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The aim of thé project was the provision of information
regarding the effect of various toxiﬁu on members of the fouling
ecosystems. This was undertaken in two parts: A background survey
to provide information for the main study, the iatter congisting
of experimgntal work. |
Part 1 - the introduction - deals with fouling, its importance
and implications to the Shipping Companies and provides information
on the costs and historical aspects of Eoulihé among other things.
Paxt 2 - the Surﬁeys ~ provide information on the fouling péttefné
of ships both laid up and in service, as well as detaila-of the
-Histributiqn of fouling algae along the British-coast and ;heir
fouling.sygtemse The results obtained are discussed in relation
to the changes in fouling ecosystems observed with the changes in ‘
toxins used in antifouling paints. The implications of this being
discussed in Part 4. A summary of tﬁe findings 1s also included.
Part 3 - the experimental w;rkj- provides suppérting evidence for
the changes observed in Part 2 as_well ;s providing other information
on the effect of theltoxing‘used on the algae. The results obtained
éfé discussed in relation to ﬁhh‘general-éffect‘éf tﬁe toxig; S
applications of the msthods used {nto'futu:e research in marine

fouling and possible methods of bioassay.



iv

Part 4 - discusses the 1mp11catioﬁs of the change over in the
componants of the fouling ecosystem. Explores the possibility of
new lines of research into fouling based on the experiments
undertaken and discusses the possible occurrence of resistance §£
algae to toxins being used as antifoulants.

Standard experimental methods are given in the appendix,

the remainder being included in the main text.



Part 1

INTRODUCTION



INTRODUCTION

Fouling is a term used to describe the settlement in excess
of marine organism, plant or anfmal, or the hull of ships. The
r#sult of such fouling.is to increase the drag resistance and
results in either a slower speed at the same power, or the same
speed but at a higher poﬁer output for the engine. This increases
costs which ever p;th is chosen. If.a slower speed is maintained
the ships a;ailability for cargo carrying is reduced thus resulting
in a lower income and higher rupning-costs; if the speed is kept
constant increase in power causes an increased fuel consumpticn.
Shell (1964) have shown that an increase of 27% in power was
required to maintain the standard speed with a ship which was
'fairly' heavily fouled and one with only slight fouli&g required
a 12.5% increase in power to maintain speed. |

A survey published by the Woods Hole Oceanographic Institution

(1952) gives the following figures for the affect of féuling:—

Table 1

Effect of Fouling after six months out of dock in Temperate Waters

Type of ship Displacement Loss of Max. % 1n§reasé in fuel to maintain
_ . Spead(knots) 10 knots 20 knots
Battleship 35,000 ' 1.50 45 40
Afrcraft Carrier. 23,000 1.25 . 45 40
Cruiser 10,000 1.25 50 45

Destroyer 1,850 2.00 50 35




The ficures apply %o ships of the Royal Navy im which an aliowance
is made in the design for an increase in frictional rasfstance of
0,25% per day in temperate waters and 0.5% per day 1ﬁ tropical
waters. |

In additicn to the direct expense of increased fuel consumption
thera 18 also an increase in 'wear and tear' of the machinery to
maintain the spesd at higher power outputa. The expense of dry-
docking must also be taken into consideration. In 1940 this was
4,400 dollars for an 18,000 lincr not including the loss of
revenue while the ship is out of scrvice.

4nalyses have shown (Woods lole 1952 from Visscher 1928) that
~ therc is some relation becween fouling and the time spent in port.
Fouling being heﬁvier the longer the ship spends in harbour. This
is supportead (ﬁooda Hole 1952) by the cbservaticn that Passenger liners

are less Mable to fouling than freighters, the lattér spending wore

time in harbour. Ambng naval vessels Battleships and Afrcraft carriers,

which spend more time in harbour during ﬁéace time, than aestroyers or
cruisers, are more likely to foul than are the latter. : |
Some indication of the importance of fouling can thus be
obtniqgﬁ»the costs must be reduced if a ghipping fleet s to_be. o
run efficiently. The aim at present must be to redupc'tho onset and
density of fouling until the time that a ship isldué to be dry dﬁckeﬂ

for rdpair purposes not to be de-fouled. This 1s sufficlent for most




passenger and cargo ships but another problem has evolved in recent
timeg: that of the 'giant' oil tanker. These ships of 100,000 to
250,000 tons are so expensive to build and run that they have to be
run as efficiently as pos;ible. This réquires a very short turn
round time at each terminal and thus very little time 1is spent in
harbour or at the oil terminal. This would tend to reduce the
density of fouling (see Visscher 1928) but this is complicated by
the much greaﬁar_cost incurred when fouling does occur. These costs
exceed those of normal ships and the cost of this 1s increased by
the fact that the return run of the tanker is ome in which the
ship 1s not carrying cargo and any increase in the time taken is
effectively far more expensive than 1h ﬁormal ships.

Further indication of the cost of fouling to the companies can
be seen below (the data being supplied by B.S.R.A. 1969). Shell have
shown that the annual operatinglloss per year is in the ordér of
0;15 knots. For a tanker of 20,000 D.W.T. this costs £2,000 p.a. due to
increase in fuel consumption alone. For one Qi 80,000 D.W.T. the
cost rises to £6,000.

Another operator found that oﬁg_oﬁ their ships required an

increase of 20% in the power required to ﬁaintain speed, but that

another of their vessels in the same time span required an increase in

power of 527 to maintain the spegd. Other figures given indicate that
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for an 80,000 ton tanker fouling results in a cost of £37,000 p.a.

of which £10,000 p.a. is due to loss of revenue while out of
service; £10,000 p.a. for dock charges and £2,000 for painting.
One large tanker operator puts the loss for anm 80,000 ton tanker
at £30,000 p.a. for loss of speed alone of which 907% is caused
by fouling and 10% due to roughening of the surface and not
recoverable. On top of this the figure given for dock charges
is £1,500 - £3,000. In order to prevent or reduce fouling,
ships are coated with a number of compounds aimed at stopping
attachment and growth of the fouling organisms. The use of
antifoulants dates back to 1000 B;C., the Phoenicians having
used pitch and copper on the bottom of their ships (Wood Hole
1952). Lead sheathing was used by the 15th Century Spanish ships
but.the large weight and softness had its disadvantagcs.

There 1s no authentic record of copper being used before
the 18th Century. In 1758 H.M.S. *Alarm' which was plated with
copper which kept it weed free during a return voyage to the
West Indies.

Difficulty was encountered when the hulls of ships began to
be mgde of iron due to the corrosive action of iron and copper
on each other. This resulted in the gradual replacement of
copper sheet with paint systems employing an undercoat of anti-

corrosive before the antifouling paint, initially copper based,



was added.

Antifouling paint systems have been numerous in design and
performance. The general formula of an antifouling paint {is
the toxin (copper or organometallic) in an organic solvent which
is diassolved in a maérix of somesort. The toxin being released
as the matric 18 dissolved. The toxin and matrices used vary,
but copper and organometallic compounds are those most often
employed. The formula of each paint is critical to enable it to
be most efficient in its action. Partington 1964 ueing a gsystem
of Cuprous Oxide, rosin and soluble plasticiser showed that total
soluble material must exceed 527 of the totallvglume of paint for
it to be effective. . Fisk (1960) suggests that the anticorrosive
and matrices may also play some part in supplemsnting the action
of the toxin incorporéced in the paint. This was also suggested
by Harris (1943). |

The basic types of paint systems used today for ahtiioulapt
purposes can be described under three headings (Birnmbaum et.al 1967) -
Hot plastic : Phenol Formaléehyde resin; rosin; paraffin and Cuprous
Oxide applied in a hot metal. ]
Cold Plastic¢ : liquid phenol formaldehyde resin; rosin; f£ish oil and
’ _Gu;;ous Oxide | ”
Vinyl : which requires greater surface preparation but gives better
results.

Recently oxganometallic compounds have begun to be used as toxins



and has generally led fo an increage in the life of a paint.

However, the economic value of this is tied in with a number of
factors. Lloyds of London will allow ships to be at sea for a
maximum of two years without overhaul. Thus.it is in the interests
of the ovmers to aim to get as ncar o this maximum as possible
before having to dry dock the ship.

The copper based paints gave protection for a pertod of
approximately twelve months (this exact period depending on a
number of variables: speed, temperatuxe etc.) This necessitated
drydocking after only one year at sea. An alternative, taken by
certﬁin companies, allows the ships to stay out for two years
while being fouled during the second year. This increases fuel
- bills and reduces the amount of traae but may be compensated by
lowered docking costs.

The use of organomatallic compounds increases the life of
the paint and thus reduﬁes the time spent fouled while at sea for
the two yearé_reaulting in a saving in operating costs. However,
the cost of painting a 200,000 D.W.T. tanker with organometallic’
antifoulants is nearly £6,000, that for an orthodox paint system
£3,200. The rgductiﬁn in operating costs with the use of
organometallic antifoulants must be i{n the region of £3,000 (Lee
1969 in memorandum to B.S.R.A.). In many cases the saving is

obtained from docking once every two years instead of once a year is



in the region of £3,000 alone and thus the organometallic _'

antifoulanﬁa would appear to be on a sound economic footing.
The use of organometallicsas antifoulants provides a difficulty
in the analytical stage. Several authors have shown the apparent
relationship of the leaching rate of the paint with the effective-
nass of fouling. Barnes (1948) showed that with copper based
paints a leaching rate of 10 ug cm2 day"1 prevented nearly all
settlement. This relationship has been used since to provide
information on tha lifc of paints. |

With copper based paints this minimum leaching rate before
fouling starts can be measured accurately by chemical analysis.
However, with the organomstallic paints the concentration required
to prevent fouling is much lower. Rivett (1965) showed that, for

Chlamydomonas, growth ceages at 0.005 ppm of tributyl tin oxide.

The use of chemical analysis to determine concentrations of toxins
as low as this presents difficulties and much reliance is now being
placed on bioassays for their determination (Rivett 1965). .

Just as the methods of antifouling proteciilons have changed
over the years so have the fouling communities thoug@ these changes
are not necessarily concomittant. With wooden hulled ships the
boring animals, such as Pholas, used to be the main problem (Woods

Hole 1952). The onset of metal hulled ships produced a change to a
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_ - of.
groen and brown algae.” When the speed of the ships increased to

community dominated by barnacles and tube worms but alseo including
-——-'_J’-‘_—Aﬂ~

a rate greater than 15 « 16 knots (B.S.R.A. and Ocean Fleets Ltd.

1969) there was another change. This speed proved too great for the

scttlement of barmacles and tube worms to be successful and the
fouling community changed to one dominated by the green algae

(Enteromorpha), Harris 1946. 1In the last few years reports have

suggested that the main fouling éommunity have again changed from
the green algal domination to one dominated by brown algae
(B.S.R.A. 1969; Shell 1969) this continuing to the present day.

As a result of thaese changes and theeconomic idportance of
fouling to the Shipping Companies the Department of Bot;;§\at'
Durham University was given a grant by the British Ship Rescarch
Asgocilation to study various aspects of ship fouling.

The aim of this study was the investigation of fouling
ecosystems found on ships, in relation to the antifoulant systems

in current use.

The research is in two parts: A survey of current fouling

1
f

organisms and experimental work relating to them. The survey, although

providing background material for the project as a wholerwas one .

long term basis and as ;

before the full results from the survey were known. The selection

i;sult-expetimnntal work had to be started

of experimental material was therefore modified as work progressed.

The work will, however, be presented in the logical study. sequence.



Part 2

SHIPPING AND COASTAL SURVEYS



IHE SURVEY OF SHIP FOULING ORGANISMS AND THEIR COASTAL DISTRIBUTION

Fivae surveys were carried out to provide background knowledge
of present day fouling:;
1) A survey of the distribution of fouling organisms on a ship
entering a local port for drydocking after a normal period
of service at sea. The study was designed to detect any
pattern in the distribution of fouling ccosystems on a ship's
hull. The information gained from this would determine the
pattern of all further sampling.

