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Sabellaria alveolata tube reefs achieve a significantly larger size in the cooling water outflow from
Hinkley Point Power Stations than elsewhere along the local shoreline. A field study was undertaken
between September 1991 and March 1993 on these differential growth rates at Hinkley Point.

A number of nondestructive techniques were assessed by which to monitor the growth of reef units. The
most accurate of these involved reef units which had been detached from the rock, attached by adhesive
to wooden base panels and redeployed at outfall and control sites. These units were then removed,
measured by displacement of water and replaced at approximately 6weekly intervals. This technique was
used to calibrate photographic analysis, the simplest of the techniques assessed. Other techniques were
found to be inadequate.

Growth of reef units was monitored following the detachable reef units over time. Although uncontrollable
factors such as crab predation resulted in erratic results, greater growth at the outfall was demonstrated as
a function of water temperature. Individual worms were no larger at the outfall, showed no greater
settlement and were less dense. Turbidity and salinity showed no relevant difference between the two
sites. It was felt that the absence of a cold spell during the winters encompassed by the study prohibited
clear differences in growth rate; that such a difference was still demonstrable was impressive.

We may therefore conclude that S. alveolata can maintain higher metabolism and tube-building activity at
the outfall site owing to the maintenance of an equable temperature during winter months. Equally, any
frosteffect on the reef structure is inhibited at the outfall.
Introduction

The "honeycombreef worm", Sabellaria alveolata (L.), shows a Lusitanian distribution in the UK where it
occurs predominantly in southwestern British waters, extending eastwards as far as the IsleofWight and
northwards to the Mull of Galloway (Gubbay, 1988). It builds a tube from grains of sand; these tubes
develop communally into what can be substantial reefs. Individual worms normally live from 4 to 7 years,
while larvae preferentially settle on reefs rather than bare rock (Wilson,1971; Gruet, 1986). The reefs
form a peculiar habitat for a variety of other organisms. While cited as an important communitytype by
both the Marine Conservation Society and the Nature Conservancy Council (Gubbay, 1988; Davidson et
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al., 1991), no statutory conservation assessment has yet been made.

In the Bristol Channel these reefs occur from the lower shore into the sublittoral (Boydon et al., 1977;
Mettam, 1992), being conspicuous at around 20 m depth; a predominant littoral site for S. alveolata in the
Severn Estuary is the Hinkley Point foreshore in Somerset, where the stable rock platform enables their
attachment. Reefs occur right along the shore from up to 2.4 m above Chart Datum downwards. This
shore forms a part of the Bridgwater Bay National Nature Reserve, and represents the only substantial
rock platform shore along this coastline (Fig. l). It is the site of the Hinkley Point Nuclear Power Stations.
These stations use seawater for direct cooling, with an open channel discharge across the shore; the
effluent coolingwater is normally at 8 to 12 °C above ambient.

In 19841986, surveys of this shore found that, while littoral Sabellaria reefs at Hinkley Point were
normally of depressed stature, in places extending some 10 to 15 cm in
height, those growing within the flow of the coolingwater discharge from the power stations were
substantially larger, commonly greater than 15 cm in height and over a metre across (Bamber & Coughlan,
1987). Reefs of this size did not occur elsewhere on the shore.

In September 1990, a detailed study programme of the Sabellaria reefs was begun in order to investigate
the cause of this size distinction. Although the substantial difference in size between outfall and control
Sabellaria reefs is conspicuous (e.g. Bamber & Coughlan, 1987, Plates 7 and 8), the cause of this
difference is not obvious.

Suggested hypotheses were:

1: the worms were at a greater density at the outfall site;
2: recruitment of juveniles was greater at the outfall site;
3: the worms were larger at the outfall site;
4: the worms at the outfall site were of a different species;
5: greater availability of sand particles at the outfall site caused increased tube-building activity;
6: the reef units last longer at the outfall site;
7: the growth season is longer at the outfall site;

many of which possibilities may relate to the enhanced temperature of the outfall water. In an initial
attempt to investigate this issue, destructive quantitative sampling of the reefs was undertaken in 1986, at
a time when the large reef units in the outfall were extensive. The programme was discontinued that
autumn; the samples were retained and have been analyzed during the present study.

In August 1990 the site was revisited as a preliminary to the investigations; it was found that the density of
large reef units in the outfall had reduced to a point that destructive sampling could not be justified. The
essential preliminary of the present study was therefore to design a technique for nondestructive
quantification of the growth of the reef units in situ.

