1951 p. 47). The omission of the volume, sclubility,
and additional pressure terms has an insignificant effect on the
constant when the apparatus is used in the present context. Readers ,
are referred to Dixon'é excellent book (pp. 24 — 33, and 46 - 47)

should they decide to use the respirometer for other purposes.

The average respiratory run has been 6 h but respirometers have
been left for 12 h without a detectable reduction in the apparent rate
of oxygen consumption. It is advisable however, to recharge the wicks
with fresh alkali if longer periods are intended, and the build up of
waste products should be taken into consideration. The index droplet
can be re-set without dismantling the respirometer, by opening the valves

and attaching a hypodermic syringe with a wide bore needle to the
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compensation valve. The position of the index droplet in the capillary

can then be adjusted by manipulating the plunger.

For the successful operation of the respirometer it should be
maintained at a constant temperature. Satisfactory thermal stability
of % 0.1°C was achieved by opposing the cooling effect of a dip cooler
(Cambridge Instruments Ltd.) by the more powerful, thermostat-controlled

heater of a large Grant water bath.

The effect of antibiotics on réspiration rate

.Introduction

It was desirable to use tubed animals in the respiration
investigations since the feeding behaviour study (Section 3.5) showed
that Mercierella acclimated to 10°C spend significantly less time
feeding than do those at 20°C. Detubed Mercierella adopt a permanent
feedi;g position. Due to the apbreciable microbial population that is
associated with the calcareous tube (Section 4.3.3), it was necessary
to use antibiotics in the respirometer to prevent errors resulting from

microbial respiratione.

Simultaneously, an experiment was conducted to determine the
effect of antibiotics on the oxygen content of the water in the

respirometer vessels.

Materials and Methods

Mercierella enigmatica were collected from the seaward side of

the sluice gates beneath Westham Bridge, in Weymouth Harbour backwater,
Dorset, in October 1974 when the water temperature at low tide was 12°C,

In the laboratory the worms were maintained at 13°C in artificially
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aerated sea water of salinity 30 o/oo, the high tide values given
by Tebble (1953) for the site of permanent growth of Mercierella at

Weymouth. The worms were fed weekly with a suspension of Phaeodactylum

tricornutum (Bohlin), and the water was changed before every third feed.
The worms were acclimated to these conditions for 6 weeks before the

experiments commenced.

The sea water used in the respirometers was filtered through a
sterile 0.2 ym Sartorius membrane filter not longer than 3 d before
it was used, and stored in the dark at 4°C. Respirometer vessels and
glassware were autoclaved at 2 atmospheres for 20 min before these
were used. To reduce microbial contamination detubed animals were
used in these experiments. The worms were removed from their tubes 24 h
before the experiments commenced and were given several rinses with
filtered sea water to remove any debris adhering to the branchial crown.
Immediately before the experiments began, they were examined for signs
of injury, and any damaged animals were discarded. The experimental

salinity was 30 o/oo and temperature was 13°C.

Respirometers were set up containing: individual Mercierella with
and without antibiotics (streptomycin sulphate (50 mg 1-1), and
benzylpenicillin (30 mg 1-1)); filtered watef without animals or
antibiotics; and water with antibiotics. The antibiotics were added

to the water 1 h before the experiments commenced.

The individual respiration rates of the worms with and without
antibiotics were measured at hourly intervals for 6 h. Two control
respirometers (lacking worms and antibiotics) were run simulténeously,
and the mean hourly changes in gas volume were used to correct the

individual readings for the group lackihg antibiotics. The size range
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Fig. 59. Oxygen consumption rate of detubed M. enigmatica in

Fig. €0.

sea water of salinity, 30 o/oo, at 13°C, plus antibiotics,
expressed as a function of dialysed dry weight. Each

point represents the mean value of six hourly measurements,

and the regression line was fitted by the method of

least squares, assuming a linear relationship after
logarithmic transformation of the data. Regression

coefficient (b) = 0.61; intercept (ordinate) = 0.17.

Oxygen consumption rate as related to dialysed dry

weight of detubed M. enigmatica in sea water of salinity,

20 °/oo, at 13°C, without antibiotics. Regression

coefficient (b) = 0.52; intercept (ordinate) = 0.2.
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of each group was chosen to be representative of the original sample.
The mean control value (based on two determinations) was about 0.l ul
h-l. At the end of the experiment the worms were dialysed against
distilled water for approximately 3 h, before drying to constant weight

at 60°C on tared aluminium foil trays. Weighings were made to the

nearest 0.1 mg on a Sartorius semi-micro balance.

The gas volume changes in those respirometers used for determining
the effect of antibiotics on the oxygen content of filtered sea water
were recorded at 1 4 intervals. The mean hourly respiration rate of
each worm was obtained from a regression line fitted to the individual
readings by the method of least squares; the mean hourly rate is equal
to the slope of the line. The individual respiration rates and the gas
volume changes in the respirometers lacking animals were converted to
S.T.P. (Section 6.4.4).