2) Survey of Fouling Ecosystems on Ships in Regular Service in order

to determine the fouling ecosystems found at present. Earlier
gsurveys have been carried out by Harris 1946, Pyefinch 1948

and Shell 1964. Although there is much evidence of major
-differences in the composition of contemporary fouling ecosystems
there has been no detailed study of this reported in the
literature.

3) Survey of the Major Shipping Lines - this was a logical extension

of théﬁabove in order to obtain as much background data as

pogsible and included both the ewaminatien of samples of fouling

sent by the companies as well as details of fouling from their
own records.

4) A survey of fouling ecosystems present on static objects
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The ships investigated in the above surveys are all in
regular service and are subject to defouliﬁg and replenishing of
their antifoulant at regular intervals (usually every twelve to
eighteen months). Thi, together with the movement of the ship-
through the water, prevents the build up of a mature fou#tng ecosystem,
" Previous investigations into the mature fouling ecosystems have been
carried out using non-toxic test plates, rafts, buoys and other
static objects (Stubbing and Houghton 1964; Harris 1946; Allen and
Ferguson-Wood 1950 and Summerson et al 1964). It was decided to |
take the opportunity of studying the foulini on a number of ships
of the Royal Navy Reserve Fleet which have been. laid up in
Portsmouth Haxbﬁﬁr for long periods of time. This would provide
information on the mature fouling ecosystem appertainiﬁg to a ship
and provide comparison with that found on other static objects.
5. A survey of the diétribution of the fouling organisms around the
coast of the British Isles. This was carried out to provide data
relating to tﬁe bossible source of fouling.

The methods used in the above surveya are given 1ﬁ the Appendix
Sl. The results are presented and discussed below. The qain
discussion is followed by a summary giving, in outline, the main results

of the survey.
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Results-

Tho data obtained from the survey carried-out are given in
tablos 244, Table 2 shows the variations of the fouling system
ovar the hull of the ship (e.g. Kazimah), It shows .that in this
vesael and subsequcnﬁly othors have shown that iwe basic communities
exist. One of these cormunities is dominated by the grém algaa,

" mainly of the Entgromoﬁgha genus the gecond {s one of domination
by brown algas of the family Ectocarpacess. The two communities
morged about the mid }ine. This saparation of the cqmmuﬂitic- was
secn in most of tho other vessels seon however there was one basic
differéhce. The 'kagimah' had the brown algee at the top of the
hull =ad ths groon 2t the lowsy sidae of the hull. Elsewhers, this
poQition wos reversed in that the green tonded to ba on the light
load line and the broim below this.

The above example set the pattarn for future sompling. fhe_
remainder boing eampled, where posaible, at two sites on the Hull:
ona near the bilge keel and the other near the light load line.

Before givtﬁg the rosults of the main part of the survey those
of the climax :ouiing commnity will bs given., These samples having
bean token from four shipe which had been lying in Poreemﬁuch Harboux
for varyiﬁé iﬂﬁgtha'of time. The Qesuits aré—éiven in Table 4 in
the form of an Asgocistion table. The raw table of specics and sités

uith thaif occurrence values have baen rasorted following the msthod
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of Braun-Blanquet1928 (See Appendix for brief description).
From the table it appears that there are three fouling
communities which appear to be temporarily separated. -

The first commugity of Diatoms, Ulva lactuca, Polysiphonia nigra

and Ectocarpus siliculosus is found to be dominant cn the samples

taken from the aircraft carrier and destroyer, these having been in
" the water for six months and two years reapactively.
The second community to appear which tended to be dominant

on the four ycar old ships was one in which Balanus balanoides,

Botryllus schlogseri and Molgula manhattiensis were the main

organisms present. This would appear to be the basis of the climax
fouling ecosystem and i{s later surplanted by, or incorporated with,

an ecosygtem-(community 3) which consists of Jassa falcata,

Harmothoe, Gammarids and Giona intestinalis.

The remaining species gave only odd occurrences and little can
be gained from ;hem.

In general the algae were more abundant in samplés taken from
the water line than that taken'froh_the bilge keel. This would be
axpected from the resultant decrease in iight 1ntensity with

increasing depth. However, the members of the Enteromorpha genus

were seen on the bilge kesl sample from the destroyer.
From the above results what appears to be happening is that
the initial fouling community of algae is replaced by one dominated by

Ascidians and Barnacles. Later this community increases in diversity
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with the occupation of vacant niches by Crustacea and Polychaetewarus
this forming the climax ecosystem.

The data obtained from the ships studies is given in Table 3.
This is expréssed on cover values for the species in the sample
taken. Other 1nfo'rmation_ listed is tha toxin contained in the
antifouling paint, the months elapsed since the last painting and
the month of last painting, the general area of trade, site of
sample and denaity of fouling.

After rearrangement there appear to be a number of communities

present. One consisting of Blidingia Marginata and Enteromorpha

prolifera ie one which is present throughout the table but with a
greater cover value in the samples taken from the water line.

A sacond community'of Ectocarpus siliculosus, Peldmannia globifera .

and Giffordia secunda is generally limited to the area of the hull

below the light load line. Within this community it can be.aeen that

Feldmannia globifera occcurs when the ship ie heavily fouled. Ectocarpus

reaches its greatest expression when the ship is lightly fouled while

Giffordia secunda is more general in its distribution,

A third community is formed by Enteromorpha torta and Enteromorpha

coggressa; This is generally found i{n the water line samples. The
d had all-been ow world wide voyages, the Crystal Crown
having traded throughout the world although its main route was the

Atlantic route.
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Names of'Shgnp

St., Margaret
Pando Strait
Administrator
Sugar Importer
Kazimhh

Verena '

[~V P A

Route

W World Wide
FE Far East
ME Middle East

Toxin

Cu Copper

Table 3

CO Copper plus Organo-tin

Position of_Sample

B ° Bilge keesl
W Water line

Density of Fouling

H Heavy

ng:-
Crystal Crown

8 Northern Star
9 Clan Grant
10 Foreland
11 Athelduke )
12 Pulham IX
US North America and Caribbean
Au Australasia
Co British Coastal Waters
C(0)Copper possibly with organotin
8 S8ide
R  Rudder

M Medium - L Light
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One other tentative community is that of the Barnaclaes anﬁ
Tube worma. These were of sporadic_occurrence but all the ships
involvéd had been at gsea for periods exceeding eleven mgnths.

It was rare that the density of these would be great and most
1nd1vidu515 were of small size indicating a recent origin of
settlement. The remaining species tended to be rcther scattered.

The "Fulham 9" gave an‘anomalous result. Epre the fouling

community was one of diatomaceous slime and Chactomorpha linum.

This differed from the rcuainder on being an entirely coastal
vessel probably spending much of its timabin esturine waters,

these algae being typical of esturine waters,.

Coastal vistribution

The sites from which the algal lists were faken are given
in Fig. 1. The liats are given in Table 5. They have not been
;e-arranged forming a "community" type arrangemant unlike the data
from the shipas hulla. The gites have been arranged clockwise
around thé coast starting 1ﬁ the Shetlands.

From the results it can be seen that Ectocarpus siliculosus,

Enteromorpha compressa, Enteromorpha dntestinalis, Enteromorpha linza

and Pilvalla littoralis ars of general occurrencé throughout the

British Isles. The remainder vary from localised to scattered

occurrencea.
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Key to Sites of Coastal Survey

Shetland Islands
Falr lsle

St. Andrews

8t. Abbs Head
Holy 1sland

The Northumberland Coast

St. Mary's Island

Souter Point (Sunderland)

Hartlepcols
The Norfolk GCoast
Wesigate
Chichester Harbour
The Dorset Coast
Beer Bay '
Brixham

River Yealm

Porthallow
The Lizard
Porthmsllin
Penzance

Roskilly

23
24

- 25

26
27
28
29

6} |
32
33
34
35
36
37
k1.
39

41
42

44
45

Porthcotham

Lamorna

Sennen Cove

Isles of Scilly - St. Mary's
Isles of Scilly - St. Agnes
Isles of Scilly - Bryher
Isles of Scilly « 8t. Martin

Cape Cornwall

Porthreath

Combe Martin

Gower Peninsular .
Milford Haven
Cwm~¥r=Egluys

Martin's Haven

North Wales and Anglesea
Marsey and New Brighton
Isie of Man

Galloway

West Coaat of Scotland
Firth of Clyde
Colonosay (Inner Mebrides)

‘Gair Loch and Loch Torridon

The West Coast of Ireland
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Ectocarpus fasiculatus is generally restricted to the west coast

of Britain with a few scattered localitles on Ehe east site although
this may be due to sampling in the north east and the bias of the lists
to the south and west,

Giffordia Hincksiae shows a more consistant occurrence

on the south west coast than elsewhere although it does occur on the
west coast of Scotland and Ireiand.
. The remainder on the list are of limited occurrence or
" of scattered occurrence throughout the British coasts.
Tho fouling periods of ﬁlgée in the Rivér'Yealm are given
in Table 6, from the data of G.T. Boalch. Unfortunately, the'genus.

Enteromorpha was not split to species level.

The results are given on:=-

a) a monthly basis
"b) ' a seasonal basis

The former wera replaced at monthly intervals and inspacted, The latter
Wgré inspected at monthly intervals but not replaced. Also one
'sérieslwas placad at the surface (30 cm depth) and was placed at an
angle of 45° to the surface'at a depth of 60 cm., thus- being in

portal shade. | '

The results obtained from this show that Ectocarpus spp,

gnterpmp:pha spp, and Polysiphonia spp the fouling season extends

from March'to October. The frequency of occurrence of these is

also high throughout the season. Giffordia spp has a season extending
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from April to October but is of lower frequency than the above

three genera. The remainder hava a limited fouling secason generally

restricted to one or two months of the year. Giffordia granulosa has

a bimodal fouling season, one part in April and May, the second
in August to October. The remaining species of the genus Giffordia
tend to have their season in August to September. Pilyella
littoralis, however, while being ubiquitous on the littoral zone
is limited in its fouling period to May, June and July.

In general the seasonal plates follow the above pattern from
the monthly plates. The plates angled at 45° show some variation.

There is a reduction in frequency of occurrence and also in the

length of the season, but that of Ceramium rubrum is lengthened. This

would secem to be a result of the drop in light intensity due to the

angling of the plates,



17

Discussion

The results of the ship fouling survey show two clear areas
of fouling. One band of green weed at or near the light load line
and below this an area of brown weaed. Tube worms and barnacles were
generally absent or of low 1nciden;e.

Previous surveys have shown that the green weeds, (Enteromorpha spp)
tended to be the dominant form of fouling when the vessels were
running at sufficiently high speeds to prevent barnacle settlement.
Harris 1.91;6 showed that i{n samples from a large number of veasels

Entarombrpha and Ectocarpus were the most abundant genera. He states

that Enteromorpha formed the bulk on all ships. The same author
gives details of a series of samples from ships taken at Liverpool

and Glasgow from 1942 to 1944. In these he showed that at the

waterline Enteromorpha was the'doﬁinant form and this merged gradually
to an animal fouliﬁg nearer the keel.

Data from the Woods Hole Oceanographic Imstitution 1952, show
that while on Buoys and Test plates Ectocarpus occurs with the same

frequency as Enteromorpha, on ships Enteromorpha is almost twice

as common. This is also supported in data £rom Hentschell 1923 and
Visscher 1927 in the above report.