Fieldwork could only be undertaken during the low water period of spring tides; shore visits were
undertaken at approximately 6week intervals.

Methods
Core Sampling
From February to July 1986, core samples of both outfall and control reefs (from the low shore opposite
the power station intake tower: Figure l) were collected using a 140 mm diameter hand core tube, giving
samples of 154 cm2 from the full reef height. The samples were fixed and preserved in formalinRose
Bengal.

Figure 1 Hinkley Point foreshore rock platform, showing the power station cooling water intake and
outfall channel; the outfall and control sites for Sabellaria reef deployment.

The reef samples were disaggregated in the laboratory to extract all the specimens of S. alveolata,
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together with specimens of any other associated species utilizing the crevices of the reef. Prior freezing of
the reef samples at 20°C was found to ease the disaggregation without affecting the animal specimens. S.
alveolata individuals were measured under the binocular microscope as the diameter of the anterior
segments/crown, using a curtain micrometer eyepiece (to the nearest 7 µm). Densities, population size
structure and growth over this short season can then be compared between the outfall and control sites. As
stated above, this technique was considered too destructive of the reef units for repeating during the
present studies, and alternatives were investigated.

Photography
Reef units for repeated monitoring were identified on the shore by their known relation to shore marks
(painted or carved on the bedrock), and included three units in the outfall area (A, B and C) and one at
the control area to the west of the intake tower (Figure 1). In practice, the shore mark at the control site
was normally covered with mud, prohibiting the identification of the reef unit.

Photography (and measurements, see below) of these reefs, where identified, was undertaken on each
visit. Each reef unit was photographed (35 mm colour) from the four cardinal directions, with a metre rule
for scale. Photography from above has proven impractical. From the results, an estimate of the reef
volume can be derived based on crosssectional areas: the photographs are traced, cut out and
weighed against a standard of known area (based on the scale ruler in the photograph) to give a
measurement of area.

In Situ Displacement
In September 1990, an attempt to measure the volume of the reefs by displacement of water was
undertaken. A circular section plastic bin of 25 litres volume and without a base was placed over the reef
unit. The bin and reef were then lined using a stout plastic bag (of potentially greater volume than the bin).
The liner was then filled with a measured quantity of seawater up to the brim of the bin; during this
process, the weight of the water pressed the liner tightly to the sides of the bin and around the reef unit.
Subtraction of the filled volume of water from the bin volume would then give a measure of the reef
volume by displacement. The method was repeated for individual reef units.

Repetition of this technique on individual reef units gave differences of the order of >100%! Maintaining
the bin in a perfectly level position was almost impossible. Puncturing of the inner liner occurred on
occasion. No data are considered valid from this technique.

Frame-Grid Measurement
A rectangular cage of plastic mesh secured around a rigid tubular plastic frame was constructed. The
frame members had a circular cross section of 26 mm; the length of the frame was 121.35 cm, the width
60.425 cm and the height 43.5 cm. The plastic mesh had intersections at 5 cm intervals in both directions,
and covered all surfaces of the frame except the base. In the field, the frame was lowered over a reef unit
(at random orientation convenient for measurement). The distance from the mesh to the surface of the
reef unit was measured to the nearest 5 mm from each of the mesh intersections (i.e. at 5 cm intervals in
each direction), from the top, both sides and both ends of the frame. (The reef base was flat on the rock,
so could be reasonably assumed to be 0 cm from the frame base).

From these data the mean distance of each face from the mesh was calculated, and subtraction of these
from the known dimensions of the frame allowed calculation of the volume of the subtended rectangular
cuboid represented by the mean dimensions of the reef. Desk studies modelling this technique suggested
that it may underestimate the volume to the order of approximately 5 %.

Displacement of Detachable Reef Units
On 21 January 1992, eight small reef units (of volume approximately 1.5 1), four from the control site and
four from the outfall site, were carefully detached from the shore. They were stuck to 30 cm x 30 cm
bases of 12.5 mm thick plywood, using an epoxy resin (WRA System 22). Previous laboratory trials on
reef pieces had shown that the adhesive would cure under seawater, would adhere to the reef material
after minimal drying (blotting with tissue), and when cured was stronger than the mucopolysaccharide
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adhering the constituents of the reef itself.

The reef units were laid in a sheltered lower shore rock pool (of up to 0.5 m depth), weighted with stones
and left overnight to cure. Meanwhile, four 60 x 60 cm panels of the plywood were fixed to the bedrock
of the shore, two in the outfall and two at the control site, and all within the field of growing Sabellaria.
These panels were fixed by 10 cm silicon bronze screws, screwed into plastic plugs in holes drilled into the
bedrock, four screws to each panel.

