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The aim of the project was the provision of Information 
regarding the effect of various toxino on members of the fouling 
ecosystems. This was undertaken i n two partsi A background survey 
to provide information f o r the main study, the l a t t e r consisting 
of experimental work. 

Part 1 - the Introduction - deals w i t h f o u l i n g , I t s importance 

and implications to the Shipping Companies and provides information 

on the costs and h i s t o r i c a l aspects of fouling among other things. 

Part 2 - the Surveys - provide information on the fouling patterns 

of ships both l a i d up and i n service, as w e l l as de t a i l s of the 

d i s t r i b u t i o n of fouling algae along the B r i t i s h Coast and t h e i r 

fouling systems, the results obtained are discussed i n r e l a t i o n 

to the changes i n fouling ecosystems observed w i t h the changes I n 

toxins used i n a n t i f o u l i n g paints. The implications of t h i s being 

d1BCUBsod i n Part 4. A summary of the findings i s also included. 

Part 3 - the experimental work - provides supporting evidence f o r 

the changes observed i n Part 2 as well as providing other information 

on the effect of the toxins used on the algae. . The results obtained 

are discussed i n r e l a t i o n t o the general e f f e c t of the to x i n ; 

applications of the methods used int o future research i n marine 

fouling and possible methods of bioasoay. 
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Part 4 - discusses the implications of the change over i n the 

components of the fouling ecosystem. Explores the p o s s i b i l i t y of 

new lines of research i n t o fouling based on the experiments 

undertaken and discusses the possible occurrence of resistance of 

algae t o toxins being used as antifoulants. 

Standard experimental methods are given I n the appendix, 

the remainder being Included i n the main t e x t . 
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INTRODUCTION 

Fouling la a term used to describe the settlement In excess 

of marine organism, plant or animal, or the h u l l of ships. The 

result of such fouling i s to increase the drag resistance and 

results In either a slower speed at the same power, or the same 

speed but at a higher power output f o r the engine. This increases 

costs which ever path i s chosen. I f a slower speed Is maintained 

the ships a v a i l a b i l i t y f o r cargo carrying i s reduced thus r e s u l t i n g 

i n a lower income and higher running costs; i f the speed i s kept 

constant increase i n power causes an increased fuel consumption. 

Shell (1964) have shown that an increase of 27% i n power was 

required to maintain the standard speed with a ship which was 

' f a i r l y ' heavily fouled and one with only s l i g h t fouling required 

a 12.5% increase i n power to maintain speed. 

A survey published by the Hoods Hole Oceanographlc I n s t i t u t i o n 

(1952) gives the following figures for the effe c t of fou l i n g : -

Table 1 

Effect of Fouling a f t e r s i x monthB out of dock In Temperate Waters 
Type of ship Displacement Loss of Max. % increase i n f u e l to maintain 

Speed(knots) 10 knots 20 knotB .„ 

Battleship 35,000 1.50 45 40 

A i r c r a f t Carrier. 23,000 1.25 45 40 

Cruiser 10,000 1.25 50 45 

Destroyer 1,850 2.00 50 35 
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The flgu?«s apply t o ships ef the Royal Navy i n which an allowance 

is made i n the design f o r an increase i n f r i c t l o n a l resistance of 

0.25% per day i n temperate waters and 0,5% per day i n t r o p i c a l 

waters. 

I n addition t o the d i r e c t expense of increased f u e l consumption 

there i s also an Increase I n 'wear and tear' of the machinery to 

maintain the speed at higher power outputs* The expense of dry-

docking must also be taken into consideration. I n 1940 t h i s was 

4j400 dollars f o r nn 18,000 l i n e r not including the loss of 

revenue while the ship is out of service. 

Analyses have shown (Woods Hole 1952 from Visscher 1923) that 

thare i s some r e l a t i o n between fouling and the time spent i n port* 

Fouling being heavier the longer the ship spends i n harbour. This 

la supported (Woods Bole 1952) by the observation that Passenger l i n e r s 

are less liable t o fouling than fr e i g h t e r s * the l a t t e r spending more 

time i n harbour. Among naval vessels Battleships and A i r c r a f t c a r r i e r s , 

which spend more time I n harbour during peace time, than destroyers or 

cruisers, are more l i k e l y t o foul than'are the l a t t e r * 

Some indication of the importance of fouling can thus be 

obtained the costs must be reduced i f a shipping f l e e t Is to be . 

run e f f i c i e n t l y * The elm at present must be t o reduce the onset end 

density of fouling u n t i l the time that a ship Is due t o be dry docked 

f o r repair purposes not t o be de-fouled* This I s s u f f i c i e n t f o r most 
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passenger and cargo ships but another problem has evolved i n recent 

times: that of the 'giant* o i l tanker. These ships of 100,000 t o 

250,000 tons are so expensive to b u i l d and run that they have to be 

run as e f f i c i e n t l y as possible. This requires a very short turn 

round time at each terminal and thus very l i t t l e time i s spent I n 

harbour or at the o i l terminal. This would tend to reduce the 

density of fouling (see Visscher 1928) but t h i s i s complicated by 

the much greater cost incurred when fouling does occur. These costs 

exceed those of normal ships and the cost of t h i s I s increased by 

the fact that the return run of the tanker i s one i n which the 

ship i s not carrying cargo and any increase i n the time taken i s 

e f f e c t i v e l y f a r more expensive than i n normal 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 operating loss per year i s i n the order of 

0.15 knots. For a tanker of 20,000 D.W.T. t h i s costs £2,000 p.a. due to 

Increase i n f u e l consumption alone. For one of 80,000 D.W.T. the 

cost rises to £6,000. 

Another operator found that one of t h e i r ships required an 

increase of 20% In the power required to maintain speed, but that 

another of t h e i r vessels I n the same time span required an increase In 

power of 52% to maintain the speed. Other figures given indicate that 
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for an 80,000 ton tanker f o u l i n g results i n a cost of £37,000 p sa s 

of which £10,000 p.a. i s due to loss of revenue while out of 

service; £10,000 p.a. f o r dock charges and £2,000 f o r painting. 

One largo tanker operator puts the loss f o r an 80,000 ton tanker 

at £30,000 p.a. f o r loss of speed alone of which 90% i s caused 

by fo u l i n g and 10% due to roughening of the surface and not 

recoverable. On top of t h i s the fig u r e given f o r dock charges 

i s £1,500 - £3,000. I n order to prevent or reduce f o u l i n g , 

ships are coated with a number of compounds aimed at stopping 

attachment and growth of the fou l i n g organisms. The use of 

antifoulants dates back to 1000 B.C., the Phoenicians having 

used p i t c h and copper on the bottom of t h e i r ships (Wood Role 

1952). Lead sheathing was used by the 15th Century Spanish ships 

but the large weight and softness had i t s disadvantages. 

There i s no authentic record of copper being used before 

the 18th Century. I n 1758 H.M.S. •Alarm* which was plated w i t h 

copper which kept i t weed free during a return voyage t o the 

West Indies. 

D i f f i c u l t y was encountered when the h u l l s of ships began t o 

be made of ir o n due to the corrosive action of i r o n and copper 

on each other. This resulted i n the gradual replacement of 

copper sheet w i t h paint systems employing an undercoat of a n t i -

corrosive before the a n t i f o u l l n g paint, i n i t i a l l y copper based, 
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was added. 

Aritlfoullng paint systems have been numerous In design and 

performance. The general formula of an a n t l f o u l l n g paint i s 

the toxin (copper or organometalllc) i n an organic solvent which 

is dissolved i n a matrix of some sort. The t o x i n being released 

as the matric i s dissolved. The t o x i n and matrices used vary, 

but copper and organometallic compounds are those most often 

employed. The formula of each paint i s c r i t i c a l t o enable I t to 

be most e f f i c i e n t i n I t s action. Partington 1964 using a system 

of Cuprous Oxide, rosin and soluble p l a s t i c l s e r showed that t o t a l 

soluble material must exceed 52% of the t o t a l voliwae of paint f o r 

i t t o be e f f e c t i v e . Fisk (1960) suggests that the anticorrosive 

and matrices may also play some part i n supplementing the action 

of the toxin Incorporated In the paint. This was also suggested 

by Harris (1943). 

The basic types of paint systems used today f o r antifoulant 

purposes can be described under three headings (Blrnbaum e t . a l 1967) -

Hot p l a s t i c : Phenol Formaldehyde resin; rosin; p a r a f f i n and Cuprous 

Oxide applied i n a hot metal. 

Cold Plastic t l i q u i d phenol formaldehyde resin; rosin; f i s h o i l and 

Cuprous Oxide 

Vinyl : which requires greater surface preparation but gives better 

resu l t s . 

Recently organometalllc compounds have begun t o be used as toxins 
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and has generally led to an increase in the l i f e of a paint: 

However, the economic value of t h i s i s t i e d i n w i t h a number of 

factors. Lloyds of London w i l l allow ships t o be at sea f o r a 

maximum of two years without overhaul. Thus i t i s i n the interests 

of the owners to aim to get as noar to t h i s maximum as possible 

before having t o dry dock the ship. 

The copper based paints gave protection f o r a period of 

approximately twelve months ( t h i s exact period depending on a 

number of variables: speed, temperature etc.) This necessitated 

drydocking a f t e r only one year at sea. An a l t e r n a t i v e , taken by 

certain companies, allows the ships t o stay out f o r two years 

while being fouled during the second year. This increases f u e l 

b i l l s and reduces the amount of trade but may be compensated by 

lowered docking costs. 

The use of organomatallic compounds increases the l i f e of 

the paint and thus reduces the time spent fouled while at sea for 

the two years r e s u l t i n g i n a saving i n operating costs. However, 

the cost of painting a 200,000 D.W.T. tanker w i t h organometalllc 

antifoulants i s nearly £6,000, that f o r an orthodox paint system 

£3,200. The reduction i n operating costs w i t h the use of 

organometalllc antifoulants must be i n the region of £3,000 (Lee 

1969 i n memorandum to B.S.R.A.). I n many cases the saving i s 

obtained from docking once every two years instead of once a year i s 
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i n the region of £3,000 alone and thus the organometallic 

antifoulants would appear to be on a sound economic footing. 

The use of organometallies as antifoulants provides a d i f f i c u l t y 

i n the a n a l y t i c a l stage. Several authors have shown the apparent 

relationship of the leaching rate of the paint with the e f f e c t i v e 

ness of f o u l i n g . Barnes (1948) showed that w i t h copper based 
-2 -1 

paints a leaching rate of 10 ug cm day prevented nearly a l l 

settlement. This relationship has been used since to provide 

information on the l i f o of paints. 

With copper based paints t h i s minimum leaching rate before 

fouling s t a r t s can be measured accurately by chemical analysis. 

However, wi t h the organometallic paints the concentration required 

to prevent fouling i s much lower. Rivett (1965) showed that, f o r 

ChlamydomonaB, growth ceases at 0.005 ppm of t r l b u t y l t i n oxide. 

The use of chemical analysis to determine concentrations of toxins 

as low as t h i s presents d i f f i c u l t i e s and much reliance i s now being 

placed on bioassays f o r t h e i r determination (Rivett 1965). . 

Just as the methods of a n t i f o u l i n g protections have changed 

over the years so have the fouling communities though 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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community dominated by barnacles and tube worms ,but also Including 
groen and brown algae.""1/hen the speed of the ships increased to 
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 f o r the 
settlement of barnacles and tube worms to be successful and the 
fouling community changed to one dominated by the green algae 
(Bnteromorpha), Harris 1946. I n the l a s t few years reports have 
suggested that the main fouling community have again changed from 
the green algal domination to one dominated by brown algae 
(B.S.R.A. 1969; Shell 1969) t h i s continuing to the present day. 

As a resu l t of these changes and the economic importance of 

fouling to the Shipping Companies the Department of Botany^at 

Durham University was given a grant by the B r i t i s h Ship Research 

Association to study various aspects of ship fo u l i n g . 

The aim of t h i s study was the investigation of fouling 

ecosystems found on ships, i n r e l a t i o n to the antifoulant systems 

i n current use. 

The research i s i n two parts: A survey of current fouling 

organisms and experimental work r e l a t i n g t o them. The survey, although 

providing background material f o r the project as a whole*was one 

long term basis and as a resu l t experimental work had t o be started 

before the f u l l results from the survey were known. T n e selection 
of experimental material was therefore modified as work progressed. 