The data from Boalch shows that both Enteromorpha and Ectocarpus

favour high light intensities but Ectocarpus is less sensitive

to a drop in light intensity also shown by Barashkov and Fedyakina 1965.
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Ivanova (1967) in 32 samples from 9 vessels showed that Enteromorpha

and Cladorpha were the most common algae and gives details of
certain vessels with zinc plated iron being fouled with Enteromorpha
and Ectocarpus after 2 - 4 months. One vessel painted with a

copper-mercury antifoulant was fouled with Enteromorpha after one

year. Kingcoms (1959) states that Enteromorpha was less sensitive

to copper than Ectacarpus.

The main toxin used in antifouling paints prior to 1960 was
copper on cuprous oxide. It wpuld appear from the above iepo;ts
that, with this paint, ships would tend to be fouled by green weed
when the paint is exhausted. There would be some brown weed but this
would be limited to the lower parts of the hull due to the dominance
.of the green weed at high light intensities.

Recent raeports have indicated that there haas been a shift during
éhe last few years from green to brown weed as the main fouling type.
This 1is correllated with the introduction of organometallic compounds
as suitable toxins. This change over has been noted by a number of
shipping concerns and was thought b§ at least one to be due to this
use of organcmetallic compounds in antifouldng paints. Experimental
evidence cited later would seem to support this view and if one
assumes it to be so one can éxplain the results obtained in this
survey and those given elsewhere.

One fact that has to be taken note of is that many ships are only

covered with antifouling paint as far as the light load line. Only
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in a small number of vessels is the antifouling carried on above
this level. This allows the assumption, that with organometallic
toxins the brown weeds are the chief fouling organisms, to seem a
reésonabla ona.

The water linc samples were taken from near to the light load
line and probably above the zone of antifoulant. This area was
predominantly of green weed with only the occasional occurzence of
brown weed. This is what is expected if no antifouling (A/F) paint
had been used.

The bilge keel sample wss taken in the zone of A/F paint and '
here the pradominaté forms were the brown algae and although
green algae did occur occasionally, it was.with only low cover values.
The information obtained from B.S.R.A. concerning the toxin coﬁtained
in the A/F paint was that most contained copper although a number
of manufacturers had becen experimenting with organomatallic toxins,
few had given positive indication of its use in their paint.

However, from the data ob;ained here, and £rom the experimental
results, suggesf that most 6f the paints contained organometallic
(probably organotinsg) toxins. If this is so it would explain the
dominance of brown weeds on tha lower part of the hull below the
light load line. This observation is not aolély explainéd-by a light
gradient as generally there 1 a district bouqdary between the greens

and browvms not a gradation as oné should expect if there was no distinct
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physical or chemical boundary.

These assumptions, based on experimental evidence, can be
used to explain the distribution of fouling organisms found on the
'Kazimah'. Here the green weeds were dominant on the lower
surface of the hull below thellight load line, and the brown
weeds wére doninant above tha light load 1line. This is the
reverse to that found elsewhare. Unlike the other cases there
was a gradual merging of the two communities. This suggests that
there was no abrupt physical or chemical changeas suggested for
the other ships. One assumes from this that the A/F paint continues
up the sides of the hull to a point above the heavy load line..
The distribution of the algae also supports this if it iz assumed
that the organotins favour brown weed fouling. The green weeds occur
below the light load line and this is subject therefore to continuous
leaching by the sea. The area of the hull above this level will only
.be subject to intermittant leaching and as this vessel is a tanker
this intermittant leaching will last roughly for 50% of its total
time at sea. One wcul& expect from this'that at any given time the
area below the light load line would contain lass toxin than above

that lavel and therefore would be sxpended befors the latter level.
Once the paint has been exhausted it would be expected that the
grean weed would become the dominant form and this would be expected

to occur fivst on the lower part of the hull as seen here. Thus one
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can explain the apparent anomaly of the 'Kazimsh' by suggesting that
she had.been coated with an organometallic paint further up the
hull than is normal and that the differontial orosion of this paint
has resulted in the two communities found. The green weed being
as the lower exhausted surfaces,.the brown on the upper still active
surfaces.

Using the same assumption it may be possible to explain
the results found by é major shipping organisation in the mid
1960's, A number of ships were surveyed and inspected visually .
at roughly monthly intervals. The paint systems used varies from
only anticorrosive to supertropical A/F paints.

The use of a number of paints suggests that there would be
a similar variety of compositions and these would be expected to
give different results. Where browm weed is the first fouling noted
it can be assumad that these paints contained organotin compounds.
These were generally seen in supertropical and epoxy A/F paints. The
change over to green weed could be ascribed to the exhaustion of
the paint at least of the organotin conﬁained therein. The
vaiiability in the cﬁange over could be due to the differing compositions
and thels decay times and not necessarily any differences in routes.
Although in certain cases this may not hold. Support for this is
sean in that the weed at the end of the voyage, in the ships which
passed through the brown weed fouling stage, was very heavy, an indication

of exhaustion of a paint but before any settlement of barnacles.
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This would also have been seen in tﬁe 'Kazimah' 1f only half the
hull had been painted. The fact that mo;t of thése.sh{ps were
fouling after only a few months at sea suggesta that their‘formulation
is unsaﬁisfactory.

While barnacles and tube worms seem to be not as frequent as
they used to they still occur. Ocean Fleet Ltd., report that shell
(Barnacle and tube worm) fouling {s greater in their ships working
belcew a speed of 16 knots. In the survey carried out the barnacles
and tube worms were of small size and probably recent origin but
samples-feturned from the second survey show that barnacles still
cause a problem to certain cwners. 1In one casc hydroids were seen
suggesting virtually total exhaustion of the paint,

The fouling intensi;Q qan.be modified by a number of factors.
‘Blue Staf Lines report that fouling does not affect them greatly as
their ships often pase through fresh water or silt laaen water or
over abtéeive surfaces (South American Trade) and this prevents long
 term pettlement of algae. However, recently occurrances of oysters
have been reported and this giv;s rise to concern among certain'companies.
The fact that fresh or silty water can remove fouling has been known
for many years but not all ships can make use of these.

Turning to the difference observed in the ciimax fouling
ecogystem and that generally found on ships, the climax in

Portsmouth Harbour appears to be one of Barnacles and Tunicales as the
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dominanﬁ organisme with the inssct larvas and crustaceans also
coming in at the dominant stage. A zonation of fouling was observed
and the algae were generally limited to the upper areas of the hull,
the animals to the lower areas. The chief algae involveﬂ wera

Ulva lactuca, Polysiphonia ni ra, Diatoms and Ectocarpus siliculosus,

greatly differant from the fouling seen on shipe. This climax 1s

seen in Plymouth (Hafris 1946) where Ascidians are the dominant form.

" Stubbings and Houghton (1964) have shown that in Chichester Harbour

and adjacent harbours on the south coast the dominant forms in
midsummer are the barnacles but in late -summer tunicates become
the dominant form but generally die off over winter.

The difference between the climax and general fouling ecésystamg

‘can readily be explained, Barnacles are only serious when the aﬁeed'

o§ the ship i8 below 16 knots, and as most of the ships investigated
axcead this speed they do not conmstitutc a problem. _Pyefinch (1948)
gave details of the fouling sequence due to decreased toxin
concentration in the paint. This sequence, from most resistant to
léast reaistant, is as foll;we:-

‘_Brown mats (Ectocarpus type) « Hydroids - Enteromorpha - Ectocarpus -
Barnacles --- Ascidians Ulva and Laminaria. Harris (1946) shows that

Polysiphonia and Ceramium are very sensitive to copper.

. Thus with fast ships and a toxin concentration just below the

maximum to allow fouling one would expect it to produce a fouling

 ecosystem of Enteroﬁorpha and Ectocarpus the hydroids being too fragile
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to withastand the movement through the sgea.

The importance of the fouling season of the algae is that it is

. only at this time that fouling can occur; when the algae liberate their

spores. Thus by knowing the fouling seasone of the ports of call

during a voyage one can estimate when the fouling is most likely-
to start and, with data from thelife of the paints, take additional
steps to prevent it,

Results show that the distance from the shore is in inverse
relation to ;he degree of fouling (Ivanova 1961) and thus protection
would be required in harbour. This would-téke the form of a temporary
structure of tubes releasing low concentrations of toxins to éreveﬁt
attachment. Thié‘idea has been tried on a pétménent basis on ships
(Iskra 1960, Fisk 1960). Other ideas that have been trie&_include
Ultrasonic vibrations (Flsk 1960, lskra 1960, Aksel'Band 1960) but
the energies required for large ships are too greé£ to be economic.
Yoshi and Vedak (1966) have experimented with electrolytic methods
but corrosion of the mat#llis a‘posstble point on which this will not
succeed. Thus paints would appear to be the main antifoﬁling system
used for some time to come.

The coastal survey has sho@n that many of the normal littoral

and subiittoral members of the génus Enteromorpha and Ectocarpaceae

are found on fouling organisms. It might be possible, therefore,
to estimate where the failure of the paint has started hy comparing

the flora of the ships hull with that of the coast around the port of
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call. This, of course, has geverc limitations as the data amassed

here is restricted to the British Coast. However, if lists could

be compiled at the other major shipping ports then this could be ~
tested. Analysis ﬁould show, 1f this assumption is correct, the

date of commencement of fouling. This would provide useful information
on the life and behaviour of the paint of importance tolboth the
shipowners and paint manufacturers. One example we have obtained

the me.v. 'Calchas' docked at Birkenhead and Liverpool during one
voyage. The length of time spent in Liverpool was 14 days. The flora

was found to be:- Enteromorpha compressa, E. ramulosa, E. prolifera,

Ectocarpus siliculosus, Giffordia secunda and G. sandriana, The local

flora includes E. compressa, E. prolifera and Ectocarpus siliculosus,

These are very widespread algae and any conclusion would be very

suspect, but is worth careful note.
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SUMMARY OF THE FINDINGS OF THE SURVEY WORK

1. The results from the 'Kazimah' show that there is a definite
pattern of fouling, which bears a relation to the displacement of
the vessel. The absolute height of the fouling-band, while
dependent on the displacement, fluctuates in any one ship

aléng with the bow wave caused by the passage of the ship through
the water.

The pattern revealed is a result of a difference in the vertical
distribution of the fouling organisms, there being no variation
horizontally and takes the form of two bands of fouling, (the
c;mponenﬁs of which vary) which merge gradually at the light load
line. The only other observable patterns are those relating'to
bilge exits and other obstructions on the ships hqll. Providing
these last mentioned are avoided and sampling restricted to the m=jor
zones of fouling, the samples would appear to be ecologically comparative.

The fouling ecosystems from ships with different routes have
remarkable similarities which are summarised in Table 3.

The main fouling 6rganlsms found are:-

a) . Blidingia marginata; Enteromorpha prolifera - of general

occurrence through the hull.

b) Ectocarpus siliculosus; Feldmannia globiféra.and Giffordia_aecunda

- 1imited to regions of A/F paint if organotin is a constituent.
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d)
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Enteromorpha compressa and E. torta limited to areas near

the water line but above regions of A/F paint if organotin is

a constituent. On non-toxic or with copper on the toxin

' Enteromorpha spp dominates over Ectocarpus spp as seen here and

in Harris (1946).

Barnacles and tube worms, these only occur in low densities and
generally as immature animals and are thought to have originated
while the ship had been travalling at slow speeds or had been in
harbour recently. From the above data and from cor;aspondence
with shipping companies there has been a major change in the
components of the fouling ecosystem. Where as previously the
green algae predominated, the brown algae now do so. It appears
that thié change occurred at the same time as the introduction of
organometallic toxins into antifouling paints.

While the hull below the light load line i3 covered with an

antifoulant paint and weed free for 12-18 months, that above ﬁhe light

load 1line i3 subject to rapid fouling due to the lack of protection.

Extension of antifoulant paints to the level of maximum displacement

might reduce the cost due to fouling on vessels fully loaded in use

(1f oil tankers 50% 55 the time are empty).