Results

Figse. 59 and 60 show the individual mean hourly respiration rates
of detubed Mercierella with and without the presence of antibiotics,
expressed as a functiop of dialysed dry weight. Regression lines were
fitted by the method of least squares. Thefe are high correlations
between the two parameters for both groups, 0.97 and 0.91 respectively

for the animals with and without antibiotics (P =<0.001).

The low variances about the lines, 0.1 and 0.25 respectively for
those with and without antibiotics, indicate that behaviour was uniform
throughout the experimental period, and agrees with what is known about
the behaviour of detubed worms. Since an F-test carried out on the two
variances failed to reveal a significant difference between them

(P => 0.05), the regression coefficients (b) were compared using a
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Tsble 27. The cumulative reductions in gas volume in the respirometers
containing 1.5 ml of water, with and without antibiotics.
(n1 0, at S.T.P.)

2
A, With antibiotics
Respirometer Time (days)
No. 1 2 3 b 5 6 7
1 O " Oa5 1.0
2 1.5 1.75 2.0 ‘ 3,5 Lo L.5
3 0 0 0 0.5 0.5 0.5
L 0 0.5 0.6 1.0 1.0 1.0
Mean 0.38 0.69 0.9 1,68 1.83 2.0
Standard 0.75 0.76 0.84 1.61 1.8 ° 2,18
deviation
B, Without antibiotics
5 0 12.0 30.0
6 37.0 56,0 90.0
4 5.5 6.0
Mean 14,2 24k,7  60.0
Standard 19.9 27.3 L2,k

deviation
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t-test, similar to that described by Bailey (1959) for samples smaller
than 30. The calculated value for t, 1.0l, is smaller than the
tabulated value for 18 degrees of freedom at the P = 0.05 level, so
the antibiotics had no significant effect on the respiration rates of

detubed Mercierellae.

Table 27 shows the individual results of the investigation into
the effect of antibiotics on the oxygen content of filtered sea water.
It is evident that thé oxyden content of the water containing
streptomycin sulphate and benzylpenicillin remained fairly constant
throughout the 7 d period. In contrast there was a significant fall in
the oxygen level in the respirometers lacking antibiotics due to microbial
activity, despite the cleansing and sterilising treatments that the

glassware and sea water had received.

Discussion

Some workers (e.g. Richman, 1958) avoided the use of antibiotics
in respirometery experiments by the use of control respirometers
(lacking animals), whereas others (e.g. Atkinson & Smith, 1973) flushed
out the respiration chamber with a solution of antibiotics but did not
expose the animals to them. This investigafion shows that streptomycin
sulphate (50 mg 1) and benzylpenicillin (30 mg 171) reduce microbial
activity without having a significant effect on Mercierella's
respiration rate. These antibiotics were used by Marshall and Orr
(1955) in similar experiments on Calanus, and are reported to have little
or no effect on feeding activity when used at the above concentrations.
Since these antibiotics also have no detectable effect on the
integumentary uptake of 14C-glycine (Section 4.3) it is considered safe

to use them in the experimental programme.
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These results also show that when small gas volume changes are
being measured, tﬁe effect of microbial activity can be significant,
particularly when respiration rate is monitored for an extended period.
Furthermore, there can be conéiderable variation in control values

under similar conditionse.

The influence of feeding on respiration rate

Introduction

It is general practice in energetics studies to derive the cost
of meteabolism from the rate of oxygen consumption due to the practical
difficulties associated with the direct measurement of heat production
by aquatic invertebrates. Energy budgets in general take no account of
activity and are therefore inaccurate in this respect since marine
invertebrates exhibit different levels of oxygen consumption depending
on their level of activity (see review by Newell, 1973). In most
instances this omission is understandable because the organisms either
do not behave naturally in the respirometer, or their behaviour patterns
are not easily defined. This does not apply, however, in the case of
Mercierella since, in common with othef sedentary filter—feeders, it~
has a limited behavioural repertoire which'it is able to perform within
the confines of the respirometer. Whilst the worm is covered by water
the branchial crown is extended for the majority of the time because
it is used for both feeding and respiration. It is therefore possible
to predict the animal's behaviour when it is in the respirometer, which
allows the energy expended during activity, namely pumping water, to be

included in the energy budgete.

Since Mercierella filters water for the majority of the time it

would not be possible to measure the standard (or quiescent) respiration
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rate without recourse to the use of narcotics, which is totally
unnatural and for this reason unacceptable in the present context.
Recently, Bayne and co-workers (e.g. Thompson & Bayne, 1972; Bayne,

1973a, b) have shown that the mussel Mytilus edulis L. reduces its

filtration rate and level of oxygen consumption in the absence of
food. Having thus decided to incorporate the energy cost of activity
in Mercierella's energy budget, it is necessary to determine whether
there is a similar difference between the rates of oxygen consumption
before and during feeding, since the failure to incorporate this
difference, should one exist, would lead to an underestimation in the

estimated amount of energy expended in activity.