The following day, the reef units were removed from the rock pool, the adhesive having cured sufficiently.
One control unit had detached from its base, and was discarded. The volume of each reef unit with its
base was measured to the nearest 10 ml by direct displacement of seawater in a circular section plastic bin
fitted with an overflow pipe. The displacement volume of the base panels was calculated as the mean of
eight such panels, to be subtracted from the field measurements. Two control and two outfall units were
fixed to the shore panels at the outfall by screwing down their plywood bases, using 2.5 cm silicon bronze
screws. The remaining two outfall and one control unit were similarly deployed at the control site.

0n 18-19 February 1992, a further set of reef units was deployed in the same manner, to give four control
and four outfall units at each of the control and outfall sites. Owing to losses with time of some reef units
due to predation by shore crabs (Carcinus maenas), a further set of reef units was deployed in December
1992 to give, at that time, six units at the outfall (three each from control and outfall collection) and four
(two each) at the control site.

On each visit, the deployed reef units were unscrewed from the shore panel and their volume measured
again by direct displacement. Measurements of selected reefs (as time allowed) were replicated on most
visits to test the accuracy of the technique. Some of these units were also photographed to allow
calibration of that technique.

Physical Environmental Monitoring
Temperatures of the seawater at the control site and in the discharge water, both within the outfall canal
and at the reef site, were measured on each visit using an electronic digital thermometer (to the nearest
0.1°C). Salinity was measured using a refractometer (to the nearest 1).

During three visits during the 19911992 winter, 250 ml samples of seawater were collected whole from the
outfall and from the control site for measurements of turbidity (by dry weight of suspended solids per unit
volume of sample). The untreated samples were analyzed for particlesize structure by weight using the
technique of Buchanan (1984).

Results
Core Samples Size-frequency histograms of S. alveolata individuals showed neither growth nor substantial
recruitment over the sampling period (Figure 2).

Figure 2 Sizefrequency histograms of Sabellaria alveolata individuals from control and outfall sites
in 1986, measured as width of anterior segments/crown. "n" is the sample number of individuals, "w"

the mean width. There was some indication of recruitment of smaller (< 1 mm anterior width) individuals
during summer months. No significant growth (as increase in modal width) was evident. The mean widths
of worms from the outfall and from the control site and the size ranges were not significantly different.

Numbers of S. alveolata individuals per unit area (154 cm2) were significantly lower at the outfall (mean
105, max. 162) than at the control site (mean 295, min. 200) (c2, p < 0.001) .

Photography
This technique was used to investigate the growth of larger outfall reef units (A, B and C, see above). In
practice, the largest unit, A, which incorporated a large proportion of dead tubes basally, disappeared from
the shore in November 1992.

Growth of reef units B and C was evident (Figure 3), both having doubled their size over the duration of
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the survey.

Figure 3 Growth of outfall reefs in situ measured by photographic analysis. Reef volumes have been
calculated from the photographs as the square root of the mean "end" area multiplied by the mean

"side" area, making the assumption that the reef shape is a rectangular cuboid subtended by the areas,
assuming the smallest area (the "end" of the reef unit as opposed to the "side") to represent a square. This
procedure inevitably overestimates the volume (for example the corners are in reality rounded). Similar
estimates can be made assuming a hemispherical or oblatehemispherical shape, but are all prone to similar
errors of assumption. Vertical axis is in litres for reefs B (circles) and C (squares) and in tens of litres for
reef A (triangles).

The growth was not consistent, but appeared to show an increase after the solstices followed by a decline
before the equinoxes. The similarity of the patterns for each reef suggests that this may be an artifact of
the measurement technique. Growth was most evident in the latter half of the the control site (Figure 4);
the temperature (at low tide) of water flowing across the test reef units was slightly lower (<1°C) than the
temperature in the outfall canal.

Figure 4 Water temperatures (°C) at Hinkley point. Solid line outfall water; dotted line within outfall
reefs; dashed line control.

Salinity ranged seasonally from 24 (January) to 28 (late summer) with no difference between sites.

Total LWST turbidity was lower at the outfall, particle size structure being similar although slightly more
sand was present at the outfall site (4% by weight compared with 0.2%
year, when water temperatures were declining.

The volumes of detachable reef units determined by this method showed an unexpectedly consistent
overestimation by a factor of 1.63 to 1.77 (mean 1.71) in comparison to actual displacement volumes
(Table 1). Table 1 Volumes of detachable reefunits by photographic and displacement methods. Italicized
values are based on interpolated displacement volumes.