While the major fouling algae are of widespread occurrence around

the British Coast, ships anywhere in British waters during the fouling

seasons of the more restricted algae (Table 6) could receive an

inoculum of the fouling algae of a specific district.

Exact information
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regarding the life history of the propagules of the fouling organisms
is8 required before fouling organisms with restricted natural

distribution can ba as indicator organisms.



Part 3

EXPERIMENTAL WORK
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Exparimental Work

The experimsntal work carried out had three basi¢ aims:-

1) To investigate the action of toxins on the major compounds of
fouling systems in an attempt to isclate the cause of the shift,
in fouling, from green to brown weed.

2) To use experimental techniques in the above investigation yhich
would allow the assessment of antifouling properties of new

~ compounds which are toxic to biotic syatems.
3) To develop these methods as potential bicassay techniques for

use in the estimation of leaching rates of the antifouling paints.

Material
The algae used in the experimental work were:e

Giffordia secunda (Kutz) Batt

Giffordia fenestrata (Berk ex Harv.) Batt

. Eetocarpus silicyloéus (Dillw.) Lyngb-

Pilyella littoralis (L) Kjellm

Enteromorpha intestinalis (L) Ltnk

E. compressa (L) Grev

E. linza (L) J.Ag.

rk

These algae were collected from varicus sitss along the goast of
Northumberland and Durham from both the littoral and subelittoral
zones. They were stored in sea water culture solution in a constant

environment rcom until required. Collection generélly being
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arranged so that this period was as short as possible.
Details of the culture solution and culture techniques are given
in the Appendix - El.

Four experimental procedures were carried out:e

1

A  Warburg Manometry

The aim of this experiment was to show the effect of the toxin
used on the metabolism of the algae involved. This should provide a
rapid technique for toxin assessment,

The Warburg apparatus is used to give a maaauremént of the
respiration and photosynthesis, both net and gross, of a plant.,

Details of the methods involved are given in Appendix E2el.

Results

The results of this expér;mant are given in Appendix E3.1-E3.3
and summarised in graphic form in Figures 2;12.

Tributyl tin hydroxide (T.B.T.OH) appears to act upon the alga's
metabolism producing increased respiration and net photosynthesis.
The increase in the former being greater than that in the latter bring
about a resultant decrease in gross photosynthesis (Figures 2,3,5 and 6).

This effect i3 far more marked in the green algae (Enteromorpha spp)

than in the brown algae (family Ectocarpaceae) as in Enteromorpha

compressa and Enteromorpha intestinalis their compensation point is

reached with a solution of T.B.T.0H of 1-2% saturation in sea water.

In the Ectocarpaceae tested the compensation point is either not
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reached or crossed only at solutions nearly saturated with T.B.T.OH.

Enteromorpha linza proved to be an axception producing random

fluctuations in photosynthesis and to a lesser extent, respiration.
Concentrations of T.B.T.OH of between O and 0.05% saturated |
solution would appear to reduce both photosynthesis and respiration in
a number of the algae teasted. This is followed by an increase,

rapid in some cases, im both at 0.1-0.2% saturated solution.

Between 0.2 and 12.5% there i1s a gradual f£all followed by another
increase which continues to the higher concentrations. It is this
increase which reducgs gross photosyrithesis to a great extent in the
brown algaa but thg first named increase which causes the reaching

of the compensation point by the green algae.

Cuprous Qxide would seem to act in a different way to T.B.T.OH.
Here there is an initial stimulation in gross photosynthesis between
concentrations of 0~O.5ugCum1'1 as a result, of increased net
photosynthesis and respiratiomn, the increase in the former exceeding
- the latter. Normally, there-follows a gradual decrease in gross,

net photosynthesis and respiraticn as the toxin concentration increases.

This is exemplified by Giffordia fenestrata and Ectocarpus soiliculosus

(Figs 9.10). With Bntatpmonpha 1nte5t1na113 and Pi}yella littoralis

there is thé initial stimulation follaﬁed by a decrease in the three
components between 1-5ugcum1'1. Above this concentration there is a

second increase in photosynthesis, that of gross photosynthesis in
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Entoromorpha intestinalis being due to a decrease in respiration

at higher concentrations. At the higher copper concentrations

the green alga Enteromorpha appear to be growing at a greater rate
than most of the brown algae teefed. This is the reverse éitu;tion
to that found with tributyl tin hydroxide and will be discussed
in detail later.

The effect of finely divided copper on two algae was alsgo

tested. The test material was Enteromorpha intestinalis and

Pilvella littoralis. It was found that the geheral':rend seen with

cuprous oxide was followed here. The initial increase at _().Sug(:uml'1

followed by a gradual decrease in all three components as the copper
soucaatration 1ncreaged. As with cuprous oxide pho;osyntheais of

Enteromorpha intestinalis was the higher at most copper concentrations,

a fact which, as will be shown later, ties up with studies of the flora
of the ships hulls.

| The actual quantative values given for the Warburg experiment
are however of limited use as the number of runs carried out with

each species was low. -
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B Metgbolic Flux

This expérlmant was designed to obtain the same information as
the Warburg bﬁt using less sophisticated equipment. Photosynthesis
and respiration were m@asureg by the ﬁae of pH measuring indicating -
change in carbon dioxide concentration and microwinkler techniques
to record changes in oxygen. The methods which follow. Verdium 1960
and Beycrs et al 1963 for carbon diOxide! and Fox and Wingfield 1938,
for oxygen, are given in Appendix E2-2.

The results are given in Table 7. These suggest that there is'_
no logical output of carbon diéxide with respiration or output with
photosynthesis and likewice for Axygen. although tﬁeré is the
agssumption that oniy the carbon dioxide flux will affect pH,
which cannot be held absolucely. But ths rasultg of metnbolic
studies on lake systeﬁs and other equatic.environmants (Teal 1957,
Odum 1957, Odum and Odum 1955) give good results usiﬁg bagically the
same method. |

Not-only does there appear to be no relation of gas flux with
toxin concentfation but there wouidiappear to be no relation of carbon
dioxide flux with oxygen flux, a situation that is stoichiometrically
unlikely. The differénce between the two varyiﬁg bétween a facror
of 1 to 16, The differences resulting from the use of two methods
of calibration of pH with with carbon dioxide concentration are of a
lesser n#ture, generally there being no more than a factériéf 2 |

difference.
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The values given for the flux are in the order of 1,000 times

greater than those taken from the Warburg experiment and 10 times

greater than obtained in the growth experiments belaow.



c Growth Experiment

This expariment was designed to obtain data on the effect
of thao toxin on algae in a less refined manner using growth as an
index of gross photosynthesis.

The method follows that of Lindahl (1962) and is given in
Appendix E2.3. The results are given in detail in Appendix E3<4
and summarised in graphical form in Figures 13-15.

Pilyella littoralis and Giffordia secunda have a high natural

growth rate in pure culture solution. This drops rapidly és the
concentration of the toxin is increased. Batween 0.005 and 0.25%
saturated colution of T.B,T.0H there is8 a transient increase in

growth, but in Giffordia secunda this then decreases and reaches its

compensation point at 0,5% saturation. Pilyella littoralis decreases

rapidly as the concentration is increased to Q.1% saturated solution
and then riges but only to a value of (0.33 x control).

Enteromorpha {ntestinalis reaches its compensation point at

much lower concentrations of tributyl tin hydroxide, about 0.01%
saturated solution, and then continues to act as an 1ncrea81ng‘
respiratory drain on the system.

With cuprous oxide a similar trend is observed to that of the

:uiida reacted to increase from a rate of
1

-1 at 0,05% ugCuml”
1

2.5ul0,gm day~ and then decreased to a minimum

of 0.3m1023mflday’1 at SugCuml™", after which the photosynthesis rate

rose.
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Pilyella littoralio decreases rapidly with increasing

concentration from a control photosynthesis rate of 28mlozguf1day'1

to one of 6.4m1023mi1day'1at lougCuml'1

+« There appeared to be no
initial stimulation.

_Enteromorpha intestinalis has a much ldwef photosynthestgvrate

gf only lmlbzgmflday’; and this decreases, again wichout'the 1ﬁitia1
stimslation reaching a compensation point at asout I.Ougcuml'l. This
islvery unlike the results obtained from the Watbﬁrg apparatus.

The copper solutlon gave the general trond seen using the
Warburg technique with very low concentrations of cépper up to
O.SugCumJ."1 there is an increase in growth. This-is from 1-4m1023m71

for Enteromorpha and 2.5:13u102gmr1day'1 for Giffordia. Pilyella
' 1

behaves more randomly reaching a peak at 1,0ugCuml” " and then

decreasing. After the initial peak both Giffordia and Enteromorpha

havo a decreased growth rate but the latter reaches the compensation

1 while Giffordia reaches it at 7.5ugCum™’. Pilyella

-1

point at SugCuml”
does not appear to reach its compensation point-as even at 10ugCuml
'ﬁheie is still growth.

The most unusual feature of these ié the fact that the algae
would appear.to act as a_;espiratory drain on the gysteh at much lower

concentrations than are indicated by the Warburg experiments.

day™!
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GERMINATION EXPERIMENT

The germination of spores is a critical event in the life cycle
of an alga.™ It has been shown by Christie and Shaw 1968 that in

Enteromorpha the settlement of zoospores is not passive, active

swimming occurs in order to find a suitable point for settlement.
It would thus bg'expgcted that this stage in the life cycle of an
alga would be one wﬁich was very sensitive to environmental éffectq
(e.g. toxins), |

The following experiment was designed in order to test the
sensitivity ¢f =lgae to various toxins and avaluétion of this as

a bloassay techﬁique with a high degree of sensitivity.

"Method

The experiment was carried out using Giffordia secunda, Pilyella

littoralis and Enteromorpha intestinalis. The last named failed to
produce viable spores and is now being repeated following the method
of Evans and Christie 1962. (The :esplts_of this not being availabie
due to the periodicity of sporulating exhibited by this alga).

The algaa were.weighed to obtain their fresh weight and placed
into a sterile petfi dishiwith a disk of filter paper at the bottonm
to assist ﬁhelattachment of spores. 20 ml of test solution was thenm
added. The petri dishes wére then‘placed in the constant enQironment
room at 18°C and a light intensity of 4000lux. The alg;e were

reweighed at weekly intervals and the number of germinating spores
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counted and expressed as spores per gramme of alga. The test
solutions used were Copper and Cuprous oxide O; 0.05; 0.25; 0.5; 2.5;

1

5; 7.5; 10ugCum1- T.B.T.OH._O; 0.005; 0.025; 0.05§ 0.25; 0.50; 2.50;

5.00; 25; 50 percent saturated solution.

Results _
Figures 16; 17 and Appendix E5 give the results obtained in

the germination expetimants; In general the trends observed for

Giffordia secunda follow those obtained in the previous experimént.

" With tributyl tin hydroxide there is an initial decrease from

40 x 103 to 4.4 x 103 spores gm.'1 and then an increase ﬁo 42 x 103'

spores gﬁ’l. This then decreases gradually with a slight but
transient rise at 0.5% saturated ;olution unti;-after 5% saturated
solution no more germination occurs.

With Cuprous oxide solution thgre is' a gradual decrease from

112.5 x 10° spores gn‘l at zero concontration of toxin te 4.27 x 10°

1

spores gm‘l at 0.5ugCuml”™ the decrease in germination success after

! o germination occurs.

that is more gradual and above 5.0ugCuml”

:COpger shows a similar pattern but at 0..251.1scuml“1 there 1is a
transient increase in germinaniﬁn success reaching 87 x 103 spores
gmfl. There follows a rapid decrease and above 2.5ugCuml’ thé:é:

appcars to be no germination occurring.