Materials and Methods

‘Mercierella were collected from the intertidal zone at Greenhithe,
Kent, on the southern shore of the Thames estuary. ‘orms tﬁat were
attacﬁed to chalk boulders were selected since their tubes could be
removed intact with the aid of a scalpel blade. In the laboratory the
worms were maintained in 6 1 containers of artificially aerated,
diluted sea water with a salinity of 15 o/oo, at 20°C, and fed twice

’

a week with a suspension of Brachiomonas submarina cells. The water

was changed before every third feed, and the worms were acclimated to

these conditions for 21 d before the experiment commenced.

Two d after the last feed,solitary tubes were selected on the
basis that they would fit into the respiration vessels, and carefully
removed from boulders. After these had'been cleaned of algae and
polyzoans, they were given several rinses in filtered water before
being placed in a dilute solution of antibiotics, that the previous

experiment (Section 6.5) had shown was effective in reducing microbial

activity without affecting Mercierella's respiration rate.
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Sixteen Mercierella were placed into individual respirometers.
The respiration vessels contained 1.5 ml of filtered water, plus
antibiotics, at a temperature of 20 I 0.1°C. Four control respirometers
were run simultaﬁeously. Individual respiratioﬁ rates were measured
at 60 min intervals for 4 h, before the valves were opened and 100 1l

of a concentrated, axenic, suspension of Brachiomonas cells was

introduced into the respiration vessels of 11 of the respirometers
containing worms and three of the controls. After a similar volume of
sterile water was added to the compensation vessels to balance the gas
volumes on either side of the apparatus, the valves were closed and the
oxygen consumption measured for a further 4 he A 100 1l glass syringe
with a long, wide-bore needle was used to inject the cells and water into
the vessels via the valves. The respirometers were covered between
readings with a sheet of black polythene to gxclude light, preventing

the worms being disturbed ané errors resulting from photosynthesis. At
the end of the experiment the worms were removed from their tubes and,
after a 5 s rinse with glass-distilled water to reduce salt contamination,

dried to constant weight at 60°C on tared aluminium foil trayse The

worms were weighed to the nearest 10 pg on a Cahn 4100 Electrobalance.

Brachiomonas submarina was cultured in diluted sea water (15 O/oo),

in Miguel-Allen solution, at room temperature, under a mixed light
régime of natural and artificial light (Section 3.6.1). Axenic cultures
were obtained by sub—culturing in 1 1 flasks cohtaining a solution of
antibiotics. The medium was replaced with fresh twice a week during
the period of rapid growth, after which the cells were separated by
slow centrifugation (1 000 r.p.m) from the medium and resuspended in

sterile water.
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The density of the final suspension was measured in a Beckman
DB-G spectrophotometer that had been calibrated with counts made using
a haemacytometer slide (Section 3.3.2). It was decided to use a dense

Brachiomonas suspension in the respirometers, 4.0 x 105 cells ml—l, to

avoid complications associated with the density-dependent range
(Section 3.3.3). A preliminary investigation showed that Mercierella

continues to feed in this concentration of cells.

Results

Initially there were 4.0 x 105 x 1.5 = 6.0 x 10S Branchiomonas

cells in each respirometer, and these had a mean total respiration
rate of 2,7 ul nt (mean of 3 determinations). As the experiment was
conducted in the dark each Branchiomonas cell had a respiration rate

6 Bl h'l. ,

of 4.5 x 10~

Assumning the ingestion rate of an average Mercierella in the
experimental concentration ié similar to that in a cell density
equivalent to 39.8 ug ash-free dry weight of cells m1-1(3.98 X 104
cells ml—l), namely 22.22 pg ash-free dry weight of cells h-1 (Table 5),

it is possible to calculate the rate of cell removal due to feeding

activity. Since an average Brachiomonas cell weighs 1.1 x 10'“6 mg dry

weight and has an ash content of 4.5% (Tables 9 & 10), at the end of

22.22 x 103
1.15 x 100

=1.93 x 1o4 cells h™T. After 4 h the ambient cell concentration will

the first hour the ambient cell density was reduced by

have been reduced by only 12.9% of the initial value.

At the end of each successive hour that the combined respiration

rates of worm plus algal suspension were measured, the algal component

6 2

was reduced by an average of 1.93 x 10% x 4.5 x 107° = 8.69 x 10” Bl.
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Thus, the algal components for each of the 4 successive hours are:
2.61, 2.53, 2.44, and 2.35 pl h respectively. A mean algal
respiration rate of 2.48 nl h-l was calculated from these values, and

used to correct each of the combined values for algal oxygen consumption.