The work w i l l , however, be presented i n the l o g i c a l study sequence. 
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SHIPPING AND COASTAL SURVEYS 
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THE SURVEY OF SKIP FOULING ORGANISMS AND THEIR COASTAL DISTRIBUTION 

Fivo surveys were carried out to provide background knowledge 
of present day f o u l i n g t -

1) A survey of the d i s t r i b u t i o n of fouling organisms on a ship 

entering a local port f o r drydocking a f t e r a normal period 

of service at sea. The study was designed to detect any 

pattern i n the d i s t r i b u t i o n of fouling ecosystems on a ship's 

h u l l . The information gained from t h i s would determine the 

pattern of a l l further sampling* 

2) Survey of Fouling Ecosystems on Ships i n Regular Service i n order 

t o determine the fouling ecosystems found at present. Ea r l i e r 

surveys have been carried out by Harris 1946, Pyefinch 1948 

and Shell 1964. Although there i s much evidence of major 

differences i n the composition of contemporary fouling ecosystems 

there has been no detailed study of t h i s reported i n the 

l i t e r a t u r e . 

3) Survey of the Major Shipping Lines - t h i s was a logic a l extension 

of the above i n order to obtain aB much background data as 

possible and Included both the examination of samples ©£ fouling 

sent by the companies as wel l as de t a i l s of fouling from t h e i r 

own records. 

4) A survey of fouling ecosystems present on s t a t i c objects 



10 

The ships investigated i n the above surveys are a l l i n 

regular service and are subject to defouling and replenishing of 

t h e i r antifoulant at regular intervals (usually every twelve to 

eighteen months). Thi, together w i t h the movement of the ship 

through the water, prevents the bui l d up of a mature fo u l i n g ecosystem. 

Previous investigations i n t o the mature fouling ecosystems have been 

carried out using non-toxic t e s t plates, r a f t s , buoys and other 

s t a t i c objects (Stubbing and Houghton 1964; Harris 1946; Allen and 

Ferguson-Wood 1950 and Summerson et a l 1964). I t was decided to 

take the opportunity of studying the fouling on a number of ships 

of the Royal Navy Reserve Fleet which have been l a i d up in 

Portsmouth Harbour fo r long periods of time. This would provide 

information on the mature fouling ecosystem appertaining t o a ship 

and provide comparison with that found on other s t a t i c objects. 

5. A survey of the d i s t r i b u t i o n of the fouling organisms around the 

coast of the B r i t i s h I s l e s . This was carried out to provide data 

r e l a t i n g t o the possible source of f o u l i n g . 

The methods used i n the above surveys are given I n the Appendix 

SI. The results are presented and discussed below. The main 

discussion Is followed by a summary giving, I n o u t l i n e , the main results 

of the survey. 



11 

Results 

The data obtained from ttto survey carried-out are given i n 

tabloo 2*4. Table 2 shows th« variations of th# f o u l i n g system 

over the h u l l of the ship (e.g. Kazlmah). I t shows that i n t h i s 

vessel and subsequently others have shown that u?o basic communities 

e x i s t . One oC these ceK&uunltles i s dominated by the green algae, 

mainly of the Enterotaorpha genus the second i s one of domination 

by brown algae of the family Ectocarpacoae. The two communities 

merged about the mid l i n e . This separation of the communities was 

seen i n most of the other vessels seen however there was one basic 

difference. The 'Kaaimah' had the brown algae at the top of the 

h u l l .-.«<?. tb.9 groan r.t the lower sir's of the h u l l . Elsewharo, t h i s 

p o s i t i o n was reversed i n that the green tended t o be on the l i g h t 

load l i n e and the brown below t h i s * 

the above example set the pattern f o r fut u r e sampling* The 

remainder being sampled, where possible, at two si t e s on the Ku l l t 

one near the bilge keel and the other near the l i g h t load l i n e . 

Before giving the results of the main part of the survey those 

of the climax fouling community w i l l be given,. Those samples having 

been taken from four ships which had been l y i n g i n Portsmouth Harbour 

fo r varying lengths of time. The results are given i n Table 4 i n 

the form of an Association table. The raw table of species and s i t e s 

u l t h t h e i r occurrence values have been resorted following the method 
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of Braun-Blanquetl928 (See Appendix fo r b r i e f description) 

From the table i t appears that there are three f o u l i n g 

communities which appear to be temporarily separated* 

The f i r s t community of Diatoms. Ulva lactuca, Polysiphonla nigra 

and Ectoearpus si l i c u l o s u s i s found to be dominant on the samples 

taken from the a i r c r a f t c a r r i e r and destroyer, these having been i n 

the water f o r s i x months and two years respectively. 

The second community to appear which tended to be dominant 

on the four year old ships was one i n which Balanus balanoides. 

BotryHUB schlosseri and Molgula manhattiensis were the main 

organisms present. This would appear to be the basis of the climax 

fouling ecosystem and i s l a t e r surplanted by, or incorporated w i t h , 

an ecosystem (community 3) which consists of Jassa f a l c a t a , 

Harmothoe. Qammarids and Ciona l n t e s t l n a l i s . 

The remaining species gave only odd occurrences and l i t t l e can 

be gained from them. 

I n general the algae were more abundant i n samples taken from 

the water l i n e than that taken from the b i l g e keel. This would be 

expected from the resultant decrease i n l i g h t i n t e n s i t y w i t h 

Increasing depth. However, the members of the Enteromorpha genus 

were seen or. the b i l g e keel sawpie from the destroyer. 

From the above results what appears to be happening i s that 

the i n i t i a l f ouling community of algae i s replaced by one dominated by 

Ascidlans and Barnacles. Later t h i s community increases i n d i v e r s i t y 



13 

w i t h the occupation of vacant niches by Crustacea and Polychaetewarus 
t h i s forming the climax ecosystem. 

The data obtained from the ships studies i s given i n Table 3. 

This i s expressed on cover values f o r the species i n the sample 

taken. Other information l i s t e d i s the t o x i n contained i n the 

a n t l f o u l l n g paint, the months elapsed since the l a s t painting and 

the month of l a s t painting, the general area of trade, s i t e of 

sample and density of fouling. 

After rearrangement there appear to be a number of communities 

present. One consisting of Bljdingla Marginata and Enteromorpha 

p r o l l f e r a ie one which i s present throughout the table but with a 

greater cover value i n the samples taken from the water l i n e . 

A second community of Ectocarpus s i l l c u l o s u s , Peldmannia globifera . 

and Gi f f o r d i a secunda i s generally l i m i t e d t o the area of the h u l l 

below the l i g h t load l i n e . Within t h i s community i t can be seen that 

Feldmannia globlfera occurs when the ship Is heavily fouled. Ectocarpus 

reaches i t s greatest expression when the ship Is l i g h t l y fouled while 

G i f f o r d i a secunda i s more general i n i t s d i s t r i b u t i o n . 

A t h i r d community i s formed by Enteromorpha t o r t a and Enteromorpha 

compressa. This i s generally found i n the water l i n e samples. The 

ships involved had a i l been on world wide voyages, the Crystal Crown 

having traded throughout the world although i t s main route was the 

A t l a n t i c route. 
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Table 3 
K2JLL-

Names of Ships 

1 St. Margaret 
2 Pando S t r a i t 
3 Administrator 
4 Sugar Importer 
5 Kazimhh 
6 Verena 

Route 

W World Wide 
FE Far East 
ME Middle East 

Toxin 

Gu Copper 
CO Copper plus Organo-tin 

Position of Sample 

B Bilge keel 
W Water l i n e 

7 Crystal Crown 
8 Northern Star 
9 Clan Grant 

10 Foreland 
11 Athelduke 
12 Fulham IX 

US North America and Caribbean 
Au Australasia 
Co B r i t i s h Coastal Waters 

C(0)Copper possibly w i t h organotin 

S Side 
R Rudder 

Density of Fouling 

H Heavy M Medium L Light 
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One other tentative community i s that of the Barnacles and 

Tube worms. These were of sporadic occurrence but a l l the ships 

Involved had been at sea f o r periods exceeding eleven months. 

I t was rare that the density of these would be great and most 

individuals were of small size indicating a recent o r i g i n of 

settlement. The remaining species tended to be rather scattered. 

The "Fulham 9".gave an anomalous r e s u l t . Here the fouling 

community was one of diatomaceous slims and Ghaetomorpha ll n u a . 

This d i f f e r e d from the roaainder on being an e n t i r e l y coastal 

vessel probably spending nuch of i t s time In estUrlne waters, 

these algae being t y p i c a l of esturlne waters. 

Coastal D i s t r i b u t i o n 

The sites from which the algal l i s t s were taken are given 

i n Fig. 1. The l i s t s are given i n Table 5. They have not been 

re-arranged forming a "community" type arrangement unlike the data 

from the ships h u l l s . The sites have been arranged clockwise 

around the coast s t a r t i n g i i i the Shetlands. 

From the results i t can be seen that Ectocarpus s i l i c u l o s u s . 

Enteromorpha compressa. Enteromorpha a n t e s t i n a l i s , Enteromorpha lln z a 

and P i l y e l l a l i t t o r a l i s are of general occurrence throughout the 

B r i t i s h I s l e s . The remainder vary from localised t o scattered 

occurrence. 
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Kay t o Sites of Coastal Survey 

1 Shetland Islands 23 Porthcotham 
2 Fair I s l e 24 Lamorna 
3 St. Andrews 25 Sennen Cove 
4 St. Abbs Head 26 Is l e s of S c i l l y - St. Mary's 
5 Holy Island 27 Isles of S c i l l y - St* Agnes 
6 The Northumberland Coast 23 Is l e s of S c i l l y » Bryher 
7 St. Mary's Island 29 Isles of S c i l l y - St. Martin 
8 Souter Point (Sunderland) 30 Cape Cornwall 
9 Hart1spools 31 Porthreath 
10 The Norfolk Coast 32 Combe Martin 
11 Westgate 33 Cower Peninsular 
12 Chichester Harbour 34 H l l f o r d Haven 
13 The Dorset Coast 35 Cwm>Yr*Eglwys 
14 Beer Bay 36 Martin's Haven 
15 Brlxham 37 North Wales and Anglesea 
16 River Yealm 38 Marsay and New Brighton 
17 39 I s l e of man 
18 Porthallow 40 Galloway 
19 The Lizard 41 West Coast of Scotland 
20 Porthmellln 42 F i r t h of Clyde 
21 Penzance 43 Colonosay (Inner Hebrides) 
22 Roskilly 44 Gair Loch and Loch Torridon 

45 The West Coast of Ireland 
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Ectocarpua faslculatus i s generally r e s t r i c t e d to the west coast 

of B r i t a i n w i t h a few scattered l o c a l i t i e s on the east s i t e although 
t h i s may be due to sampling i n the north east and the bias of the l i s t s 
t o the south and west* 

Gi f f o r d i a Hlnekslae shows a more consistant occurrence 

on the south west coast than elsewhere although i t does occur on the 

west coast of Scotland and Ireland. 

. The remainder on the l i s t are of l i m i t e d occurrence or 

of scattered occurrence throughout the B r i t i s h coasts. 

Tho fouling periods of algae i n the River Yealm are given 

i n Table 6, from the data of G.T. Boalch. Unfortunately, the genus 

Enteromorpha was not s p l i t t o species l e v e l . 

The results are given on:-

a) a monthly basis 

b) a seasonal basis 

The former wore replaced at monthly intervals and inspected. The l a t t e r 

were inspected at monthly intervals but not replaced. Also one 

series was placed 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 i n 

po r t a l shade. 

The results obtained from t h i s show that Ectocarpus spp, 

Enteromorpha spp, and PolysIphonia spp the fouling season extends 

from March to October. The frequency of occurrence of these i s 

also high throughout the season. G i f f o r d i a spp has a season extending 
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from A p r i l to October but i s of lower frequency than the above 

three genera. The remainder have a l i m i t e d f o u l i n g season generally 

r e s t r i c t e d to one or two months of the year. G i f f o r d i a granulosa has 

a bimodal fouling season, one part i n A p r i l and May, the second 

i n August to October. The remaining species of the genus Oiffordia 

tend to have t h e i r season i n August to September. P i l y e l l a 

l j t t o r a l i a , however, while being ubiquitous on the l i t t o r a l zone 

is l i m i t e d i n i t s fouling period to May, June and July* 

I n general the seasonal plates follow the above pattern from 

the monthly plates. The plates angled at 45° show some v a r i a t i o n . 