With Pilyella littoralis therc is a stimulation in germination
1

success at O,5ugCuml” " of 5.71 x 10° spores gmfl and then decreases
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rapidly such that after 5.0011{.3Gum1”1 there 18 no germination at all.
With copper there i1s a rapid drop in germination success for a
control of 5.18 x 10° spores gufl to 0.67 x 10° spores gmfl at
O.SugCugmfl. There is then a sudden rise to 3.0 x 10° spores
gm'l at Sugcugmf"1 after which no germination occurs.

Tributyl tin hydroxide was only observed to allow germination
at control and 0.1% saturated solution. This is in contrast to

Giffordia secunda in which germination occurred right up to 5%

saturated solution.
Unfortunately during the present series of experiments it

was found that Enteromorpha could not be made to germinate in culture

but this is now being repeated using a refined techmnique.
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Discussion
The experimental work was carried out with three aims which
have been listed preViously. The discussion will be divided into

three parts, each part will discuss the results obtained in light

of one of these aims.

 Section One

The Effect of the Toxin on the ngor Coggonenta of the Fouling Ecosxétem

There are two phases in the'lifq cycle of an alga which can be
attacked by the use of toxins. The first {s at the stage of

germination of spores, the aecoﬁd is during the growth phase. The

:gxperiments carried out investigata the effect of three toxins on both

of these phases, they being copper, cuprous oxide and tributyl tin

.hydroxlde.

The regults shoﬁ that, ﬁith copper and cuprous oxide growth will
occur throughout tha concentration range used (from zero to fully
saéﬁrated solutions) but at higher concenfrations there is a lowering
of the growth rate. The inftfal increase in growth at very law
éoncéncrationq is thougﬁt-to be qéuated_with the use of copper as a

micronutrigﬁf, but like a numbef of micronutrienté it acta on a toxin

in high concentration (Steward 1963).
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Howavar, in Giffordia secunda, germination would appear to
-1

Y

{as Cu ) and

coasc at concentrations of copper above SugCuml
7.5ugCuml°1 as copper metal, It would appear that in this case,
copper attacks the stage of germination in algae. 1£ copper does
prevent germinations at higher concentratiomns than 5.0ug per ml,
while growth can continue to fully saturated solutions it would

soem that it also acts in a similar way in Enteromorpha. This alga

has a greater tolerance to copper than Ectocarpus in high light

intensity (Harris 1946) and one would expect Enteromorpha to

germinate at similar or higher concentrations especially as its
growth rate, from Warburg operations, is lower than that of the

Ectocarpaceae. The lower growth rate suggests that some exclusion

mechanism might be involved in the dominance of Enteromorpha over

Ectogargus.

In the case of tributyl tin hydroxide it was found that while
the Ectocarpaceae would remain growing throughout the concentration
range, although as with copper tending to zero at the highest

concentrations, Enteromorpha, two species found on ships, would only

show growth at concentration less than 1.2% saturation'invsea water,
The germination experiments showed that germination i{n Giffordia
gecunda occurs up to concentrations of 5% saturation. Thus one would
expact from this that at concentrations of tributyl tin hydroxide of
between 2-5% saturation Giffordia and possibly the other Ectocarpaceae

would both germinate and grow while Enteromn:pha-(ﬂ. compressa and
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E. intostinalis) could not grow even if the germinmation could occur.

The conclusion drawn from these results is that on ships with
copper or cuprous oxide on the toxin the green'algae would probably
dominate and with paints based on tributyl tin hydroxide one would
expect the members of the Ectocarpaceae to dominate.

That this might be so is upheld by raference to survey of
ship fouling., Harris (1946) found green algaec to predominate although

the brown algae were present. The rasults presented in the currenmt

survey show that the Ectocarpaceae tend to bo the dominant type.
However, one survey carried out by one of the major shipping
companies showad that ships might be covered initially with brown
woed and this may later be replaced by green weed. This would be
expected if tﬁe gieqn weeds competo successfully for the same niche
as the brown weeds. This is known to be so for vogions of high light
intensity (Harris 1946) and may be tho reason for the chango although
we have no proof of it as the experiments were not designed with -

this in mind. A posaible way in which the dominance of Enteromorpha

ovor Ectocarpus is brought about_ia in the light of the lower growth
rate, by some exclusiﬁn mechanism. This replacement of brovm weed

by green could also be explained on the basis that the copper retained
in tﬁe antifoulant paint after all the organotin had gone was too high
to allow the germination of Ectocarpus but too low to prevent the

germination of Enteromorpha and replacement occurred either naturally
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by replacement after death or by some exclusion mechanism as above.
The results from the growth experiment show that the algae

reach their compensation point at lower concentrations than in the

Warburg experiments. It is possible that this is a result of ageing

of the solution but may also be real. It is Enteromorpha which

appears to suffer most in this manney, however, and it might be
that it is the solution ageing that {s producing these results.

-The members of the Ectocarpaceae follow in general the pattern

observed in the Warburg operation even to the extent of replicating the
"micronutrient" peak with copper. The tributyl tin hydroxide run
closely parallel to that obtained from the Warburg. It is

suggested that Enteromorpha is more sensitive to changes in the

solution involved and this might cause the lowering of the toxin

required to produce a respiratory drain on the alga.
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Section Two

The Use of These Experimental Techniques in the Assegsment of New

Compounde with Antifouland Propettiee

The application of the experimental technique described in
relation to a future reosearch programme into the evaluation of
compeunde with antifouling potential is given in the General
Discussion. This eectiou.will deal with their use in isolation
not as part of a combined brogramme.

The Warburg apparatue produced results which, in the case

of Enteromogpha compressa and Enteromorpha intestinalis were

remarkably similar when using tributyl tin hydroxide. The remaining
euamples were euffiéieutly alike to predict trends in photosynthesis
and respiration_causediby the toxiu; The apparaeus,.althouéh
elauorate, 15 simple to operate and a large number of samples can
be used at once. The production of a set of figures for net, gross
photosynthesis and respiration takes in the region of 2 houre
including a calibration to allow for photosyntheeis_or respiration
in the solution albne; This method was found to give the most

ceneistent resulte for the erpreaeion of growth. The growth

expetiments, although giving a eimilar picture were lass consistent

- 1n the. case of Enceromnrpha and required £ourteen days for

complaetion. This 1ncreeee in the time of the experiment is

compensated by the extreme reduction in experimental cost. The
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apparatus consisting simply of petri dishes, and requiring a room

of uniform environment, which 1s generally available in most
research institutions, and an accurate balanca.

‘ The results from the metabolic flux experiment suggest that
it should be carried no further, even allowing for its use ia the
.studies on energy flow in ecosystems (Teal 1957; Odum 1957).

The germination experiment provided useful information on the
tolerance of algal zoospores to toxins in sea water. This in
itself warrants further work into this aspect. It provides a
simple explanation for patterns obsarved in the surveys carried
out in part one; its potential as a bloassay technique will be
digscussed later. It requires the same apparatus as the growth
experiment and takes approximately the same time and could present
a simple and sensitive estimation of the effect of a potential

antifoulant.
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Section Three

_ The Extension of the Experimental Techniques as Bioassay Methods

The aim of a biological assay is to provide an index of the
concentration of a compound, which is too low for accurate chemical
analysis, through the use of a parameter of a biological nature.
This parameter has, in the field of marine fouling, been limited
to the growth rate of organisms. The methods of Fitzgeraid (1963)
with Chloxella and Rivett (1965) Qith Chlamydomonas measure the
change.in cell density over a period of.about four days., This is
compared to a saries of growth rates prepared from standard
concentrations of toxin.

The aim of this section is to provide other methods of

bicassay which are either quicker, while maintaining the accuracy

re@uireq, or slower and more sensitive. Two msthods used come into

these categoriea. The Warburg manometric technique requires 2 hours
for § series of fourteen estimations followed by a longer time span
to dry the alga and weigh it if the dry waight ig required. This
laét mentioned could be read from a cprrection table of fresh
weights to dry weights. These problems can be overcome by the use

of a unicellular alga such as Chlamydomonags. This can be injected

in known concentrations into the fasks and'thﬁs:reduce the time required

per run to the two hours. Additional runs will require less fima as

the calibration for biological activity in the solution will have
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been calculated proviously.
Also, Chlorella can be kept as viable pure strains for periods .
up to 1 year - Ammain & Fraser Smith (1968).

" The results obtained from using a variety of non-uniform stocks
show that trends can be shown even under these conditions. With a
standard stock of a unicell and allowing time for equilbration
there is no reason why this should not provide an accurate bioassay.

The germination experiment takes longer than the Rivett method
but it is believed would be much more sensitive. Experimental work

by Christie and Shaw (1968) show that in Entercomorpha the zoospores

afe capable of some choice of settlement area in response to
.environmental influences, and it seems likely that this stage might
show mbre sensitiva reactions to any toxins in the water.

Thé importance of this lies in the very low concentrations
at which these recent toxins (organometallics etc) work, if even
. more effective toxins were daveloped there will be a requirement for
more sensitive methods of bioassay, which could be provided by
the germination exporiment. |

The equipment required is not very elaborate and provided a
fairiy uniform enQironmant {8 maintained, the experiment iq eagy

fo-run. The results with Giffordia secunda providing a fairly

reliable indication of its sensitivity.
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GENERAL DISCUSSION



Genaral Discussion

The foil&wing discussion 4s aimed at the combination of
experimental and field data discussed in detail previously and
to suggest some of its implications in the field or marine fouling,
and possible future avenues of research.

At present, paints incorporating various toxins are the
only methods of preventing ship fouling that are used on a large
scale. Much of the formulation of the paint would appear to follow
a pattern of introducing a trial tozin into a paint and testing it
out on raft or ship trilals. On rafts thaese trial plates are removed
at regular intervals for thé leaching rate to be determined. The
leaching rate at the commencement of fouling being used as an index
of toxicity of the coﬁpound and the concentration required in the
paint to prevent fouling. Raft trials can fake up to four years
before fouling occurs, this being equated with a ship life of two
yaars.

One way in which thiﬁ situation might be improved is by the
investigation, biochemically, of the effect of toxin on the fouling .
ecosystems - the green and brown algae. This would enable certain of
- the proposed toxins to be eliminated and would only take a short time
to complete. The toxin can then be suggested to the paint chemist who
would prepare a suitablae carrier for it. This paint could then be

applied in various thicknesses to test plates and subjected to
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accelerated leaching rate tests. This would provide information
on the erosion of the paint and the time taken to provide a
minimum concentration of toxin to ﬁrevent fouling. This latter would
be calculated from experiments such as the Warburg respiratory and
germination experiments. The tims taken to reach this would be
much shorter than test trials or raft trials, and would eliminate
‘uneatisfacﬁory.paints‘before there had boen any extensivs manufacturing
of thenm,

. Once these accelerated leaching rate trials had been carried
out the suitable formulation could then be appliéd to éhip tests or
raft tests. The former being preferred as these resemble actﬁél
- conditions more accurately. The performance of these paints on the
ships could be followed and any fouling could-be described to enable
any indicator organisms to be detected and used to get an indication
of the performance of the paint. This would rule out the need for
elaborate chemical or physical tests to be carried out on the trials,
the fesulta being used for tha indicator organisms being gained by the
initial biﬁchemical analysis of the effect of the toxins on the
fouling systems.

The toxins that will be used will be ones which are toxic at far
lower éoﬁceﬁtfatiﬁné than those ﬁsed ;od;y. This in itself réquires
bioassay techniques in prder to detect the very low concéntrationa

required and development of these is necessary. This being one of the
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aims of this project, another being to show how integration of
biochemical and visual experiments can play a part in the subject
of marine fouiing.

The discussion following the work on the ships sﬁrvey‘indicates
how the experimental work carried out helps to.explain the results of
the survey. The importance of this lies in th2 sffect of the
fouling on the speed of the ship. If the green weed produces more
drag on a ship tﬁan tha brown weed, all other things being equal,
then a paint favouring the brown weed would be preferable, or vicee
versa (Experiments are now being devised to test this point).