Reef
Unit

Date
Volume by
photoanalysis

Displacement
volume

Ratio of
columns 3:4

OC1
18 Mar
1992

2561 1443 1.77

OO4
18 Mar
1992

2274 1293 1.76

CC2
18 Mar
1992

2787 1750 1.59

CO2
18 Mar
1992

2643 1500 1. 76

CC1
02 Jul
1992

3552.4 2180 1.63

OC3
13 Aug
1992

3591 2061 1.74

OO4
11 Jan
1993

3161 1848 1.71

OC2
10 Feb
1993

3668 2166 1.69

C04
10 Feb
1993

3022 1791 1.69

Frame-Grid Measurement
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The large reef A, measured in October 1991, could not be accommodated within the frame on subsequent
visits (through growth?). Replicates on reefs B and C gave errors of the order of 9.5% and 4%
respectively. Changes in volume between visits were of the order of 15% to 50%. Reef B showed a steady
decrease in volume, reef C an increase (in the case of the latter, settlement of new S.alveolata tubes was
observed on the bare rock). The control reef was not located after December 1991, but had previously
shown an increase in volume of nearly 30%. These results suggest growth of some reefs at least during the
winter months.

A reef from the control site was measured in the field, then detached and returned to the laboratory for
volumetric measurement by displacement. The latter value was more than twice the fieldderived value. As
a result, the technique was modelled graphically for a hypothetical cylinder of height 30 cm and basal
diameter 12 cm. The volumes derived from peripheral "grid" measurements at 5, 2 and 1 cm spacing
indicated a significant underestimate of the volume inherent in the technique, especially at 5 cm spacing,
diminishing exponentially with closer spacing of the measurements.This technique was thus considered to
be inadequate.

Displacement of Detachable Reef Units
Field replicates gave a standard deviation of between 1 and 5 % of the mean volume. An uncontrollable
problem with this method (and any other) was predation of the reefs by shore crabs (Carcinus maenas).
Reef units suffering severe predation damage were rejected, although those experiencing single attacks
were monitored for subsequent growth. However, any change in volume of a unit may include some loss
due to such predation. This factor contributes to the erratic patterns of growth shown, inhibiting analysis
of these data. There was no indication of significantly different predation between control and outfall
sites.

Growth was interpreted as proportionate increase in volume per unit time per day for each sampling
interval and over the longest period of sustained growth. Intervals showing predation damage were
discounted from the analysis. There was no significant indication of greater growth during the latter half of
the year, nor any similar trend to the solsticeequinox timing found by the photographic analysis of outfall
reefs discussed above.

Although the highest proportionate growth values were shown by units at the outfall site, no significant
difference was demonstrated by analysis of variance (ANOVAR) owing to the variation within treatments
being greater than that between treatments. A Wilcoxon rank test showed the daily rate of sustained
growth was significantly higher for units at the outfall site (p<O.O5).

Physical Measurements
As expected, the water temperatures at the outfall were consistently greater than those at at the control
site) (Table 2). Table 2 Particle size structure (%) of suspended material in the outfall and controlsite
seawater (means from Nov. 1991 and Feb. 1992 samples) and of Sabellaria alveolata tubes.

Size
µm

fraction
phi

Outfall site
Water

Control site
Water

Sabellarla
Tubes

500 1 0 0 0.015

355 1.5 0 0 4.044

250 2 0 0 23.184

180 2.5 0.055 0.004 62.416

125 3 3.070 0.090 6.833

88 3.5 1.535 0.077 1.340

63 4 0.171 0.039 0.883

<63 >4 95.170 99.790 1.285

This sand fraction was in the range of 2.5 to 3.5 phi (90 to 180 µm). The particle size structure of
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Sabellaria tubematerial is also shown in Table 2: some 90% (by weight) of the particles were larger than
180 µm.

Discussion
The insitudisplacement technique and the framegrid technique were quite unsatisfactory. The technique of
photographic analysis gave results consistently; it is certainly much easier to undertake in the field, and
can gather more data within a tidal cycle. The consistent overestimation factor, of 1.71 times, must relate
to the shape assumptions of the units, and may be a different value for reefs of shapes other than those
deployed in this study; it may nonetheless show a consistent error for a given shape (i.e. reef).

The logistics of the detachable reef unit technique have proven satisfactory, and have the additional
advantage of being able to translocate outfall and control reef units to control any genetic factors in
growth rates between the sites.