There i s a reduction i n frequency of occurrence and also i n the 

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

would seem to be a resu l t of the drop i n l i g h t i n t e n s i t y due to the 

angling of the plates. 
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Discussion 

The results of the ship fouling survey show two clear areas 

of fouling* One band of green weed at or near the l i g h t load l i n e 

and below t h i s an area of brown weed. Tube worms and barnacles were 

generally absent or of low incidence. 

Previous surveys have shown that the green weeds. (Enteromorpha spp.) 

tended to be the dominant form of fouling when the vessels were 

running at s u f f i c i e n t l y high speeds to prevent barnacle settlement. 

Harris 1946 showed that i n samples from a large number of vessels 

Enteromorpha and Ectocarpus were the most abundant genera. He states 

that Enteromorpha formed the bulk on a l l ships. The same author 

gives deta i l s of a series of samples from ships taken at Liverpool 

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

waterline Enteromorpha was the dominant form and t h i s merged gradually 

to an animal f o u l i n g nearer the keel. 

Data from the Woods Hole Oceanographic I n s t i t u t i o n 1952, show 

that while on Buoys and Test plates Ectocarpus occurs with the same 

frequency as Enteromorpha. on ships Enteromorpha i s . almost twice 

as common. This i s also supported i n data from Hentschell 1923 and 

Visscher 1927 i n the above report. 

The data from Boalch shows that both Enteromorpha and Ectocarpus 

favour high l i g h t i n t e n s i t i e s but Ectocarpus i s less sensitive 

to a drop i n l i g h t i ntensity 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 det a i l s of 

certain vessels with zinc plated Iron being fouled w i t h Enteromorpha 

and Ectocarpus a f t e r 2 - 4 months. One vessel painted with a 

copper-marcury antlfoulant was fouled w i t h Enteromorpha a f t e r one 

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

to copper than Ectocarpus. 

The main to x i n used i n a n t l f o u l i n g paints p r i o r to 1960 was 

copper on cuprouB oxide. I t would appear from the above reports 

t h a t , with t h i s paint, ships would tend to be fouled by green weed 

when the paint i s exhausted. There would be some brown weed but t h i s 

would be l i m i t e d to the lower parts of the h u l l due t o the dominance 

of the green weed at high l i g h t i n t e n s i t i e s . 

Recent reports have indicated that there has been a s h i f t during 

the l a s t few years from green t o brown weed as the main fouling type. 

This i s 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 by at least one to be due to t h i s 

use of organometallic compounds i n antifoulting paints. Experimental 

evidence c i t e d l a t e r would seem to support t h i s view and i f one 

assumes i t to be so one can explain the results obtained i n t h i s 

survey and those given elsewhere. 

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

covered with a n t i f o u l i n g paint as f a r as the l i g h t load l i n e . Only 
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i n a small number of vessels i s the a n t i f o u l i n g carried on above 
t h i s l e v e l . This allows the assumption, that w i t h organometallic 
toxins the brown weeds are the chief fouling organisms, to seem a 
reasonable one. 

The water l i n o samples were taken from near to the l i g h t load 

l i n e and probably above the zone of ant i f o u l a n t . This area was 

predominantly of green weed wi t h only the occasional occurrence of 

brown weed. This i s what i s expected i f no a n t i f o u l i n g (A/F) paint 

had been used. 

The bilge keel sample wra taken i n the zone of A/F paint and 

here the predominate forms were the brown algae and although 

green algae did occur occasionally, i t was with only low cover values. 

The information obtained from B.S.R.A. concerning the t o x i n contained 

i n the A/F paint was that most contained copper although a number 

of manufacturers had been experimenting w i t h organometallic toxins, 

few had given positive indication of i t s use i n t h e i r paint. 

However, from the data obtained here, and from the experimental 

r e s u l t s , suggest that most of the paints contained organometallic 

(probably organotins) toxins. I f t h i s i s so i t would explain the 

dominance of brown weeds on the lower part of the h u l l below the 

l i g h t load l i n e . This observation is not solely explained by a l i g h t 

gradient as generally there i s a d i s t r i c t boundary between the greens 

and browns not a gradation as one should expect i f there was no d i s t i n c t 
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physical or chemical boundary. 

These assumptions, based on experimental evidence, can be 

used to explain the d i s t r i b u t i o n of fouling organisms found on the 

• Kazimah'. Here the green weeds were dominant on the lower 

surface of the h u l l below the l i g h t load l i n e , and the brown 

weeds were dominant above the l i g h t load l i n e . This i s the 

reverse to that found elsewhere. 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 f o r 

the other ships. One assumes from t h i s that the A/F paint continues 

up the sides of the h u l l to a point above the heavy load l i n e . 

The d i s t r i b u t i o n of the algae also supports t h i s i f i t i s assumed 

that the organotins favour brown weed fo u l i n g . The green weeds occur 

below the l i g h t load l i n e and t h i s i s subject therefore to continuous 

leaching by the sea. The area of the h u l l above t h i s level w i l l only 

be subject to intermlttant leaching and as t h i s vessel i s a tanker 

t h i s intermittent leaching w i l l l a s t roughly f o r 50% of i t s t o t a l 

time at sea. One would expect from t h i s that at any given time the 

area below the l i g h t load l i n e would contain less toxin than above 

that level and therefore would be expended before the l a t t e r l e v e l . 

Once the paint has been exhausted i t would be expected that the 

green weed would become the dominant form and t h i s would be expected 

tb occur f i r s t on the lower part of the h u l l as seen here. Thus one 
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can explain the apparent anomaly of the 'Kasiiaah* by suggesting that 

she had been coated with an organometallic paint further up the 

h u l l than Is normal and that the d i f f e r e n t i a l erosion of t h i s paint 

has resulted i n the two communities found. The green weed being 

as the lower exhausted surfaces,.the brown on the upper s t i l l active 

surfaces. 

Using the same assumption i t may be possible to explain 

the results found by a major shipping organisation i n the mid 

1960's. A number of ships were surveyed and inspected v i s u a l l y 

at roughly monthly Intervals. The paint systems used varies from 

only anticorrosive to supertropical A/F paints. 

The use of a number of painta suggests that there would be 

a sim i l a r v a r i e t y of compositions and these would be expected to 

give d i f f e r e n t r e s u l t s . Where brown weed i s the f i r s t f o u l i n g noted 

i t can be assumed that these paints contained organotin compounds. 

These were generally seen i n 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 contained therein. The 

v a r i a b i l i t y i n the change over could be due to the d i f f e r i n g compositions 

and U;alr decay tim&B and not necassarlly any differences i n routes. 

Although i n cer t a i n cases t h i s may not hold. Support f o r t h i s i s 

seen i n that the weed at the end of the voyage, i n 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 I n the 'Kazioah' I f only half the 

h u l l had been painted. The fact that most of these ships were 

fouling a f t e r only a few months at sea suggests that t h e i r formulation 

i s unsatisfactory. 

While barnacles and tube worms seem to be not as frequent as 

they used to they s t i l l occur. Ocean Fleet Ltd*, report that s h e l l 

(Barnacle and tube worm) fouling Is greater i n t h e i r ships working 

belctf a speed of 16 knots. I n the survey carried out the barnacles 

and tube worms were of small size and probably recent o r i g i n but 

samples returned from the second survey show that barnacles s t i l l 

cause a problem to certain owners. I n one case hydroids were seen 

suggesting v i r t u a l l y t o t a l exhaustion of the paint. 

The fouling i n t e n s i t y can be modified by a number of factors. 

Blue Star Lines report that fouling does not a f f e c t them greatly as 

t h e i r ships often pass through fresh water or s i l t laden water or 

over abrasive surfaces (South American Trade) and t h i s prevents long 

term settlement of algae. However* recently occurrences of oysters 

have been reported and t h i s gives r i s e to concern among certain companies. 

The fact that fresh or s i l t y water can remove fouling has been known 

for many years but not a l l ships can make use of these. 

Turning t o the difference observed i n the climax f o u l i n g 

ecosystem and that generally found on ships, the climax i n 

Portsmouth Harbour appears to be one of Barnacles and Tunica Ires as the 
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dominant organisms w i t h ths insect larvae and crustaceans also 

coming i n at the dominant stage. A zonatlon of fouling was observed 

and the algae were generally l i m i t e d to the upper areas of the h u l l , 

the animals to the lower areas* The chief algae involved were 

Ulva lactuca, Polysiphonia nigra, Diatoms and Ectocarpus s l l i c u l o s u s . 

greatly d i f f e r e n t from the fouling seen on ships* This climax i s 

seen i n Plymouth (Harris 1946) where Ascidiana are the dominant form. 

Stubbinga and Houghton (1964) have shown that I n Chichester Harbour 

and adjacent harbours on the south coast tho dominant forms i n 

midsummer are the barnacles but i n l a t e summer tunicates become 

the dominant form but generally die o f f over winter. 

The difference between the climax and general fouling ecosystems 

can readily be explained. Barnacles are only serious when the speed 

of the ship Is below 16 knots* and as most of the ships Investigated 

exceed t h i s speed they do not constitute a problem. Pyefinch (1948) 

gave details of the fouling sequence due t o decreased to x i n 

concentration i n the paint. This sequence, from most resistant to 

least resistant, i s as follows 

Brown mats (Ectocarpua type) - Hydrolds * Enteromorpha - Ectocarpus 

Barnacles — Ascidians Ulva and Laminarla. Harris (1946) shows that 

Polysiphonia and Ceramlum are very sensitive to copper. 

Thus with fast ships and a t o x i n concentration Just below the 

maximum to allow fouling one would expect I t t o produce a fouling 

ecosystem of Enteromorpha and Ectocarpus the hydrolds being too f r a g i l e 
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to withstand the movement through the sea* 
The Importance of the fouling season of the algae Is that i t i s 

only at t h i s time that fouling can occur; when the algae l i b e r a t e t h e i r 

spores. Thus by knowing the fouling seasons of the ports of c a l l 

during a voyage one can estimate when the fouling i s most l i k e l y 

t o s t a r t and, wi t h data from the l i f e of the paints, take additional 

steps to prevent i t . 

Results show that the distance from the shore i s i n inverse 

r e l a t i o n to the degree of fouling (Ivanova 1961) and thus protection 

would be required i n harbour. This would take the form of a temporary 

structure of tubes releasing low concentrations of toxins to prevent 

attachment. This idea has been t r i e d on a permanent basis on ships 

(Iskra 1960, Flak 1960). Other ideas that have been t r i e d include 

Ultrasonic vibrations (Fisk 1960, Iskra 1960, Altsel»Band 1960) but 

the energies required f o r large ships are too great t o be economic. 

Yoshi and Vedak (1966) have experimented with e l e c t r o l y t i c methods 

but corrosion of the metal i s a possible point on which t h i s w i l l not 

succeed. Thus paints would appear to be the main a n t i f o u l l n g system 

used for some time to come. 

The coastal survey has shown that many of the normal l i t t o r a l 

and s u b l l t t o r a l members of the genus Enteromorpha and Ectocarpaceae 

are found on fouling organisms. I t might be possible, therefore, 

t o estimate where the f a i l u r e of the paint has started by comparing 

the f l o r a of the ships h u l l with that of the coast around the port of 
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calls This, of course, has saverG l i m i t a t i o n s as the data amassed 

here i s r e s t r i c t e d to the B r i t i s h Coast. However, i f l i s t s could 

be compiled at the other major shipping ports then t h i s could be -"' 

tested* Analysis would show, i f t h i s assumption i s correct, the 

date of commencement of f o u l i n g . This would provide useful information 

on the l i f e and behaviour of the paint of Importance to both the 

shipowners and paint manufacturers. One example we have obtained 

the m*v. 'Catenas' docked at Birkenhead and Liverpool during one 

voyage. The length of time spent i n Liverpool was 14 days. The f l o r a 

was found to be:- Enteromorpha compressa, E. ramulosa, E. p r o l i f e r a , 

Ectocarpus s i l i c u l o s u s , G l f f o r d i a secxmda and Q. sandriana. The local 

f l o r a includes E. coapressa, E. p r o l i f e r a and Ectocarpus s11lculosus. 