This facter 1s complicated by the fact that the organometallic

paints last up to 18 months before fouling is heavy whereas the copper
paints will last only 12 months. If the brown weed produces more

drag than the green the 1ncrean$d cost due to this must be balanced
againgt the decrease in cost due to.the longer 1ife of the paint. The
relativé costs of the paints must also be taken into account before
the tiue significance of the cyange over can be perceived.

-caléulationa baged only on one samplé gshow that the fouling on
the St. Margaret was 456gm72 (365gmﬁ’2yré{%, Ivanova (1961) gives a
figure of 770=1,0005mm72 for.fouling. I1f this is multiplied by the
z2 of the vessel and then corracted to give the drag imposed-by the
wead then one can calculate the ton of spead and hence the increase
cogt of tunniﬁg the ship. However, more samples of fouling must be

taken before accurate calculations'can be appiied.
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The figure given by Ivanova (1961) comparaes with that of
Barashkov and Fedyakina (1965) which gives the following values of

weed growing on immérsed concrete blocks:-

2 a1
yr
All algae (average) 1860gmm”2yr~

Sea of Azov - Enteromorpha prolifera 1000gm.

1

and Zenkevitch (1963) who gives a figure for Enteromorpha intestinalis
1

of 209.ngm°2yr’ for the Black Sea. These would seem to suggest
that there may be some difference in the productivity on ship and
shore but this requifes more samples before any case can be stéted.
Future lines of attack, many of which have been.tried out,
could bear repeating limiting their use to that period coéinciding
with the fouling organisms. Fisk 1960 stated that the expense of
running ultrasonic equipment is a deterrant. Costs might be
reduced by only using this equipment in port and only during the
fouling scason. The equipment however, must not be of a frequancy which
couild cause the self distructiondf the ship. The use of piped toxins
¢sdald be applied during the fOuling seaaomn ﬁut it has to be axpelled
1n-a finély~divided form, the apertureé for its disparsal thus
might be susceptible to clogzing by ;mtérial in the water.
The greatest adv;ntage of the paint is that a coating of paint
is—required to prevenﬁ the steel hull from corrosion by the gea

wataer, and sincae the ship has to be docked for this, the additional

| application of an antifoulant does not prove too expensive,
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' Finally, there 13 the question of algae evolving resistance
to the toxins usad. Resistant strains have developed in most types
of animals and plants. Bacteria are known to rapidly build up

resistance. Cases are known of resistance to heévy metals otcurring

in Angiosperms (Jain and Bradshaw 1966) and in fungi. The speed of
_ building up the resiaténce depends upon the selection pressure to
&o so and the speed 65 reproduction,

The algae involved feproduce quite rapidly although do so
in marked seasons. 'Thia-woﬁld produce some limit on ﬁhe spead of
setting up resistanca., The selection pfasaure on the hull of the
ship is great but on the shore it will depend on the advantéges, if
any, of this resistancce. 1f this resistance is genetically
determined and also confers incraased vtability to the alga then
its sprcad would be rapid. However, if there was ﬁo advantage
its spread wogiﬂ be slow 6r in the extreme if it wa; less viable than
the non-resistant strains there would be a tendancy for it to die on
‘tha shore.._IfAthis last named were true thentthe only source of
repienishment would be the ships themselves. |
' The transference of spores of thesa algae is from ship to ship
either directly or indirectly'via-the ship;shOrg-shtp link. The
Ifship tranaféreﬁcé is the aihpleat-ana could readily oécu? in
harbours and result in quite rapid build up of resistance. The ship=

shore~ship would result in a build up if there was né disadvantage

\



in having the resistant gene in an environment not requiring it
(i.e. the shore).

There would appear to be little known on the subject for
resiatant strains could cause the costs of research into new
toxins to increass in relation to the speed at which resistance
is built up. 1t is also important where the mechanism of resiatance
1s involved if the mechanism involved deals with a type of compound
rather than a specific compound it makes prevention more difficult
and more expensive and as a result this could well be one field

which could suffer some research in the near future.
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Section Slel

Fouling Ecosystoms present on tha "Kazimah"

This study was undertaken in order to detect any basic pattern
in the distribution of fouling ecosystems ¢n the ships hull. The
information gained would form the basis for future aampling..

Sampling was taken at three heights on the hull, 18; 28 and
38 feet above the keel. These fell into the two major zones which
were visible and in the junction between the two at thé light load
line. Any gradual or disjunct separation of the two zones would
thus be.detected.

Sampling at cach of these heights was carried out at three
sites along the hull, one each side of the ship. This would detect
any variation in p;ttern along the length of the ship and on either
side of the same.

The samples were then subjected to micfoacopic aqalysis to
déterm;ne their algal components. Identification of the algae was
from Newton (1931); Eifon Jones (1964) Bliding (1963). The
nomenclature follows that of Parke and Dixon (1968).

The date is displayed on Table 2 ir a form convenient for

inspection.



Section S81-2
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Section S1=2

Fouling Ecosystems on Ships in Regplar'Service

The sampling procedure used was modified from‘that used for
the 'Kazi{mah', based on the resuits from that vessel.. Two samples
were taken from éach vessel. One was-taken from the light load
line or juef above; the second from the hull near the bilge keel.
Bilge exits and other similar sites on the hull were avoided.

The séqples were stored in sea water containing 5% formalin:
until identified. Indentification was ftoﬁ Newton (1931); Bliding
(1963); ELfon Jones (1964). |

Other defails which were obtained for each ship were:-

i) period elapsed since last scraped

.11) antifouling paint used
i1i1) routes covered

iv) position of samples

v) nétea: any relevant points.appertaining to fouling.

Tﬁe analysis'of the d;ca followed that of Braun-Blanquet 1928
(Bee Appendix S2. for description of method). The data being
displayed as an association table - Table 3 = for convenient inspection.

On oﬁe ship, the 'St. Margaret®, an area of fouling of 89 sq.cm.,
was dried_and weighed and corrected to give weight per square metre.
lThia was to provide some indication of the biomass that fouling

organisms can produce.




Section 51-3
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Section Sl=3

Fouling Ecosystems from the Main Shipping Lines

This was carried out as an extension og Section Sl-3. The
first stage was to send a letter (Fig. Sle3a) to a number of shipping
companies outlining tte ajms of the study and asking for their
co-operation. If this was forthcoming, a second letter (Fig. Sl-3b)
was sent explaining in detail what was required, and enclosing a
number of sample bags with attached data sheets (Fig. 81;3c).

The shipping companies were asked to obtain samples of fouling
from the light lcad line and near the bilge keel. These were to
be raturned in the bags supplied together with the completed data
sheet, Identification procedurc follows that of Sections Sl-1 and
81.2. The data required is shown on Fig. Sle3c and is similar to
that taken in Section Sl.2,

There was sbma delay in starting this survey and results are
still coming in. The results, obtained to date (August 1969)
are depicted in Table §l«3a in a similar fashion to those of
Sections Sl-1 and S1-2.

Dotails were also obtained from a number of companies concerning



UNIVERSITY OF DURHAM

Department of Botany,
Science Laboratoriecs,
South Road, Durham City.

Dear Sir,

We are conducting a survey as to the main type of ship
fouling at the present day, and would be grateful if we could
have your co-operation in this.

It would entail us sending you some sample bags in which
we would like 2 sample of the fouling on the ship, together
with a slip of paper which would give:-

(a) the name of the vessel;

(b) dates of this and previous scraping;

(c) anti-foulant used during period of (b);

(d) routes used (British, continental, world wide),.

And then any other details as may be thought helpful such as
if there has been any changes in fouling organisms during the
last ten or twenty years, and if this is associated with a
change in the toxic contained in the paint.

The aim of this survey is to evaluate any change that
might have occurred in the fouling organisms in recent ycars
with any coincident change in paint toxins or in the ports
of call used. It is not intended as evaluation of the
brands of paints used, except insofar as it is concerned
with the toxin used not any other ingredients.

If you are unablce to participate in this, would it be
possible for you to send us a report on subjects (a) through
(d), but without the samples. We would be grateful for
any information reccived and would give, in return, any
assistance we can with regard to this.

Conld von nlasan 7 : -
Could you please reply on the postcard encloged,

Yours faithfully,

Richard Sims.

figure S1-3a



UNIVERSITY OF DURHAHMN

DEPARTMENT OF BOTANY
SCIENCE LABORATORIES
SOUTH ROAD

DURHAYM CITY

Dear Sir,

Thank you for your reply indicating that you are willing
to take part in this survey. Enclosed are a number of sample
bags each attached to a post card on which the following details
should be noted:-

Shipping line.
Name of Ship.
Type (Tanker, Freighter etc.)
Routes used (Coastal, Continental, Atlantic etc.)
Dates of this and previous scraping coincident with
application of antifoulant.
vi) Paint used.
vii) Cover of algae, barnacles or tube worms.
viii) Notes (if any).

’_h
'_I- '.J- l.l-
<4 G e e

A N s e oot

We would be grateful if you could send us two samples per ship
at a) water line, b) bilge keel levels. Each sample should be
placed in a bag (vhich moy be sealed after) and posted to

Mre. R.E. Sims at the above address preferably by first class
mail to prevent undue deterioration of the samples

Yours faithfully,

RICHARD E. SIMS

figure S1-3b
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Saction 51;4

Fouling Ecosystems on Ships laid up in

Harbour for long periods

The study was carried out at Portsmbﬁth in a marine-brackish
water harbour. Samples were taken, with the aid of a dfver; from .
a series of four ships which ha& been laid up for different lengths
of time (six to fourtyeight months). Two samples were taken from
each ship. One from just below the waterline, the second from
thellevel of the bilge keel.

. The aampleé were praeserved in sea water containing 5%
sea water until identified from Barrett and Yonge (1958), and
Alder and Hancock f1907). The data was processed following
Braun-Blanquet (1928) being presented in Table 4 in a.convenlent

form for inspection.
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Saection Sl';S

Coastal Distribution of Fouling Algae

The table was compiled from a number of algal lists published
iﬁ the literature, where possible these wéré taken only if
published after 1960. Other lists were compiled by the author
 from samples taken while out collecting for experimental méterial.

A third source was from species lists sent i n from various Marine
Laboratories in reply tc a request for information on the distribution
of these algae.

Table 5 depicts the results obtained. The sites are in order
to make any geographical distribution evident,

It had been planned to provide information on the fouling
periods of these algae, and successional sequence to a mature
fouling ecosystem, by the use of a raft ;nchofed in a harbour on the
North East Coas£. However, this part was unable to be completed in
thé available tims. Instead, information on the fouling périods ;f
algae in the‘Rlver Yealm has been included with :he'permission ;f
Dr. G.T. Boalch and Intermational Paints Ltd. “This information {3

given {n Table 6.
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The Zurich-Montpellier School of Phytosociology

A plgnt-coﬁmunity may be considered to be a group of plants,
the area of which is sharply delimited by physico-chemiéal boundafiés,
similar grouﬁs of plants occur {n other areas of similar'phyaical
or chemical constitution, Such communities can be classified.

Where the boundary is one of a gradual change in nature then the
change in plant types will also be gradual and @ contiﬁuum:(curtis 1959)
will be evident and ordinacion is used in its description, -

The classification of plant communities has beon attempted using
a variety of methods since those of Braun-Blanduet (1928). Examples
of these may be seen in Poore (1956); Williams and Lambert (1959; 1961;
1962) and Goodall (1953). The method used here follows that of
Braun;Blanquet (1928).-

A plant community has certain synthétic'characters. These include
presence ;nd degree of ﬁreaence, fidelity and sociologiéal indicatpr
values. Presence éénﬁbe'@éasured subjectively in terms of cover valies
. from 1V repres;;ting 1ncremen£s of 20%, or as d;féntly a pgrcgnﬁgge;
or it can be measured opjecﬁively using parametéfs such as biomass per
unit aréa, basaljheight oi density amohg others. The former usually
" lends itself te¢ ¢laasifa£a§o:y teckniques, the_lﬁtte: to'ordination

(Bray and Curtis 1957)
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The Sociaﬁility of a plant i3 meagured su&jectively according to

the following:-

Sociability 1 - growing singly

2 - grouped or tufted

'3 « in patches or cushions’

4 - in small colonies, extensive patches or carpets
5 < pure crowds

Fidelity is no longer used due to its uﬁcertain'value in plant
deacription,.