Although the larger reef units have persisted at the outfall, the data from these analyses only indicate,
rather than significantly demonstrate, greater growth at that site. This is at least in part due to the erratic
nature of these data, attributed to uncontrollable factors such as predation.

The initial hypotheses for differential reef size can be examined in the light of these findings. The S.
alveolata individuals are neither larger nor more numerous at the outfall site (indeed, significantly less
numerous per unit area), they are not of a different species and show no differential recruitment, so none
of these can account for the reef size difference.

If the worms build tubes in an uncontrolled manner in response to particle availability, then increased
supply of particles at the outfall may encourage larger tubes. The data show that this is not the case. In
fact, the water at the outfall will be that coming from the intake, i.e. the same as the controlsite water;
while some deposition of fines is known to occur within the Power Station coolingwater system (possibly
accounting for the slight proportionate change in particle size structure shown above), the supply of
particles of the size used for tubebuilding (as found here and vide Rees, 1976; Gruet, 1972; Gruet, 1984)
will not be significantly different (sizeselection has been shown to be independent of supply regime in
sabellariids by Main & Nelson, 1988). Indeed, tubebuilding is likely only to occur when the reefs are
covered (i.e. not at low tide) at which time both sites will be exposed to a similar turbidity regime.

Salinity showed no difference between the sites. High turbidity of fine silt particles has been suggested to
be deleterious to sabellariid polychaetes (Main & Nelson, 1988).

Water temperature was, not surprisingly, significantly higher at the outfall site and remains the only
potential candidate factor causing differential growth. As stated above, S. alveolata is a Lusitanian species
preferring warmer waters. Unpublished laboratory experiments on tubebuilding over a temperature range
(Yves Gruet, pers. comm.) found that building was greatest at 15 and 20°C, lower at 10°C and absent at 5
°C. It is therefore to be expected that, in a normal Somerset winter when water temperatures drop to 5°C
or lower (e.g. Holmes & Henderson, 1990), tubebuilding would stop at the control site but not at the
outfall where temperatures would be of the order of 8 to 10°C higher. For these littoral reefs, winter
exposure at low tide could subject the control reefs to temperatures well below freezing; the enhancement
of dissagregation of reef material by the freezing technique found in this study (see Methods) would
suggest a similar weakening of reefs at the control site, potentially enhancing erosion. Frost has been
mooted as the factor limiting the upstream distribution of S. alveolata in the Severn (Mettam, pers.
comm.; see also Wilson, 1971).

If temperature were a causative factor in differential growth, with some critical value at lower levels, then
the rate of growth and temperature would show a curvilinear relationship, with the increase in growth rate
(slope) decreasing as temperature increases and with greatest flexure around the critical value (e.g. Figure
5A).

Figure 5 A: Hypothetical curvilinear relationship between growth rate (g) and temperature (t) with a
critical lower limit at 5°C, with example linear regression lines at two points on the curve. B: intercept
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and C: slope values for linear regressions of mean interval growth rates against mean interval temperature
for Sabellaria reef units by treatment (two letter codes: prefix is site of deployment, suffix is site of origin,
as "O" for outfall and "C" for control).

The linear regression line of rate of growth against temperature should show a lower slope and a higher
increment for those units (treatments) higher on this hypothetical curve, where temperature was less of a
limiting factor, i.e. those at the outfall. Figure 5 (B & C) plots these intercept and slope values from the
regressions calculated from the mean interval growth values and the mean interval water temperatures.
Again, there is an indication that the outfall sited reef units have a higher intercept and include the lowest
slope value. No significant difference between treatments was shown by ANOVAR. A Wilcoxon rank test
showed the intercept for outfalldeployed units to be significantly higher (p<0.05) than the intercept for
control site units. No differences at all were demonstrated in relation to the origin of units.

It is unfortunately the case that both winter periods experienced during the study were comparatively
mild, with control water temperatures not going below 7°C and therefore probably not reaching the critical
temperature for zero growth (perhaps 5°C). The study was thus unavoidably undertaken during a period
when this issue would be least expressed; while this would account for the difficulty in distinguishing
growth differences in these data, the distinction has been shown nonetheless. Indeed, considering the fact
that the larger reefs at the outfall are produced by a lower density of worms, the difference is the more
notable.

We may therefore conclude that S. alveolata can maintain higher metabolism and tube-building activity at
the outfall site owing to the maintenance of an equable tempera
ture during winter months. Equally, any frosteffect on the reef structure is inhibited at the outfall.
Hypotheses 6 and 7 suggested in the introduction are both supported.
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