These are very widespread algae and any conclusion would be very 

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

1, The results from the 'Kazlmah' show that there i s a d e f i n i t e 

pattern of fo u l i n g , which bears a r e l a t i o n t o the displacement of 

the vessel. The absolute height of the fouling band, while 

dependent on the displacement, fluctuates i n any one ship 

along w i t h the bow wave caused by the passage of the ship through 

the water. 

The pattern revealed i s a resul t of a difference In the v e r t i c a l 

d i s t r i b u t i o n of the fouling organisms, there being no v a r i a t i o n -

horizontally and takes the form of two bands of f o u l i n g , (the 

components of which vary) which merge gradually at the l i g h t load 

l i n e . The only other observable patterns are those r e l a t i n g to 

bilge exits and other obstructions on the ships h u l l . Providing 

these l a s t mentioned are avoided and sampling r e s t r i c t e d to the major 

zones of fou l i n g , the samples would appear to be ecologically comparative. 

The fouling ecosystems from ships with d i f f e r e n t routes have 

remarkable s i m i l a r i t i e s which are summarised i n Table 3. 

The main fouling organisms found are:» 

a) . Blldlngla marglnata; Enteromorpha p r o l l f e r a • of general 

occurrence through the h u l l . 

b) Ectocarpus s l l i c u l o s u s ; Feldmannla globlfera and Glffordia secunda 

lim i t e d to regions of A/F paint i f organotin i s a constituent. 
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c) Enteromorpha compressa and E. t o r t a l i m i t e d t o areas near 

the water l i n e but above regions of A/F paint i f organotin i s 

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

Enteromorpha spp dominates over Ectocarpus spp as seen here and 

I n Harris (1946). 

d) Barnacles and tube worms, these only occur i n low densities and 

generally as immature animals and are thought to have originated 

while the ship had been t r a v e l l i n g at slow speeds or had been i n 

harbour recently. From the above data and from correspondence 

with shipping companies there has been a major change In the 

components of the f o u l i n g ecosystem. Where aB previously the 

green algae predominated, the brown algae now do so. I t appears 

that t h i s change occurred at the same time as the introduction of 

organometalllc toxins i n t o a n t i f o u l i n g paints. 

While the h u l l below the l i g h t load l i n e i s covered w i t h an 

antifoulant paint and weed free f o r 12-18 months, that above the l i g h t 

load l i n e i s subject t o rapid fouling due to the lack of protection. 

Extension of antifoulant paints to the level of maximum displacement 

might reduce the cost due t o fouling on vessels f u l l y loaded i n use 

( i f o i l tankers 50% of the time are empty). 

while the major fouling algae are of widespread occurrence around 

the B r i t i s h Coast, ships anywhere i n B r i t i s h waters during the f o u l i n g 

seasons of the more r e s t r i c t e d algae (Table 6) could receive an 

inoculum of the fouling algae of a specific d i s t r i c t . Exact information 
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regarding the l i f e history of the propagules of the fouling organisms 

i s required before fouling organisms wi t h r e s t r i c t e d natural 

d i s t r i b u t i o n can be as indicator organisms. 

I 
I 
.1 
i 



Part 3 

EXPERIMENTAL WORK 
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Experimental Work 

The experimental work carried out had three basic aims:-
1) To investigate the action of toxins on the major compounds of 

fo u l i n g systems i n an attempt to i s o l a t e the cause of the s h i f t , 

i n f o u l i n g , from green to brown weed. 

2) To use experimental techniques i n the above investigation which 

would allow the assessment of a n t l f o u l i n g properties of new 

compounds which are toxic to b i o t i c systems. 

3) To develop these methods as potential bioassay techniques f o r 

use i n the estimation of leaching rates of the a n t l f o u l i n g paints. 

Material 

The algae used i n the experimental work were:* 

Glff o r d i a secunda (Kutz) Batt 

G i f f o r d l a fenestrata (Berk ex Harv.) Batt 

Ectocarpus siliculosus ( D i l l w . ) Lyiigtw 

P i l y e l l a l l t t o r a l i a (L) Kjellm 

Enteromorpha i n t e s t i n a l l s (L) Link: 

E. compressa (L) Grev 

E. linza (L) J.Ag. 

These algae were collected from various sites along the eoasc of 

Northumberland and Durham from both the l i t t o r a l and s u b - l i t t o r a l 

zones. They were stored i n sea water culture solution i n a constant 

environment room u n t i l required. Collection generally being 
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arranged so chat t h i s period was as short a9 possible. 

Details of.the culture solution and culture techniques are given 

i n the Appendix - E l . 

Four experimental procedures were carried out:* 

A Warburg Manometry 

The aim of t h i s experiment was t o show the e f f e c t of the t o x i n 

used on the metabolism of the algae Involved. This should provide a 

rapid technique for t o x i n assessment. 

The Warburg apparatus i s used to give a measurement of the 

respiration and photosynthesis, both net and gross, of a plant. 

Details of the methods involved are given i n Appendix E2-1. 

Results 

The results of t h i s experiment are given i n Appendix E3.1-E3.3 

and summarised i n graphic form i n Figures 2*12. 

Tr l b u t y l t i n hydroxide (T.B.T.OH) appears to act upon the alga's 

metabolism producing increased respiration and net photosynthesis. 

The Increase i n the former being greater than that i n the l a t t e r bring 

about a resultant decrease i n gross photosynthesis (Figures 2,3,5 and 6 ) . 

This effect i s f a r more marked i n the green algae (Enteromorpha spp) 

than i n the brown algae (family Ectocarpaceae) as i n Enteromorpha 

compressa and Enteromorpha i n t e s t i n a l i s t h e i r compensation point is 

reached w i t h a solution of T.B.T.OH of 1-2% saturation i n sea water. 

I n the Ectocarpaceae tested the compensation point i s either not 
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reached or crossed only at solutions nearly saturated w i t h T.B.T.OH. 

Enteromorpha linza proved to be an exception producing random 

fluctuations i n photosynthesis and to a lesser extent, re s p i r a t i o n . 

Concentrations of T.B.T.OH of between 0 and 0.05% saturated 

solution would appear to reduce both photosynthesis and respiration i n 

a number of the algae tested. This i s followed by an Increase, 

rapid i n some cases, i n both at 0.1-0.2% saturated solutionD 

Between 0.2 and 12.5% there is a gradual f a l l followed by another 

increase which continues to the higher concentrations. I t Is t h i s 

increase which reduces gross photosynthesis to a great extent i n the 

brown algae but the f i r s t named increase which causes the reaching 

of the compensation point by the green algae. 

Cuprous oxide would seem to act i n a d i f f e r e n t way to T.B.T.OH. 

Hero there i s an i n i t i a l stimulation i n gross photosynthesis between 

concentrations of O-O.SugCuml-* ae a result, of increased net 

photosynthesis and res p i r a t i o n , the Increase i n the former exceeding 

the l a t t e r . Normally, there" follows a gradual decrease i n gross, 

net photosynthesis and respiration as the t o x i n concentration increases. 

This i s exemplified by Giff o r d i a fenestrate and Ectocarpus siliculosus 

(Figs 9-10). With Entaromorpha i n t e s t i n a l i s and P i l y e l l a l i t t o r a l i s 

there i s the i n i t i a l stimulation followed by a decrease i n the three 

components between l-5ugCuml"^« Above t h i s concentration there i s a 

second increase i n photosynthesis, that of gross photosynthesis i n 
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Entoromorpha i n t e s t i n a l i s being due to a decrease i n 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 tested. This i s the reverse s i t u a t i o n 

to that found with t r i b u t y l t i n hydroxide and w i l l be discussed 

i n d e t a i l l a t e r . 

The effect of f i n e l y divided copper on two algae was also 

tested. The test material was Enteromorpha i n t e s t i n a l i s and 

P l l y e l l a l i t t o r a l i s . I t was found that the general trend seen w i t h 

cuprous oxide was followed here. The I n i t i a l increase at 0.5ugCuml"^ 

followed by a gradual decrease i n a l l three components as the copper 

concentration increased. As w i t h cuprous oxide photosynthesis of 

Enteromorpha i n t e s t i n a l i s was the higher at most copper concentrations, 

a fact which, as w i l l be shown l a t e r , t i e s up with studies of the f l o r a 

of the ships h u l l s . 

The actual quantative values given f o r the Warburg experiment 

are however of limited use as the number of runs carried out w i t h 

each species was low. 
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B Metabolic Flux 

This experiment was designed to obtain the same information as 

the Warburg but using less sophisticated equipment. Photosynthesis 

and respiration were measured by the use of pH measuring Indicating 

change i n carbon dioxide concentration and microwinkler techniques 

to record changes i n oxygen. The methods which follow. Verdium 1960 

and Beyers et a l 1963 for carbon dioxide s and Fox and Wingfield 1938, 

for oxygen, are given i n Appendix E2-2. 

The results are given i n Table 7. These suggest that there i s 

no lo g i c a l output of carbon dioxide with respiration or output with 

photosynthesis and likewise f o r oxygen, although there i s the 

assumption that only the carbon dioxide f l u x w i l l a f f e c t pH, 

which cannot be held absolutely. But tb? rasults of metabolic 

studies on lake systems and other equatic environments (Teal 1957, 

Odum 1957, Odum and Odum 1955) give good results using basically the 

same method. 

Not only does there appear to be no r e l a t i o n of gas f l u x w i t h 

toxin concentration but there would appear to be no r e l a t i o n of carbon 

dioxide f l u x with oxygen f l u x , a s i t u a t i o n that i s stoichiometrically 

u n l i k e l y . The difference between the two varying between a factor 

of 1 to 16. The differences re s u l t i n g from the use of two methods 

of c a l i b r a t i o n of pH with with carbon dioxide concentration are of a 

lesser nature, generally there being no more than a factor of 2 

difference. 



Table 7 The E f f e c t of Toxins on the Metabolism of Some I'arine 
Fouling Algae - Measurement of 0 and C0 o concentrations 

A.TRIBUTYX TIN HYDROXIEE */ 0 0.5 2.5 5.0 25.0 
( a l l measured as ml . gin. ( f .« . ) 6ay 

Ectocarpup s i l i c u l o s u s 
• 

GROSS PHOTOSYNTHESIS i $16,819 -249. Be 2 69.518 -4.884 37.535 i i - 5.8o6 30.967 -26.667 -28.852 - 55.433 
i i i -7.258 40.645 -15.000 -14.754 - 14.173 

RESPIRATION i v -92.010 22.486 48.054 83.422 - 3.385 
V 76.47 -1.585 -1.806 -226.400 -166.364 v i 132.353 -8.490 -36.290 -198.000 -225.000 

P i l y e l l a l i i t o r a l i s 
GROSS PHOTOSYNTHESIS i 21.562 23.039 22.469 -JO.537 - 42.853 i i -49.435 -10.313 -71.256 -87.190 -114.244 i i i -65.134 -52.373 -104.072 -84.806 - 84.142 
RESPIRATION i v - 8.250 11.070 29.460 - 2.428 14.170 

V -66.634 -14.163 -14.396 -36.612 - 11.053 v i -102,804 -11.576 10.539 -34.230 - 14.269 
•nterornorpha i n t o s t i n a l i s 

-5.822 0.'- 97 •*1. 29p -2.455 - 2.673 
_ i i 5-139 -0.056 5.94C;. 7.193 2.838 
-• — i 

5 .862 •i 6. "13.904 • '14.133 

t i 
1.-65 

11.792 
i o . 8 3 3 
13.021 

3.420 
20.910 

4 . 6oi 
12.985 

7.472 
14.732 

Enteroinorpha compressa 

GROSS PHOTOSYNTHESIS i 
i i 

i i i 
RESPIRATION i v 

V 
v i 

-1.202 
-0.048 
0.363 
1.932 

-1.550 
1.824 

7.407 
-2.934 
64.475 
1.780 

-3.136 
-3.066 

1.515 
-1.160 
-0.915 
2.957 
2.912 
4 .913 

1. 280 
-5.670 
- 1 0 . 6 3 1 

4.199 
-3.273 
-3.459 

0.056 
-6.504 
2. 219 
0.593 

-1.126 
-0.448 

B.CUPEIC OXI&R , 

G i f f o r d i a socunda 0 C . 1 1 .0 5 . 0 

GROSS PHOTOSYNTHESIS i 
i i 

RESPIRATION i i i 
RESPIRATION i v 

V 
v i 

P i l l y e l l a l i t t o r a l i s 

-66.151 
43.084 
15.726 

-142.268 • 

-28.214 
-14.141 
-44.529 
-199.965 

0 
34.054 

-18.538 
-128.640 

-21.762 
0.872 

-32.986 
-129.4 57 

-5.399 
-107.630 

-7.874 
-100.396 

GROSS PHOTOSYNTHESIS i 
i i 

RESPIRATION i i i 
RESPIRATION i v 

V 
v i 

P i l l y e l l a l i t t o r a l i s 
GROSS PHOTOSYNTHESIS i 

i i 
RESPIRATION i v 

V 

mteromoroha coororessa 

-46.897 
35.881 
27.689 

-28.717 

- 1 0 . n o 
- 8 2 . 0 6 0 
-58.636 
-86.500 

-1.453 
32.761 
-3.360 

-17.075 

0.864 
20.243 
-14.383 
-11.500 

-1.432 
15.478 
15.724 

-10.750 

GROSS PJ:0T03YNTiC:SIS i 
i i 

RESPIRATION i v 
V 

-2.452 
-1.043 
0.954 

-4.615 

-0.463 
-1.132 
-0.418 

, -6.258 

-0.077 
-1.442 
-0.517 
-8.535 

0. 212 
-16.270 

0.744 
-1.856 

-0.935 
1.576 

-17.990 
2.735 

i and i v - Oxygen f l u x (?ox £ V/ingfield 1938) 
i i and v - CO? f l u * - (Verdium 1956) 
i i i end v i - C02 f l u x - ( E e y e r et a l . 1963) 
* percentage s a t u r a t i o n i n sea water j up: On.', ml . 
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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 i n the growth experiments below. 