In the BrauneBlanquet School of Phytosociology l1ists of plant
communities are taken using presence (as 2 cover index) and
sociability. Each 1ist is taken frem an.gréa in a plant community
which 18 the least are# required for thq‘expreasion of that community
(Minimal area). Other physical and chemical factors are also
taken into account such as tha.slope; aspect of soil type among othera;
These are transferred to a table which has one axis for the species and
another for the quadrats. This table, the raw table, is then.
rearranged in order to produce an association table in.which groups of
speciés and quadrats are ordered together to produce an abétréct'
whiéh can be:related to the plant community in the field (Tables 2,3
and 4) by returnirg to the aire and Eeséir- the daté in the assoc
table with that from the plan. community. :

The groups are classificatory and form classes, orders, and

alliances (in: descending order of merit) énd the namé given to them
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s taken from the Charakterarten (species which cccur most

regularly in the group e.g. Order Sesleriatalia coeruieaé -

Charakterarten : Potentilla crantzii, Asteg#élpinus) (Braun-
Blanquet 1928). -

?his method of classification; although ajsubjective one, has
been found to give similar results to the newe% methods such as
that of Williams and Lambert (1962); Moore (1956) while being
quicker to reorganise Ehe data. Exawples of its uag epplied
to the marine field are qeén here 1ﬁ Tables 2-4, and thns (1968) the
latter reviews its application {r the marine field. -

.Thé results Aepicted in Tableg 2-4 seem to be of ecological value
and correspond ﬁb data give; elsewhere by other methods and.present

the data in a way which»can be readily explained.
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Cultures of Algae

Material

Theé algae used in the experimental work were collected from

" various sités on the coasts of Northumberlaﬁd'and'Dutham.

.Ente:dmb;pha ap_héf@ collected from Soute;‘Pdiqt.(Sunderland), .

' Craster and Hartlepool. _Piligllq and the E&éocéfgus complex

- were collecteﬁ from Souter Point and St. Abbé Head (Berwickshire).
The algae which wera-use& 1n.£he_experiments were:=

Giffordia éacunda,(Kutz) Batt.

. Ectocarpus sil;culosﬁs (Dillvw). Lyngh:

Riffordia fenastrata (Berk ex Harv.) Batﬁ

Pilyella littoralis (L) Kjellm

Enteromorpha intestinalis (L) Link

Enteromorpha_compressa (L) Grev.

Enteromorpha 1inza (L) J.Ag.

" These were kept 1n'thé'cu1ture'§oiutioh in the constant environment

" room between collection and use in an experiment.

Culture Vessels
Cultu;as were grown 1n'sterile;petrt d}shée with 25 ml of
o cultuteﬁéolutf;n added% A disc.of filter ﬁéﬁgf'was kepf iﬁ thae dish -
to provide an attachment azea for gefmdnatiné B?ores.
‘Media

Nacﬂrai.saa water, from Hattlepools,.projided the base for the
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culture solution. This waé_filtergd through Whatman No, 1

and stored in the dark until required.
The basic culture medium was enriched with the following
.nutrients;- | “
potassihm nitrate (KNOa)‘ZOZ mg/L'
potassium phosphaﬁe (K2HP04) 39.8 mg /L

feonic chloride (FeCl,.6H,0) 2.7 g/l

3

Mangamese chloride (MnCl .4320) 0.2 mg/L

2
and-then autoclaved for 15 minutes at 15 1bs sq.:l.'n'1 p;esépre.

The Phosphate was autoclaved aeparaﬁe;y from the rest and

added before inmcculation to prevent ptectpitétion. The pH of the
solution was in the region 7.7-8.0 Qhen used. 'Ampicillin was algo

added to reduce bacterial activity in the culture solution.

(Ampicillin 6.43 mg/k).

" .. Culture Apparatus

The petri diahes cpﬁtaining the samples in the §uitur§ solution were
placed on a white background in a constant environmsnt_room at 18°
and continuous light from fluorescent tubes éiving 40001ux. Thé constant
environment room was also usea_for germination and growtﬁ'experiﬁants.
The culturing of algae proved successful and it was found_possiﬁla

to obtain sporelings of all the Ectocarpaceae used, but with.

Enteromorpha 1t proved difficult to obtain sporelings though growth did

occur. This was unfortunate in that a possibility of any comparison of
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germination success in relation to toxin concentration, in the

Ulvaceae and Ectocarpaceae, was lost.

UnialgaI:Cultureé

Giffordia secunda was used to provide the source for the first

series of growth experiments. This soﬁrca was the speciments
grown in culture from a plating.technique following Boalch 1961,

Specimens of Giffordia secunda were placed on a moist filter

_ pépét and left overnight in the dark. The next morning the release of
‘spores was brought a§cut by. £looding ths system;wiﬁh éterile.culture
médiunl= Aftér-a'period of 15 minutés the algal maigriéi wag ¥embved.
The disﬁ was q§ve:ed and placed in the constant environﬁent room

until.required. Germination occurred after 10-14 days.
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Section E2e1

Warburg Manometry

The Warburg apparatus is designed to measure gas c&ange at
constant volume by means of the change in pressure when gas is
absorbed or evolved,. This pressure change is recorded on the

manometer and can be convertaed to volume changé by use of a

. standard formula. The apparatus can be illuminated to allow the

measurement of photosynthesis or kept in the dark to measure
respiration. The design of the flask is such that toxins or .
stimulants can be added without the need of resetting the -

apparatus. The use of this apparatus in the measurement of

photosynthesis and reabiration follows that of Lindahl (1963).

‘The experimental material used consisted of the following algae:

'Entaromo:pha.intestinalis

. Enteromorpha compressa

_ Ep;eromgrpha linza

Ectocarpus siliculpaus
Giffordia féngs:rata
Pilyella littoralis
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Photosynthesis and respiration were measured by a direct method
due to the difficulty of using identical quantities of alga in the
flasks. The equipment used-waa that manufactured in Germany by

B, Braun. Conical flasks with a single side arm and central
reservoir were used and the volume of these including that of ;he
manometer used ranged from 7 - 14 ml. The flasks were illuminated
from below by a series of incandescent bulbs. These posed some
problems due to the heat also emitted and ice had to be used to
keap the temperature of the water both down to the temperatufe of -
the experiment 23%.

After consideration of the discussion on buffering capacity,
in Lindahl (1963), 1t_was dgcidq& not to add any carbon dioxide as
éven due to the léck of buffering the variation 1a.pH during the
run of the experiment was not thought to be exceedinglt large; the
results obtained would seem to ag?ee with this.

The flasks were set up using 2 ml of the solution under test in
the outer well 1nt6 which the algae were placed when used: Each run.
consisted of 13 or 14 flasks, 12 - 13 test solutions and é thermo=
barometer, Thrge toxing were subjected-to testingt«~ finsly divided

~ copper in sea water (ZO.ug/ml); cuprous oxide in épa water (10 ug/ml);
and tributyl tin hydroxide-(the oxide of which has é solubility of
20(: ppm and forms the hydfoxidé when added to water). The Copper

and Cuprous oxide were tested at concentrations of 10.; 7.5; 5.0; 2.53
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1.0; 0.55 0.1; 0.05 ug/ml; and the tributyl tin hydroxide at the

following (as a percentage of saturation in sea water):< 100; 50;
| 253 12.5; 6.73 3.3; 1.6; 0.8; 0.8; 0.23 0.1; 0.05. Each run had a
control with 2 ml bf sea water with no toxin added.

It was fouhd before running the experimeﬁt that the culture
solution has 2ome inherrant gas flux due probahly to certain
microorganisms. It was thus decided to run the experiment in the
following manner:e

In oxrder to agsess tha compensation that would be required
to allow for the ambient gas £lux of the sySteﬁ.“a dumny run,
identical to that normally used but without th added algae, was
carried out, |

- The flasks were equiliﬁiated for 20-minﬁtes with the taﬁs-
open and then the manomgfet set at zoro and the taps closed. Readings
were taken at 5 minute intervals for 20 minutes, the flasks being
shaken except while reédings;were being takén. The experiment
was run twice; once with rhe lighte switched on to record photosynthesis
and then with them off and the apparnﬁus covered with aluminium foil,
~ to ensure minimum light»ehtry into the flasks, to_allog respiration
to be recorded.

After the dummy run the algae to bs used were added and the
qxpafimnnt being repeated using different algae in each runm.

At the end of the expariment the algae were rinsed quickly in



distilled water and damp dried, weighed to obtain the fresh waight,.

then dried to constant weight at 105°%.

Photosyntehéis and respiration were expressed in terms of
ul 02 évolvgd or abso:bed per gm day not of alga per day after

coirection for flask volume.
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Saction E2e2

Metabolic Flux

Photosynthegis-and respiration resilt in ch;nggs of-oxygen
and carbon dioxide concentrations. By esiimation of these one
can obtain some idea of the efiect of the toxin on the growth of the
organism, in this case algae. Measurement of ﬁoty.oxygen Qnd carbon
dioxide will provide a close estimation of growth and ii is possible
that oach can be used to provide a relative estimation of ;he
validity of the other teéhnique, | |

The use of pH and oxygen flux as a measurement of growth was
chosen for its simplicity experimentally and that the estimation
of carbon dioxido and oxygen flux had been used in a large number
of cases in metabolic studies both in freah water and sea water- as well
as in terrestrial habitats (Odum 1957; Odum & Odum 19555 Teal 1957)
(Verdium 1956). There has baen some controversy on theluse of pH for

the estimation of carbon dioxide concentration, however, it was

‘decided to follow’in outline the mathods of both Verdium (1956) and Beyers

et al 1963; and to usé oxygen meaauremsnta as a rough check tq thelir

accuracy. For further discussion of both points of view see Beyers

et al 1963. It wag also hoped that some support might come

from'the Warburg results as to the accuracy of the mathod.

Mate#ials used:- The algae used in thé experiment were as follows:=
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Enteromorpha compressa

Pilvella littoralis
Ectocarpus -siliculosus

Gifford1a3secunda

50 mis of test solution were pipetted into a 50 ml beaker. The

pH of this solution was measured using ah E.I.L. pH meter which had.

been standardised with buffer solutioﬁs at pH 4.0 and pH 9.2.
Then, the oxygén concentration was measured using a modification of
the microwinklér technique (see details below).

The algal apeciman was then added and one o£ the two replicates
was placed in light at 4000 lux and a temperature of 18% for"
24 hours: The other {n the dgrk_at.iBOQ.' Tﬁe dark series was placed

in a box of aluminium foil which had to be constructed as the dark

room was not available for use. After 24 hours the leand Oxygen -

concentration were estimated again. The experiment was repeated three

times for each test solution (once for three different algae), there

. being two test solutions used :~ Cupric oxide in sea water and tributyl

tin hydroxide in sea water.
-

Cupric oxide was used at 5;° 1; 0.5; 0.1 and O ugCu ml”™
Tributyl tin-hydrpxide at conbentratiops o£'25§ 5; 2.5; 0.5 and
0% of saturation in se& Qater.

Estimation of Oxyggp by a modificaﬁipn of the Microwinkler-technique

The estimation of oxygen dissolved in sea water was carried oué'
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using a modificétton of the Winkler reaction diluting all solutioms

by a factor of 100 and using 2.5 ml of sea water instead of 125 ml of
sea water. The reasoﬁ for using this modification of the Microwinkler
technique (Foxe Wingfield 1938) 4s that the limitations placed on

the quantity of specimens and culture solution available required

a taechnique using only small amounts of sea water.