Table 28 shows the individual respiration rates of the experimental
group (equivalent to slopes of regression lines fitted to the individual
data) before and during the 4 h period that they were feeding on the
suspension of algal cells, together with the results for fhe control
group which were 'fed' a similar volume of sterile water. The total
gas volume change in the blank respirometer was less than 8% of the

total oxygen consumption of the smallest worm énd was considered to be

negligible. ’ :

The feeding and control respiration rates (after the introduction
of sterile water) are expressed as percentages of the initial rates of
oxygen consumption (columns 4 and 8), and the mean percentage values
were compared using Student's t-test, after an F-test had showmn there
is no difference between the variances of the two samples (P = > 0.05).
The calculated value for t, 0.6, was smaller than the tabulated value,
for 14 degrees of freedom, at the 0.05 level of significance. There is,

therefore'no significant difference between Mercierella's respiratory

response to Brachiomonas cells and sterile water.

A regression line fitted by the method of least squares to the
individual oxygen consumption rates of worms acclimated to 20°C,
expressed as a function of dry weight, following a logarithmic
transformation of the data (Fig. 61), has a slope of 0.71. The slope
of the line is the exponent a in the relation: individual oxygen

consumption = k% where k is a constant and W is dry weight. 0.71 is
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iﬁ good agreement with the expected value of 0.67 should the rate of
oxygen consumption be related to body surface (Section 6.7.4). The
initial and feeding respiration rates of the experimental worms were
corrected for weight by dividing the individual oxygen consumption
values by ﬂ?'67, the more convenient exponent of 0.67 was substituted

for the experimentally derived fiqure. The weight-corrected values

are presented in Table 29.

The mean corrected respiration rates were calculated and compared
using a modified form of Student's t-test, as described by Bailey (1959),
after an P-test had shown the variances to be significantly different
from each other at the P = 0.0l level. Since the calculated value for
t, 1.74, does not exceed the tabulated figure for 14 degrees of freedom
at the P = 0.05 level of significance, it is concluded that there is no
significant differeﬁce between the mean respiration rates of feeding

and fasting Mercierella.

Discussion

Dissolved and particulate matter is known to elicit behavioural
responses in members of several marine invertebrate‘groups (for DOM
references see Section 4.1; particulate matter e.g. Loosanéff, 1962)’
resulting in increased rates of oxygen consumption (see references
quoted in Section 6.6.1)e In contrast, the results of the present
study show that there is a single level of oxygen consumption associated
with the active state in recently fed Mercierella (see Section 4.9.3)
and indicate that the majority of the energy expended during feeding
activity is uséd in moving water across the crown. %With only a
relatively small (undetectable) amount being used during the trapping

and processing of the food particles.
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The reduced filtering rate in the absence of particulate focd,
as 1s demonstrated for a number of bivalve molluscs, has obvious
survival value, since it results in a decrease in the rate at which
the energy stores are depleted, and subsequently increases the chances
of the organism's survival until food is once more available. Since
the dissolved uptake studies (Section 4.10) show that DOM is of little
value to Mercierella as a nutrient source it remains to explain why
this organism can afford to maximise its filtering rate in the absence

of food.

The most logical explanation isvthat in the natural environment
particulate food is never in short supply, which is certainly the case
in the Thames estuary since Mercierella does not depend on algae for
its major source of energy. From what is known of natural populations

of Mytilus edulis (B.L. Bayne, personal communication, 1977) it would

appear that those in coastal habitats experience reqular periods of
nutrient stress when there is insufficient algal growth to supply their
maintenance energy requirements. So it is as a survival adaptation

that the "routine" rate of filtration (metabolism) has evolved.

The effect of temperature on respiration rate

Introduction

Mercierella's intertidal distribution at Greenhithe is restricted
largely to parts of the shore that remain covered by water throughout
the low tide period (Section 2.3.3, and Fig. 21), so it is only

necessary to consider aquatic respiration in the energy budget.

Since the temperature of the surface water is about the same as

the mid tide value (Section 2.3.5), the mid and high tide temperature

data presented in Fig.25 give a reasonable indication of the range to



6.742

- %09 -

which the worm is exposed annually. An experiment is described where

* Mercierella's respiration rate was measured at winter and summer

temperatures. For experimental purposes, the winter and summer values

are simplified into 10°C and 20°C respectively.

Materials and Methods

Worms were collected from pools of standing water at approximately

- the mid tide level on the shore at Greenhithe, in July and November

1975. In the laboratory the worms wére maintained in 6-1 containers

of artificially aerated, diluted sea water of salinity 15 o/oo an
average value based on the field data Géction 2.3.4, and Fig. 24).

The winter animals were kept at 10°C in a constant temperature room,

and the summer worms at room temperature (c. 20°<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>