C Growth Experiment 

This experiment was designed to obtain data on the ef f e c t 

of tho toxin on algae i n a lees refined manner using growth as an 

index of gross photosynthesis* 

The method follows that of Lindahl (1962) and I s given i n 

Appendix E2-3. The r e s u l t s are given in d e t a i l i n Appendix E3*4 

and summarised In graphical form i n Figures 13-15. 

P i l y e l l a l i t t o r a l i s and Gif f o r d i a secunda have a high natural 

growth rate In pure culture solution. This drops rapidly as the 

concentration of the toxin i s Increased. Between 0.005 and 0.25% 

saturated colutlon of T.B.T.OH there i s a transient increase i n 

growth, but i n Giffordia secunda t h i s then decreases and reaches i t s 

compensation point at 0.5% saturation. P i l y e l l a l i t t o r a l i s decreases 

rapidly as the concentration i s increased to 0.1% saturated solution 

and then r i s e s but only to a value of (0.33 x c o n t r o l ) . 

Enteromorpha l n t e s t i n a l l s reaches i t s compensation.point at 

much lower concentrations of t r l b u t y l t i n hydroxide, about 0.01% 

saturated solution, and then continues to act as an Increasing 

respiratory drain on the system. 

With cuprous oxide a s i m i l a r trend i s observed to that of the 

Warburg. Giffordla sacunaa reacted to increase from a rate of 

2.5ul02gnf *day"*" at 0.05% ugCuml"* and then decreased to a minimum 

of 0.3ml0 2gnT 1day" 1 at 5ugCuml**, a f t e r which the photosynthesis rate 

rose. 
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P I l y e l l a l i t t o r a l t o decreaseo rapidly with increasing 

concentration from a control photosynthesis rate of 28ml0„guf ̂day"** 

to one of e.^mlC^gm'^day'^at IQugCuml"** There appeared to be no 

i n i t i a l stimulation. 

Enteromorpha i n t e s t i n a l i s has a much lower photosynthesis r a t e 

of only lml02gm*'i'day"^ and t h i s decreases, again without the i n i t i a l 

stimulation reaching a compensation point at about l.OugCuml"^. This 

i s very unlike tho resultB obtained from the Warburg apparatus* 

The copper solution gave the general trend seen using the 

Warburg technique with very low concentrations of copper up to 

0.5ugCuml"* there i s an increase i n growth. This i s from l-4ial02gn»*^d£ 

for Enteromorpha and 2.5«.13ui02gnf *day"* for G i f f o r d i a . P i l y e l l a 

behaves more randomly reaching a peak at l.OugCuml"^ and then 

decreasing. After the i n i t i a l peak both Giffordia and Enteromorpha 

havo a decreased growth rate but the l a t t e r reaches the compensation 

point at SugCumi"* while Giffordia reaches i t at 7.5ugCuml°*. P i l y e l l a 

does not appear to reach i t s compensation point as even at lOugCuml"** 

there i s s t i l l growth. 

The most unusual feature of these i s the fact that the algae 

would appear to act as a respiratory drain on the system at much lower 

concentrations than are indicated by the Warburg experiments. 
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GERMINATION EXPERIMENT 

The germination of spores i s a c r i t i c a l event i n the l i f e cycle 

of an a l g a . ^ I t has been shown by C h r i s t i e and Shaw 1968 that i n 

Enteromorpha the settlement of zoospores I s not passive, active 

swimming occurs i n order to find a suitable point for settlement* 

I t would thus be expected that t h i s stage i n the l i f e c y c l e of an 

alga would be one which was very s e n s i t i v e to environmental effects 

(e.g. t o x i n s ) . 

The following experiment was designed i n order to t e s t the 

s e n s i t i v i t y cf slgae to various toxins and evaluation of t h i s as 

a bioassay technique with a high degree of s e n s i t i v i t y . 

Method 

The experiment was c a r r i e d out using G i f f o r d i s secunda. P i l y e l l a 

l i t t o r a l i s and Enteromorpha i n t e s t l n a l i s . The l a s t named f a i l e d to 

produce viable spores and i s now being repeated following the method 

of Evans and C h r i s t i e 1962. (The r e s u l t s of t h i s not being available 

due to the periodicity of sporulating exhibited by t h i s a l g a } . 

The algae were weighed to obtain t h e i r fresh weight and placed 

into a s t e r i l e p e t r l dish with a disk of f i l t e r paper at the bottom 

to a s s i s t (the attachment of spores. 20 ml of t e s t solution was then 

added. The p e t r i dishes were then placed i n the constant environment 

room at 18°C and a l i g h t i n t e n s i t y of 40001ux. . The algae were 

rewelghed at weekly intervals and the number of germinating spores 
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counted and expressed as spores per gramme of alga. The te s t 
solutions used were Copper and Cuprous oxide 0; 0.05; 0.25; 0.5; 2.5 
5; 7.5; lOugCuml"1 T.B.T.OH. 0; 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 r e s u l t s obtained i n 

the germination experiments. I n general the trends observed for 

Giffordia secunda follow those obtained i n the previous experiment. 

With t r i b u t y l t i n hydroxide there i s an i n i t i a l decrease from 
3 3 - 1 3 40 x 10 to 4.4 x 10 spores gm and then an increase to 42 x 10 

spores gin""*. This then decreases gradually with a s l i g h t but 

transient r i s e at 0.5% saturated solution u n t i l a f t e r 5% saturated 

solution no more germination occurs. 

With Cuprous oxido solution there i s a gradual decrease from 
3 - 1 3 112.5 x 10 spores gm at zero concentration of toxin to 4.27 x 10 

spores gmT* at 0.5ugCuml"^ the decrease i n germination success a f t e r 
-1 

that i s more gradual and above 5.0ugCuml no germination occurs. 
Copper shows a si m i l a r pattern but at 0.25ugCuml"* there i s a 

3 
transient increase i n germination success reaching 87 x 10 spores 

-1 -1 

gm . There follows a rapid decrease and above 2.5ugGuml there 

appears to be no germination occurring. 

With P i l y e l l a l i t t o r a l l s there i s a stimulation i n germination 
—1 3 —1 success at 0.5ugCuml~ of 5.71 x 10 spores gaf and then decreases 
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rapidly such that a f t e r S.OOugCuml there i s no germination at a l l . 

With copper there i a a rapid drop i n germination success for a 
3 »1 3 m1 control of 5.18 x 10 spores gm* to 0.67 x 10 spores gm" at 

-1 3 

0.5ugCugm" . There i s then a sudden r i s e to 3.0 x 10 spores 

gm"*" at 5ugCugnf* a f t e r which no germination occurs. 

Tributyl t i n hydroxide was only observed to allow germination 

at control and 0.1% saturated solution. This i s i n contrast to 

Giffordia aacunda i n which germination occurred right up to 5% 

saturated solution. 

Unfortunately during the present s e r i e s of experiments i t 

was found that Enteromorpha could not be made to germinate i n culture 

but t h i s i s now being repeated using a refined technique. 
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Dlacua3ion 

The experimental work was carried out with three aims which 

have been l i s t e d previously. The discussion w i l l be divided into 

three parts, each part w i l l discuss the r e s u l t s obtained i n l i g h t 

of one of these aims. 

Section One 

The E f f e c t of the Toxin on the Major Components of the Fouling Ecosystem 

There are two phases i n the l i f e c y c l e of an alga which can be 

attacked by the use of toxins. The f i r s t l a at the stage of 

germination of spores, the second i s during the growth phase. The 

experiments carried out investigate the effect of three toxins on both 

of these phases, they being copper, cuprous oxide and t r i b u t y l t i n 

hydroxide. 

The r e s u l t s show that, with copper and cuprous oxide growth w i l l 

occur throughout She concentration range used (from aero to f u l l y 

saturated solutions) but at higher concentrations there i s a lowering 

of the growth ra t e . The i n i t i a l increase In growth at very low 

concentrations I s thought to be equated with the use of copper as a 

micronutrient, but l i k e a number of raicronutrients i t acts on a toxin 

in high concentration (Steward 1963). 
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However, i n Giffordia secunda, germination would appear to 
coaao at concentrations of copper above 5ugCuml"^ (as Cu 1) and 
7.5ugCuml"^ as copper metal. I t would appear that i n t h i s case, 
copper attacks the stage of germination i n algae* I f copper does 
prevent germinations at higher concentrations than 5.0ug per ml. 
while growth can continue to f u l l y saturated solutions i t would 
seem that i t a l s o acts i n a s i m i l a r way i n Enteromorpha. This alga 
has a greater tolerance to copper than Ectocarpus in high l i g h t 
i n t e n s i t y (Harris 1946) and one would expect Enteromorpha to 
germinate at s i m i l a r or higher concentrations e s p e c i a l l y as i t s 
growth rate, from Warburg operations, i s lower than that of the 
Ectocarpaceae. The lower growth rate suggests that some exclusion 
mechanism might be Involved In the dominance of Enteromorpha over 
Ectocarpus. 

I n the case of t r i b u t y l t i n hydroxide i t was found that while 

tho 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 l e s s than 1*2% saturation i n sea water. 

The germination experiments showed that germination i n G i f f o r d i a 

secunda occurs up to concentrations of 5% saturation. Thus one would 

expect from t h i s that at concentrations of t r i b u t y l t i n hydroxide of 

between 2-5% saturation Giffordia and possibly the other Ectocarpaceae 

would both germinate and grow while Enteromorpha (E . compressa and 
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E . _ i n t o s t i n a l i s ) could not grow even i f the germination could occur. 

The conclusion drawn from these r e s u l t s i s that on ships with 

copper or cuprous oxide on the toxin the green algae would probably 

dominate and with paints based on t r i b u t y l t i n hydroxide one would 

expect the members of the Ectocarpaceae to dominate. 

That t h i s might be so i s upheld by reference to survey of 

ship fouling. Harris (1946) found green algae to predominate although 

the brown algae were present. The r e s u l t s presented i n the current 

survey show that the Bctocarpacaae tend to bo the dominant type. 

However, one survey car r i e d out by one of the major shipping 

companies showed that ships might be covered I n i t i a l l y with brown 

weed and t h l B may l a t e r be replaced by green weed. This would be 

expected i f the green weeds compete successfully for the same niche 

as the brown weeds. This is. known to be so for regions of high l i g h t 

intensity (Harris 1946) and may be the reason for the change although 

we have no proof of i t as the experiments were not designed with 

t h i s in mind. A possible way i n which the dominance of Enteromorpha 

ovor EctocarpuB i s brought about i s i n the l i g h t of the lower growth 

rat e , by some exclusion mechanism. This replacement of brown weed 

by green could also be explained on the basis that the copper retained 

i n the antifoulant paint a f t e r a l l 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 n a t u r a l l y 
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by replacement a f t e r death or by some exclusion mechanism as above. 