Mathod

2.5 ﬁl of sea water were carefully pipetted into a sampiélfube.
To this was added 2 ml of manganous sulphate solution, 2 ml of alk&l
azide soluéion.‘ Time was allowed fou tha precipitate:produced to
absorb the oxygen in the sea water and -then 6 drops of concentrated
sulphuric acid added. This liberated icdine which:-was titrated by -
0.0l N sodium thiosulphate solution using starch as an indicator.

.The'regctionsinvolved are as follows. The:élkyl azide solution
precipitates.manganous hydroxide from the solution, This is oxidised
by oxygen in the sea.water to manganic hydroxide, The acid oxi&;se
the éqlution of manganic hydroxide and'pqtassium iodide and reiaaaes
iodine‘propor;iénal to the oxygen concent:atibn of the water and this

iodine 1o then titrated by standard sodium thiosulphaté,

mm4+mwu: '.'mf%+r1w%
ZMI\'I(OH)2 +H0+ 0 ZMn(OH)3 |
ZM\(OH):; + 2K1 + 3“2304 2MnS_04 + [(2304 + 6“20..’_ 12

1 ul Sodium thicsulphate (2.482g/L)  82.76ul O,.
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Solutions used :s (all in distilled water)

Manganous sulphate:- 4.80 g/L of'MnSO4 4H20

Alkyl-iodideazide  5.00 g NaOH + 1.35 g Nal in 1 liter of
S ' o distilled water and add 0.1l g NaN3 in
~ 40 nl water. )

Sodium thiosulphate 2.482 g/L of Na,8,0, SH

28203 SH,0.

2

Measurement of Carbon dioxide flux using,pﬂ

Carbon dioxide when dissolved in water results in an acid
solution, At loﬁ_car'bondloxide concentrations the gas goes into
solution as a bicarbonate but ag the concentration of'gas increases
more gas goes into the solution as the carbonate ion

2

. ~- - - _ -
2 + HZO H + NCO3 2 + CO3

co
Thus it can be geen that addition of carbon dioxide into
solution results in an increase in the hydrogen ion concentration in

solution and a resultant lowering of pH.

This decraasé in pH is not linear with the fncrease of carbon

. dioxide due to the two forms which carbon dioxide may exhibit itself as

~ in solution, This non<linearity results in the curve found in Beyer

et al 1963, when plotting pH against carbon dioxide concentration.

- Method

The method of GO, analysis follows in .outline that of Verdium 1§56

2
and Beyers et al 1963. Since there is the non-linear relation of pH

with CO2 concentration calibration curves mist be drawn. (This being



to 90, 80, 70, 60, 50, 40, 30, 20, 10 and O% saturated % CO
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the cause of the difference in the views of Verdium 1956 and Boyers
et al 1963). |

The calibration curve is drawn by writing the pH of the solution
adding_QUccéssife 1n¢reﬁenta,of 1 ml of 0.01 N NaOH solution and
noting their respeétive pH valuea;' According to Verdium this
additibn of sodium hydroxide results in the change in pH identiéal

to that caused by the removal of lOuh moles of 002 by photosynthesis.

-This is plotted on a graph of pH against effective 002 removal

and the pH values obtained in solution read of this to obtain the
changes in carbon dioxide concentration. The validity of this method
has been ques;ioned and will be discussed later, The reason for its
use was its simplicity and it could be"compared with figures obtained
fqr oxygen ﬁ;ﬁi. ) | i |

| Each speciment was titrated by the sodium hydroﬁide until
thefq was ciéar evidence that the gurvé did 55: alter with the
ﬁoncentratign ofltoxin used. It.was,repéated for each toxin used..
The change in pH due to 602 flux was al;o'eatimgtéd in a manner similar
to that of Beyers et al /1963), 1In this some sea woter was shaken Witﬁ
a conastant flow of carbon dioxide (obtained from the action of diluted
acid on ;aiciqm carbonate) until saturated,- The pH.of this Boiuéionf
wasg takén'uéing an E.E.L. pH mﬁﬁéf. This soiﬁtiop was then_diluted

2 by the

| replacement of certain quantity of the solution by gas free sea water, -
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The solubility of carbon dioxide in gea water was obtained in

Beyers et al (1963) and a calibration curve was constructed of

pH against 002 concentration, This being used to estimate the 002

flux obtained in the case of Tributyl tin hydroxide.
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Section'EZ-Sv

Growth Experiments

This experiment was designed to follow tﬁe changesvin growth

rato with toxin concentration.

- The experimental material used was samples of Giffordia qecunda

Enteromorpha intestinalis and Pilyella littoralip.

' Enteromogﬁha and Pilxalla had been collected from the sea shore-_
and kept in éulture solution at 18% and in constant light befgre
use. The Giﬁfordia was grown from spores germinated in culture.

'The method follows that of Lindahl (1966). |

The algae were grown in sterile petri dishes with 20.m1 of test
solution at a temperature of 18°% and coﬁtingouS‘light intensity
of 4000 lux, The fresh weight of ﬁhg a}gaelwere'recorded at weeklyv '
intervals over a numbér of weeks but the growth'data was obtained after
la'daye. After ﬁhis all began to loose waight, The.change in weight
was expressed as grammes per grémme freaﬁ weight,

A correction to produce an eqﬁivaleﬁt of growth in oxygen output
was also undertaken although this will not apply absolutely it gives
an indication of the comparison batween the methods uaed before.

The test aolutiona_ueed'were:'
Copper and'cuprous oxide : O; 0.05f 0,105 0. 50; 1. oo. 5,005 7.50; 10.0

ugCuni : -

Tributyl tin hydroxide : 03 0.05; 0.1; 0.2; 0.4; 0.8; 1,65 3. 3; 6.7;

12.5; 253 50 and 100% saturated solutton in
sea water.
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The Effect of ToXins on the Photosynthesis

and Respiration of some Marine Algae.

A) Tri butyl tin
hydroxide

Enteromorpha

int *t (S
0
005
010
019
0-39
078
156
312
625
12-:50
2500
5000
10000

E.compressa
0* .
005
010

nN.10
vilJd

039
078
56
312
625
1250

photosﬁlnthesis

net

gross

respiration

@s }JlOzgm(d.W)'?daf)

16949

18635
15602
11-370
#7892
17564
7389
14532
12:054
7316
0883

- 1609
~14679

1527
21069
19294
7999
5256
20938
27091
6312
30535

1457
4658
4334

- 11372
0

|-16425

0450
- 2564

1= 2939

- 3872
-10:684
-16:577
-31- 360

7354
3523

~ 717

0413

1= 3686

0202
4320
5203
- 6029
- 30096

-15:492
-139%7%
-1126 8
- 12742
- 7892
- 33988
- (5939
- 1~097
- 14993
- 11-188
- 11'567
- 15068
- 16681

- 7920
- 17546

- 12881
= 11687

- 5054 —-

- 16618
- 21888
- |2341
- 60631



Table E 3- 1 (cont)

2500
5000
10000

E. linza.
-3

0
005
010
019
039
078
156
312
625
1250
2500
5000
100-00

Ectocarpus

77

siliculosus
0"
005
010

156
312
1250
2500
5000
10000

NP GP R
7527 |- 14506 |- 22082
34145 |- 6557 |- 40-702
0228 |-28867 |- 29-095
37143 | 32055 |- 5088
BBIZ | 28134 5683
103454 | 99965 |- 3489
7033 | 4626 |- 2417
82239 | 66438 |- 15801
208800 |186336 |- 22464
51464 | 46165 |- 5399
80965 | 58294 267
2672 | 59498 |- 15174
124873 |106722 |- 18151
52434 | LLEFF |- 3757
34960 | 27934 7026
55731 | 39625 |- 16-106
13525 | 12282 -~ 1242
5191 3730 |- 1461
33598 | 31367 |- 2231
12083 | 9883 |- 2200
4438 | 1931 |- 2507
10961 | 10354 |- 0607
6547 | 3777 |- 2:673
20734 | 17241 |- 5492
2781 1- 2261 1= 5041



Table E3-1(cont)

Pilvella littoralis

*

0
005
010
1-56
312
625
1250
2500
50-00
100-00

* °f caturation in sea water

B) Cuprous oxide

Enteromorpha
Intestinalis

Ongump
0-05
025
0-50
250
500
#50
10-00

78

NP GP
2043 | 6498 |- 0545
3461 1879 |- 1582
1-G64 0377 |- 1264
4081 2767 |- 1314
8827 | 6587 |- 2239
7702 4018 |- 3683
434 3451 |- - 0889
58821 | 34432 |- 24 389
15860 | 13263 |- 2597
28841 8482 |- 20359
18345 | 9168 | - 9177
18400 | 4602 | -13798
28084 | 12764 | -15:320
61-642 | 39228 | - 22414
15724 | 12288 | - 3496
48800 | 360% | -12726.
49978 | 17252 | -32:950
48:697 | 33207 | —15490



Table E 3j1(cont)

Pilyella littoralis

OpgCum [
005
025
050
250
500
750
1000
Giffordia
‘ fenestrata
0
005
025
050
250
750
10-00

Ectocarpus
siliculosus

0
005
025
050
250
500
750
10-00

79

NP GP R
26633 | 12678 |~ 13955
19427 | 8171 |- 11256
2097 | 12680 |- 9417
29665 | 1-038 |- 18627
(377 | 26342 |- 17432
24380 | 14524 |- 9586
33935 | 22429 |- 11056
48515 | 35560 |- 12955
9848 | 9269 |- 0579
9029. | 7661 |- 1368
13156 | 10047 |- 3109
14631 | 12:627 |- 2004
12047 | 10040 |- 2:007

| 4040 | 2424 - 1616

1395 | 09 |- 067
9815 8645 |- 0540
20908 | 15899 |- 5009
11306 | 9806 |- 1500
19068 1| 15752 |- 331
12135 | 11677 |- 0458
4,822 0467 |- 4355
6097 | 27M |- 3326
3164 1449 |- 2165



Table E 3-1{cont)

C) Copper

P P . e, —~
R R W N T

i

o =

teslinalis
OpgCuml
005
025
050
250
500
750
1000

Pilyella littoralis

0

005
025
250
500
750

80

NP GP R
6523 | G096 |- 427
5923 | 5520 |- 403
11-90 | 1032 |- 158
3213 | 2880 |- 333
31-70 | 3024 |- 146
2337 | 2040 |-2:97
3779 | 2785 |- 994
1859 | 13% |- 485

60504 |58224 |- 2280

87644 | 79248 |- 8376

55344 | 52968 |- 2376
11976 | 11688 |- 288
2369 | 2256 |- 113
4206 - 2227

1979
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Table X3 - 4. The Effect of Toxins on the Germination of
Some Marine Fouling Algae

Cuprous - ’ Tributyl tin

Giffordia se§unaa Cxide © Copper @ Hydroxide ®

0 112.5 112.5 40.00

//

0.05 (0.005) 67.14 54.80

0.25 (0.025) 50.x= 87.00 4.44

¢.50 (0.050) 4.27 23.07 42.50

2.50 (0.250) 2.72 1.67 I0.00

5.00 (0.z00) 2.1I0 - 16.00

7.50 {(2.50C) - - 5.71
I0.00(5.000) _ - - 1.90

Pilyella littoralis

0 5.18 5.18 5.18

// * ,
¢c.I (0.005) 3.04 4.17 2.00 '
0.5 (0.025) 5.71 0.67 - )
I.0 (0.050) 5.07 - - :
5.C (0.250) - '3.00 - -
10.¢0 (0.500) _ - _ ;

#/ copper as
# tributyl tin as percentage saturated solution in sea water

@® 1in units of IQ0Q
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