The r e s u l t s from the growth experiment show that the algae 

reach t h e i r compensation point at lower concentrations than i n the 

Warburg experiments. I t i s possible that t h i s I s a r e s u l t of ageing 

of the solution but may also be r e a l . I t i s Enteromorpha which 

appears to suffer most i n t h i s manner, however, and i t might be 

that i t i s the solution ageing that I s producing these r e s u l t s . 

The members of the Ectocarpaceae follow i n general the pattern 

observed i n the Warburg operation even to the extent of r e p l i c a t i n g the 

"micronutrlent" peak with copper. The t r i b u t y l t i n hydroxide run 

c l o s e l y p a r a l l e l to that obtained from the Warburg. I t I s 

suggested that Enteromorpha i s more s e n s i t i v e to changes i n the 

solution Involved and t h i s 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 Those Experimental Techniques In the Assessment of New 

Compounds with Antlfouland Properties 

The application of the experimental technique described i n 

r e l a t i o n to a future research programme into the evaluation of 

compounds with antifoullng potential i s given i n the General 

Discussion. This section w i l l deal with t h e i r use i n I s o l a t i o n 

not as part of a combined programme. 

The Warburg apparatus produced r e s u l t s which, i n the case 

of Enteromorpha compresaa and Enteromorpha i n t e s t i n a l i s were 

remarkably s i m i l a r when using t r l b u t y l t i n hydroxide. The remaining 

examples were s u f f i c i e n t l y a l i k e to predict trends i n photosynthesis 

and respiration caused by the toxin* The apparatus, although 

elaborate, i s 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 hours 

Including a c a l i b r a t i o n to allow for photosynthesis or respi r a t i o n 

i n the solution alone-, This method was found to give the most 

consistent r e s u l t s for the expression of growth. The growth 

experiments, although giving a s i m i l a r picture were l e s s consistent 

i n the. case of Enteromorpha and required fourteen days for 

completion. This increase i n the time of the experiment i s 

compensated by the extreme reduction i n experimental cost. The 
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apparatus consisting simply of p a t r i dishes, and requiring a room 
of uniform environment, which i s generally available i n most 
research i n s t i t u t i o n s , and an accurate balance. 

The results from the metabolic f l u x experiment suggest that 

i t should be carried no furth e r , even allowing f o r i t s use i n the 

studies on energy flow i n ecosystems (Teal 1957; Odum 1957). 

The germination experiment provided useful information on the 

tolerance of algal zoospores to toxins i n sea water. This i n 

i t s e l f warrants further work int o t h i s aspect. I t provides a 

simple explanation f o r patterns observed i n the surveys carried 

out i n part one; i t s potential as a bloassay technique w i l l be 

discussed l a t e r . I t requires the same apparatus as the growth 

experiment and takes approximately the same time and could present 

a simple and sensitive estimation of the effe c t of a potential 

a n t i f o u l a n t . 
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Section Three 

The Extension of the Experimental Techniques as Bioassay Methods 

The aim of a bi o l o g i c a l assay i s t o provide an index of the 

concentration of a compound, which i s too low f o r accurate chemical 

analysis, through the use of a parameter of a b i o l o g i c a l nature. 

This parameter has, i n the f i e l d of marine f o u l i n g , been l i m i t e d 

to the growth rate of organisms. The methods of Fitzgerald (1963) 

with Chloralla and Rlvett (1965) w i t h Chlamydomonas measure the 

change i n c e l l density over a period of about four days. This i s 

compared to a series of growth rates prepared from standard 

concentrations of t o x i n . 

The aim of t h i s section i s t o provide other methods of 

bioaasay which are either quicker, while maintaining the accuracy 

required, or slower and more sensitive. Two methods used come in t o 

these categories. The Warburg manometric technique requires 2 hours 

for a series of fourteen estimations followed by a longer time span 

to dry the alga and weigh i t i f the dry weight i s required. This 

l a s t mentioned could be read from a correction table of fresh 

weights to dry weights. These problems can be overcome by the use 

of a u n i c e l l u l a r alga such as Chlamydomonas. This can be injected 

i n known concentrations i n t o the flasks and thus reduce the time required 

per run to the two hours. Additional runs w i l l require less time as 

the c a l i b r a t i o n f o r bi o l o g i c a l a c t i v i t y i n the solution w i l l have 
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been calculated previously. 
Also, Chlorella can bo kept as viable pure strains f o r periods 

up to 1 year - Ammain & Fraser Smith (1968). 

The results obtained from using a v a r i e t y of non-uniform stocks 

show that trends can be shown even under these conditions. With a 

standard stock of a u n l c e l l and allowing time f o r equilbration 

there i s no reason why t h i s should not provide an accurate bioassay. 

The germination experiment takes longer than the Rivett method 

but I t i s believed would be much more sensitive. Experimental work 

by Christie and Shaw (1966) show that i n Enteromorpha the zoospores 

are capable of some choice of settlement area i n response to 

environmental influences, and i t seems l i k e l y that t h i s stage might 

show more sensitive reactions t o any toxins i n the water. 

The importance of t h i s l i e s i n the very low concentrations 

at which these recent toxins (organometallics etc) work, i f even 

more e f f e c t i v e toxins were developed there w i l l bo a requirement f o r 

more sensitive methods of bioassay, which could be provided by 

the germination experiment. 

The equipment required i s not very elaborate and provided a 

f a i r l y uniform environment i s maintained, the experiment i s easy 

to run. The results with Gi f f o r d i a secunda providing a f a i r l y 

r e l i a b l e i ndication of i t s s e n s i t i v i t y . 



Part 4 

GENERAL DISCUSSION 
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General Discussion 

The following discussion Is aimed at the combination of 

experimental and f i e l d data discussed i n d e t a i l previously and 

to suggest some of i t s implications i n the f i e l d or marine f o u l i n g , 

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 t r i a l t o x i n i n t o a paint and te s t i n g i t 

out on r a f t or ship t r i a l s . On r a f t s these t r i a l plates are removed 

at regular intervals f o r the leaching rate t o be determined. The 

leaching rate at the commencement of fouling being used as an index 

of t o x i c i t y of the compound and the concentration required i n the 

paint t o prevent f o u l i n g . Raft t r i a l s can take up to four years 

before fouling occurs, t h i s being equated with a ship l i f e of two 

years. 

One way i n which t h i s s i t u a t i o n might be improved i s by the 

investigation, biochemically, of the e f f e c t of t o x i n on the fouling 

ecosystems- the green and brown algae. This would enable ce r t a i n of 

the proposed toxins t o be eliminated and would only take a short time 

to complete. The tox i n can then be suggested t o the paint chemist who 

would prepare a suitable c a r r i e r f o r I t . This paint could then be 

applied i n various thicknesses to te s t plates and subjected t o 
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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 prevent f o u l i n g . This l a t t e r would 

be calculated from experiments such as the Warburg respiratory and 

germination experiments. The time taken t o reach t h i s would be 

much shorter than test t r i a l s or r a f t t r i a l s , and would eliminate 

unsatisfactory paints before there had been any extensive manufacturing 

of them. 

Once these accelerated leaching rate t r i a l s had been carried 

out the suitable formulation could then be applied to ship tests or 

r a f t t e s ts. The former being preferred as these resemble actual 

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 t o get an indication 

of the performance of the paint. This would ru l e out the need f o r 

elaborate chemical or physical tests t o be carried out on the t r i a l s , 

the results being used f o r the indicator organisms being gained by the 

i n i t i a l biochemical analysis of the effect of the toxins on the 

fouling systems. 

The toxins that w i l l be used w i l l be ones which are toxic at f a r 

lower concentrations than those used today. This i n i t s e l f requires 

bioassay techniques i n order t o detect the very low concentrations, 

required and development of these i s necessary. This being one of the 
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aims of t h i s project, another being to show how integration o£ 

biochemical and visual experiments can play a part i n the subject 

of marine f o u l i n g . 

The discussion following the work on the ships survey Indicates 

how the experimental work carried out helps to .explain the results of 

the survey. The importance of t h i s l i e s i n Chs affect of the 

fouling on the speed of the ship. I f the green weed produces more 

drag on a ohip than tho brown weed, a l l other things being equal, 

then a paint favouring the brown weed would be preferable, or vice* 

versa (Experiments are now being devised to test t h i s p o i n t ) . 

This factor i s complicated by the fact that the organometallic 

paints l a s t up to 13 months before fouling i s heavy whereas the copper 

paints w i l l l a s t only 12 months. I f the brown weed produces more 

drag than the green the increased cost due to t h i s must be balanced 

against the decrease i n cost due t o the longer l i f e of the paint. The 

r e l a t i v e costs of the paints must also be taken i n t o account before 

the true significance of the change over can be perceived. 

Calculations based only on one sample show that the f o u l i n g on 
—2 ^2 m 1 

the St. Margaret was 456gm* (365gmnT y r " Ivanova (1961) gives a 

figure of 77O-l,O00gam"2 f o r f o u l i n g . I f t h i s i s m u l t i p l i e d by the 

size of ths vssssl and then corrected to give the drag imposed by the 

weed then one can calculate the ton of speed and hence the increase 

cost of running the ship. However, more samples of fouling must be 

taken before accurate calculations can be applied. 
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The f i g u r e given by Ivanova (1961) compares with that of 

Barashkov and Fedyakina (1965) which gives the following values of 

weed growing on immersed concrete blocks 

Soa of Azov - Enteromorpha p r o l l f e r a lOOOgnT yr " 
mi »1 

A l l algae (average) 1860gmm" y r " 
and Zenkevitch (1963) who gives a figure f o r Enteromorpha i n t e s t i n a l l s 

••2 »1 
of 209.5gmm y r " for the Black Sea. These would seem t o suggest 

that there may be some difference i n the productivity on ship and 

shore but t h i s requires more samples before any case can be stated. 

Future lines of attack, many of which have been t r i e d out, 

could bear repeating l i m i t i n g t h e i r use to that period c61nciding 

w i t h the fouling organisms. Flak 1960 stated that the expense of 

running ultrasonic equipment i s a deterrant. Costs might be 

reduced by only using t h i s equipment i n port and only during the 

fouling season. The equipment however, must not be of a frequency which 

could cause the s e l f d1Btructioncf the ship. The use of piped toxins 

could be applied during the fouling aeaaon but i t has to be expelled 

i n a finely-divided form, the apertures f o r i t s dispersal thus 

might susceptible t o clogging by material i n the water. 

The greatest advantage of the paint i s that a coating of paint 

i s required to prevent the steel h u l l from corrosion by the sea 

water, and since the ship has to be docked fo r t h i s , the additional 

application of an antlfoulant does not prove too expensive. 
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F i n a l l y , there i s the question of algae evolving resistance 

to the toxins usad. Resistant strains have developed i n most types 

of animals and plants. Bacteria are known t o rapidly, b u i l d up 

resistance* Cases are known of resistance to heavy metals occurring 

i n Anglosperms (Jain and Bradshaw 1966) and i n fungi* The speed of 

building up the resistance depends upon the selection pressure to 

do so and the speed of reproduction. 

The algae involved reproduce quite rapidly although do so 

i n marked seasons. This would produce some l i m i t on the speed of 

s e t t i n g up resistance* The selection pressure on the h u l l of the 

ship i s great but on the shore i t w i l l depend on the advantages, I f 

any, of t h i s resistance* I f t h i s resistance i s genetically 

determined and also confers Increased v i a b i l i t y to the alga then 

i t s spread would bo rapid. However, i f there was no advantage 

i t s spread would be e l ox* or i n the extreme i f i t was less viable than 

the non-resistant strains there would be a tendancy f o r i t to die on 

the shore. I f t h i s l a s t named were true then the only source of 

replenishment would be the ships themselves* 

The transference of spores of these algae i s from ship to ship 

either d i r e c t l y or i n d i r e c t l y via the ship-shore-ship l i n k . The 

ship transference i s the simplest and could readily occur i n 

harbours and result i n quite rapid b u i l d up of resistance. The ship-

shore-ship would resu l t i n a b u i l d up i f thero was no disadvantage 
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i n having the resistant gene i n an environment not requiring i t 

( i . e . the shore). 

There would appear to be l i t t l e known on the subject f o r 

resistant strains could cause the costs of research i n t o new 

toxins to increase i n r e l a t i o n to the speed at which resistance 

i s b u i l t up. I t i s also important where the mechanism of resistance 

is involved i f the mechanism involved deals with a type of compound 

rather than a specific compound i t makes prevention more d i f f i c u l t 

and more expensive and as a resul t t h i s could well be one f i e l d 

which could suffer some research i n the near future. 



Part 5 

APPENDICES 



Appendix SI 

SHIPPING AND COASTAL SURVEYS - METHODS 
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Section Sl-1 
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Section Sl-1 

Fouling Ecosystems present on the "Kazlmah" 

This study was undertaken i n order to detect any basic pattern 

i n the d i s t r i b u t i o n of fouling ecosystems On the ships h u l l . The 

information gained would form the basis for future sampling. 

Sampling was taken at three heights on the h u l l , 18; 28 and 

38 feet above the keel. These f e l l i n t o the two major zones which 

were v i s i b l e and i n the junction between the two at the l i g h t load 

l i n e . Any gradual or disjunct separation of the two zones would 

thus be detected. 

Sampling at each of these heights was carried out at three 

sites along the h u l l , one each side of the ship. This would detect 

any v a r i a t i o n i n pattern along the length of the ship and on either 

side of the same. 

The samples were then subjected to microscopic analysis to 

determine t h e i r algal components. I d e n t i f i c a t i o n of the algae was 

from Newton (1931);Eifcm Jones (1964) Blldlng (1963). The 

nomenclature follows that of Parke and Dixon (1968). 

The data i s displayed on Table 2 i n a form convenient f o r 

inspection. 
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Section Sl-2 
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Section Sl-2 

Foul trip, Ecosystems on Ships i n Regular Service 

The sampling procedure used was modified from that used for 

the •Kazimah1, based on the results from that vessel.. Two samples 

were taken from each v e s s e l . One was taken from the l i g h t load 

l i n e or jus t above; the second from the h u l l near the bilge keel. 

Bilge exits and other Bimllar sites on the h u l l were avoided. 

The samples were stored i n sea water containing 5% for mat in.-, 

u n t i l i d e n t i f i e d . I d e n t i f i c a t i o n was from Newton (1931); Bliding 

(1963); Eifon Jones (1964). 

Other details which were obtained f o r each ship were:-

1) period elapsed since l a s t scraped 

11) a n t i f o u l l n g paint used 

i l l ) routes covered 

l v ) position of samples 

v) notes: any relevant points appertaining t o fo u l i n g . 

The analysis of the data followed that of Braun-Blanquet 1928 

(see Appendix S2. f o r description of method). The data being 

displayed as an association table • Table 3 - f o r convenient inspection. 

On one ship, the 'St. Margaret*, an area of f o u l i n g of 89 sq.cm., 

was dried and weighed and corrected to give weight per square metre. 

This was to provide some indication of the biomass that fouling 

organisms can produce. 
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Section Sl-3 

Fouling Ecosystems from the Main Shipping Lines 

This was carried out as an extension of Section S l - 3 . The 

f i r s t stage was to send a l e t t e r ( F i g . Sl*3a) to a number of shipping 

companies outlining the aims of the study and asking for t h e i r 

co-operation. I f t h i s was forthcoming, a second l e t t e r ( F i g . Sl-3b) 

was sent explaining i n d e t a i l what was required, and enclosing a 

number of sample bags with attached data sheets ( F i g . S l - 3 c ) . 

The shipping companies were asked to obtain samples of fouling 

from the l i g h t load l i n e and near the bilge k e e l . These were to 

be returned i n the bags supplied together with the completed data 

sheet. I d e n t i f i c a t i o n procedure follows that of Sections Sl-1 and 

Sl-2. The data required i s shown on F i g . Sl-3c and i s s i m i l a r to 

that taken i n Section Sl-2. 

There was some delay In s t a r t i n g t h i s survey and r e s u l t s are 

s t i l l coming i n . The r e s u l t s , obnained to date (August 1969) 

are depicted i n Table Sl-3a i n a s i m i l a r fashion to those of 

Sections Sl-1 and Sl - 2 . 

Details were also obtained from a number of companies concerning 

t h e i r past fouling h i s t o r i e s . 



UNIVERSITY OF DURHAM 

Department of Botany, 
Science L a b o r a t o r i e s , 
South Road, Durham C i t y . 

Dear S i r , 

We are conducting a survey as to the main type of s h i p 
f o u l i n g at the present day, and would be g r a t e f u l i f we could 
have your co-operation i n t h i s . 

I t would e n t a i l us sending you some sample bags i n which 
we would l i k e a sample of the f o u l i n g on the ship, together 
with a s l i p of paper which would g i v e : -

(a) the name of the v e s s e l ; 
(b) dates of t h i s and previous s c r a p i n g ; 
( c ) a n t i - f o u l a n t used during period of ( b ) ; 
(d) r o utes used ( B r i t i s h , c o n t i n e n t a l , world wide). 

And then any other d e t a i l s as may be thought h e l p f u l such as 
i f there has been any changes i n f o u l i n g organisms during the 
l a s t ten or tv/enty y e a r s , and i f t h i s i s a s s o c i a t e d with a 
change i n the t o x i c contained i n the p a i n t . 

The aim of t h i s survey i s to e v a l u a t e any change that 
might have occurred i n the f o u l i n g organisms i n recent y e a r s 
with any c o i n c i d e n t change i n p a i n t t o x i n s or i n the p o r t s 
of c a l l used. I t i s not intended as e v a l u a t i o n of the 
brands of p a i n t s used, except i n s o f a r as i t i s concerned 
with the t o x i n used not any other i n g r e d i e n t s . 

I f you are unable to p a r t i c i p a t e i n t h i s , would i t be 
p o s s i b l e f o r you to send us a report on s u b j e c t s (a) through 
( d ) , but without the samples. We would be g r a t e f u l f o r 
any information r e c e i v e d and would give, i n r e t u r n , any 
a s s i s t a n c e we can with regard to t h i s . 

Could VQ" D l s ° 5 G r e i n l w rm t h o n n c t r> p rr} p n n l n a o r l . 

Yours f a i t h f u l l y , 

f igure S1-3a 
R i c h a r d Sims. 



U N I V E R S I T Y 0 F D U R H A M 

DEPARTMENT OF BOTANY 
SCIENCE LABORATORIES 
SOUTH ROAD 
DURHAM CITY 

Dear S i r , 

Thank you for your reply indicating that you are w i l l i n g 
to take part i n th i s survey. Enclosed are a number of sample 
bags each attached to a post card on v/hich the following d e t a i l s 
should be noted: -

i ) Shipping l i n e . 

i i i ) Type (Tanker, Freighter etc.) 
±v) Routes used (Coastal, Continental, A t l a n t i c etc.) 
v) Dates of t h i s and previous scraping coincident with 

application of antifoulant. 
v i ) Paint used, 

v i i ) Cover of algae, barnacles or tube worms. 

We would be grateful i f you could send us two samples per ship 
at a) water l i n e , b) bilge keel l e v e l s . Each sample should be 
placed i n a bag (which may be sealed after) and posted to 
Mr. R.E. Sims at the above address preferably by f i r s t c l a s s 
mail to prevent undue deterioration of the sample. 

l i Name of Ship. 

v i i i ) Notes ( i f any). 

Yours f a i t h f u l l y , 

RICHARD E. SIMS 

f igure S1~3b 



Shipping L i n e : - O C C A l s J 9T€^XVA <SU\P CO. 

Name of Sh i p : - ^ N f r t S 

Type:-

Route : - • -, 

Datss of S c r a p i n g 
L a s t : - . . ^ . ^ f T . i . ^ ! 

P r e s e n t : - . . 3 * ^ . . .'9.V5I 

Sample WaSStsHjg or B i l g o K e e l 

Cover of F o u l i n g L i ^ h t Moderate Heavy None 
Algae(Veed) Brora ^ 

G-reen 
B a r n a c l e s .. . 
Tube'./orm _/ 

( P l e a s e t i c k under appropriate- boxes. 

NOTES 
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Section Sl-4 

Fouling Ecosystems on Ships l a i d up In 
Harbour for long periods 

The study was carried out at Portsmouth In a marine-brackish 

water harbour. Samples were taken, with the aid of a diver, from 

a s e r i e s of four ships which had been l a i d up for different l e n g t t i B 

of time ( s i x to fourtyelght months). Two samples were taken from 

each ship. One from j u s t below the waterllne, the second from 

the l e v e l of the bilge k e e l . 

The samples were preserved i n sea water containing 5% 

sea water u n t i l i d e n t i f i e d from Barrett and Yonge (1958), and 

Alder and Hancock (1907). The data was processed following 

Braun-Blanquet (1928) being presented i n Table h in a convenient 

form for Inspection. 



Section S i - 5 
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Section Sl-5 

Coastal Distribution of Fouling Algae 

The table was compiled from a number of. algal l i s t s published 

in the l i t e r a t u r e , where possible these were taken only i f 

published after 1960. Other l i s t s were compiled by the author 

from samples taken while out c o l l e c t i n g for experimental material. 

A third source was from species l i s t s sent 1 n from various Marine 

Laboratories in reply to a request for information on the d i s t r i b u t i o n 

of these algae. 

Table 5 depicts the r e s u l t s obtained. The s i t e s are i n order 

to make any geographical d i s t r i b u t i o n evident. 

I t had been planned to provide information on the fouling 

periods of these algae, and auccessional sequence to a mature 

fouling ecosystem, by the use of a r a f t anchored In a harbour on the 

North Bast Coast* However, th i s part was unable to be completed i n 

the available time. Instead, information on the fouling periods of 

algae in the River Yealm has been included with the permission of 

Dr. G.T. Boalch and International Paints Ltd. This information I s 

given i n Table 6. 



Appendix S2 

THE ZURICH-M0N1TELLIER SCHOOL OF 

PHYTOSOCIOLOGY 
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The Zurlch-Montpelller School of Phytosoclology 

A plant community may be considered to be a group of plants, 

the area of which i s sharply delimited by physico-chemical boundaries, 

s i m i l a r groups of plants occur i n other areas of s i m i l a r physical 

or chemical constitution. Such communities can be c l a s s i f i e d . 

Where the boundary i s one of a gradual change i n nature then the 

change in plant types w i l l also be gradual and a continuum. (Curtis 1959) 

w i l l be evident and ordination i s used i n I t s description. -

The c l a s s i f i c a t i o n of plant communities has been attempted using 

a variety of methods since those of Braun-Blanquet (1928). Examples 

of these may be seen i n 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 c e r t a i n synthetic characters. These include 

presence and degree of presence, f i d e l i t y and sociological indicator 

values. Presence can be measured subjectively i n terms of cover values 

from I-V representing increments of 20%, or as d i r e c t l y a percentage; 

or i t can be measured objectively using parameters such as blomass per 

unit area, basal- height or density among others. The former usually 

lends I t s e l f to c l a s s l f a c a t o r y techniques, the l a t t e r to ordination 

(Bray and C u r t i s 1957) 
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The S o c i a b i l i t y of a plant i s measured subjectively according to 

the following:-

S o c i a b i l i t y 1 - growing singly 
2 - grouped or tufted 
3 - i n patches or cushions 
4 - i n small colonies, extensive patches or carpets 
5 - pure crowds 

F i d e l i t y i s no longer used due to i t s uncertain value In plant 

description. 

I n the Braun-Blanquet School of Phytosociology l i s t s of plant 

communities are taken using presence (as a cover Index), and 

s o c i a b i l i t y . Each l i s t I s taken from an area In a plant community 

which I s the l e a s t area required for the expression of that community 

(Minimal a r e a ) . Other physical and chemical factors are also 

taken into account such as the slope; aspect of s o i l type among others. 

These are transferred to a table which has one axis for the species and 

another for the quadrats. This table, the raw table, i s then 

rearranged in order to produce an association table i n which groups of 

species and quadrats are ordered together to produce an abstract 

which can be related to the plant community i n the f i e l d (Tables 2,3 

and 4) *K returning to the s i t e and tes t i n g the data In the association 

table with that from the plan community. . 

The groups are c l a s s i f i c a t o r y and form c l a s s e s , orders, and 

al l i a n c e s ( i n descending order of merit) and the name given to them 
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i s taken from the Charakterarten (species which occur most 

regularly i n the group e.g. Order S e s l e r l a t a l i a coeruleae -

Charakterarten : Potent11la c r a n t z i i . Aster alpinus) (Braun-

Blanquet 1928). 

This method of c l a s s i f i c a t i o n , although a subjective one, has 

been found to give s i m i l a r r e s u l t s to the newer methods such as 

that of Williams and Lambert (1962); Moore (1956) whilo being 

quicker to reorganise the data. Examples of i t s uaa applied 

to the marine f i e l d are seen here i n Tables 2-4, and Johns (1968) the 

l a t t e r reviews i t s application In the marine f i e l d . 

The r e s u l t s depicted i n Tables 2-4 seem to be of ecological value 

and correspond to data given elsewhere by other methods and present 

the data i n a way which can be readily explained. 



Appendix E l 

ALGAL CULTURES - MATERIALS AND METHODS 
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Cultures of Algae 
Material 

The algae.used i n the experimental work were collected from 

various s i t e s on the coasts of Northumberland and Durham. 

.Enteromorpha sp were collected from Souter Point (Sunderland), 

Craster and Hartlepool. P i l y e l l a and the Ectocarpus complex 

were collected from Souter Point and St. Abbs Head (Berwickshire). 

The algae which were used i n the experiments were:-

Glffordia secunda (Kutz) Batt. 

Ectocarpus s i l i c u l o s u s ( D i l l w ) . Lyngb = 

Giffordia fenestrata (Berk ex Harv.) Batt 

P i l y e l l a l i t t o r a l i s ( L ) KJellm . 

Enteromorpha i h t e s t l n a l i s ( L ) Link 

Enteromorpha compressa (L) Grev. 

Enteromorpha l i n z a ( L ) J.Ag. 

These were kept i n the culture solution i n the constant environment 

room between c o l l e c t i o n and use i n an experiment. 

Culture Vessels 

Cultures were grown i n s t e r i l e p e t r i dishes with 25 ml of 

culture solution addedv A disc of f i l t e r paper was kept I n the dish 

to provide an attachment area for germinating spores. 

Media 

Natural sea water, from Hartlepoola, provided the base for the 
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culture solution. This was f i l t e r e d through Whatman No, 1 

and stored In the dark u n t i l required. 

The basic culture medium was enriched with the following 

nutrients:* 

potassium n i t r a t e (KNO^) 202 mg/L 

potassium phosphate (KgHFO^) 34.8 mg/L 

feonlc chloride (FeCl 3.6H 20) 2.7 mg/L 

Mangamese chloride (MnCl 2.4H 20) 0.2 tag/^ 

and then autoclaved for 15 minutes at 15 lbs sq.in"* pressure. 

The phosphate was autoclaved separately from the r e s t and 

added before inncculation to prevent p r e c i p i t a t i o n . The pH of the 

solution was i n the region 7.7*8.0 when used. Ampicillin was also 

added to reduce b a c t e r i a l a c t i v i t y i n the culture solution. 

(Ampicillin 6.43 rag/h). 

Culture Apparatus 

The p e t r l dishes containing the samples In the culture solution were 

placed on a white background i n a constant environment room at 18°C 

and continuous l i g h t from fluorescent tubes giving 40001ux. The constant 

environment room was also used for germination and growth experiments. 

The culturlng of algae proved successful and i t was found possible 

to obtain sporelings of a l l the Ectocarpaceae used, but with 

Enteromorpha i t proved d i f f i c u l t to obtain sporelings though growth did 

occur. This was unfortunate i n that a p o s s i b i l i t y of any comparison of 
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germination success i n r e l a t i o n to toxin concentration, i n the 
Ulvaceae and Ectocarpaceae, was l o s t . 

Unialgal Cultures 

Giffordia secunda was used to provide the source for the f i r s t 

s e r i e s of growth experiments. This source was the speciments 

grown i n culture from a plating.technique following Boalch 1961. 

Specimens of Giffordia secunda were placed on a moist f i l t e r 

paper and l e f t overnight i n the dark. The next morning the release of 

spores was brought about by. flooding the system with s t e r i l e culture 

medium. After a period of 15 minutes the a l g a l material was removed. 

The dish was covered and placed i n the constant environment room 

u n t i l required. Germination occurred a f t e r 10-14 days. 
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Section E2-1 

Warburg Manometry 

The Warburg apparatus i s designed to measure gas change at 

constant volume by means of the change i n pressure when gas i s 

absorbed or evolved. This pressure change i s recorded on the 

manometer and can be converted to volume change by use of a 

standard formula. The apparatus can be illuminated to allow the 

measurement of photosynthesis or kept i n the dark to measure 

respiration. The design of the f l a s k i s such that toxins or 

stimulants can be added without the need of resetting the 

apparatus. The use of th i s apparatus i n the measurement of 

photosynthesis and re s p i r a t i o n follows that of Lindahl (1963). 

The experimental material used consisted of.the following algae 

Enteromorpha i n t e s t i n a l i s 
Enteromorpha compressa 
Enteromorpha l i n z a 
Ectocarpus s i l i c u l o a u s 
Qiffordia fenestrata 
P i l y e l l a l i t t o r a l i s 
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Photosynthesis and resp i r a t i o n were measured by a d i r e c t method 

due to the d i f f i c u l t y of using i d e n t i c a l quantities of alga i n the 

f l a s k s . The equipment used was that manufactured i n Germany by 

D. Braun. Conical f l a s k s with a single side arm and central 

reservoir were used and the volume of these Including that of the 

manometer used ranged from 7 - 14 ml. The f l a s k s were illuminated 

from below by a s e r i e s of incandescent bulbs. These posed 6ome 

problems due to the heat also emitted and i c e had to be used to 

keep the temperature of the water both down to the temperature of 

the experiment 23°C. 

After consideration of the discussion on buffering capacity s 

i n Lindahl (1963), i t was decided not to add any carbon dioxide as 

even due to the lack of buffering the v a r i a t i o n i s pH during the 

run of the experiment was not thought to be exceedinglt large} the 

r e s u l t s obtained would seem to agree with t h i s . 

The fl a s k s were set up using 2 ml of the solution under t e s t i n 

the outer well into which the algae were placed when used. Each run 

consisted of 13 or 14 f l a s k s f 12 * 13 test solutions and a thermo* 

barometer. Three toxins were subjected to t e s t i n g : - f i n e l y divided 

copper i n sea water (20 ug/ml); cuprous oxide i n sea water (10 ug/ml); 

and t r i b u t y l t i n hydroxide (the oxide of which has a s o l u b i l i t y of 

20C- ppm and forms the hydroxide when added to water). The Copper 

and Cuprous oxide were tested at concentrations of 10.; 7.5; 5.0} 2.5) 



67 

1.0; 0.5) 0.1; 0.05 ug/ml; and the t r i b u t y l t i n hydroxide at the 

following (as a percentage of saturation i n sea water):- 100; 50; 

25; 12.5; 6.7; 3.3; 1.6; 0.8; 0.8; 0.2; 0.1; 0.05. Each run had a 

control with 2 ml of sea water with no toxin added. 

I t was found before running the experiment that the culture 

solution has l o w inherrant gas flux due probably to. c e r t a i n 

microorganisms. It.was thus decided to run the experiment i n the 

following manner:* 

I n order to assess the compensation that would be required 

to allow for the ambient gas flux of the system, a dummy run, 

i d e n t i c a l to that normally used but without the added algae, was 

carr i e d out. 

The f l a s k s were equilibrated for 20 minutes with the taps 

open and then the manometer set at zero and the taps closed. Readings 

were taken at 5 minute Intervals for 20 minutes, the f l a s k s being 

shaken except while readings ;;.were being taken. The experiment 

was run twice, once with the l ights switched on to record photosynthesis 

and then with them off and the apparatus covered with aluminium f o i l , 

to ensure minimum l i g h t entry into the f l a s k s , to allow r e s p i r a t i o n 

to be recorded. 

After the dummy run the algae to be used were added and the 

experiment being repeated using different algae i n each run. 

At the end of the experiment' the algae were rinsed quickly i n 



d i s t i l l e d water and damp dried* weighed to obtain the fresh weight, 

then dried to constant weight at 105°G. 

Photosyntehsis and r e s p i r a t i o n were expressed i n terms of 

u l 0 2 evolved or absorbed per gm day not of alga per day aft e r 

correction for f l a s k volume. 
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Section E2-2 

Metabolic Flux 

Photosynthesis and respi r a t i o n r e s u l t i n changes of oxygen 

and carbon dioxide concentrations. By estimation of these one 

can obtain some idea of the effect of the toxin on the growth of the 

organism, i n t h i s case algae. Measurement of both oxygen and carbon 

dioxide w i l l provide a close estimation of growth and i t i s possible 

that each can be used to provide a r e l a t i v e estimation of the 

v a l i d i t y of the other technique. 

The use of pH and oxygen flux as a measurement of growth was 

chosen for i t s s i m p l i c i t y experimentally and that the estimation 

of carbon dioxide and oxygen flux had been used i n a large number 

of cases i n metabolic studies both i n fresh water and sea water as well 

as i n t e r r e s t r i a l habitats (Odum 1957; Odum & Odura 1955; Teal 1957) 

(Vardium 1956). There has boon some controversy on the use of pH for 

the estimation of carbon dioxide concentration, however, i t was 

decided to follow:in outline the methods of both Verdium (1956) and Beyers 

et a l 1963; and to use oxygen measurements as a rough check to t h e i r 

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

et a l 1963. I t was also hoped that some support might come 

from the Warburg r e s u l t s as to the accuracy of the method. 

Materials used:- The algae used i n the experiment were as follows:? 
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Enteromorpha compressa 

P l l y e l l a l i t t o r a l i s 
Ectocarpua s i l i c u l o s u s 
Giffordia secunda 

50 mis of t e s t solution were pipetted into a 50 ml beaker. The 

pH of t h i s solution was measured using an E . I . L . pH meter which had 

been standardised with buffer solutions at pH 4.0 and pH 9.2. 

Then, the oxygen concentration was measured using a modification of 

the microwinkler technique (see d e t a i l s below). 

The a l g a l speciman was then added and one of the two r e p l i c a t e s 

was placed i n l i g h t at 4000 lux and a temperature of 18°C for ' 

24 hours: The other In the dark at 18°G. the dark s e r i e s was placed 

in a box of aluminium f o i l which had to be constructed as the dark 

room was not available for use. After 24 hours the pH and Oxygen 

concentration were estimated again. The experiment was repeated three 

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

being two t e s t solutions Used :- Cupric oxide i n sea water and t r i b u t y l 

t i n hydroxide i n sea water. 

Cupric oxide was used at 5; 1; 0.5; 0.1 and 0 ugCu ml"* 

Tribu t y l t i n hydroxide at concentrations of 251 5; 2.5; 0.5 and 

0% of saturation i n sea water. 

Estimation of Oxygen by a modification of the Microwinkler technique 

The estimation of oxygen dissolved i n sea water was c a r r i e d out 
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using a modification of the Winkler reaction d i l u t i n g a l l solutions 

by a factor of 100 and using 2.5 ml of sea water instead of 125 ml of 

sea water. The reason for using t h i s modification of the Microwinkler 

technique (Foxe Wingfield 1938) i s that the limitations placed on 

the quantity of specimens and culture solution available required 

a technique using only small amounts of sea water. 

2.5 ml of sea water were c a r e f u l l y pipetted into a sample tube. 

To t h i s was added 2 ml of manganous sulphate solution, 2 ml of a l k y l 

aside solution. Time was allowed fov ~ha p r e c i p i t a t e produced to 

absorb the oxygen In the sea water and then 6 drops of concentrated 

sulphuric acid added. This liberated iodine which was t i t r a t e d by 

0.01 N sodium thiosulphate solution using starch as an Indicator. 

The reactions Involved are as follows. The a l k y l azide solution 

precipitates manganous hydroxide from the solution. This i s oxidised 

by oxygen i n the sea water to manganic hydroxide. The acid oxidise 

the solution of manganic hydroxide and potassium iodide and releases 

iodine proportional to the oxygen concentration of the water and t h i s 

iodine i s then t i t r a t e d by standard sodium thiosulphate. 

Method 

MnSO- + 2Na0H 2 
2MN(OH)2 + H20 + 0 

2Mti(OH)3 + 2K1 + 3H 2S0 4 

2Mh(0H)3 

2MnS04 + B^S0 4 + 6H 20 + I 2 

1 ml Sodium thiosulphate (2.482g/L) 82.76ul 0, 
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Solutions used :» ( a l l i n d i s t i l l e d water) 

ManganouB sulphate:- 4.80 g/L of MriSO, 4H,0 

Aljtyl- iodide agjde 5.00 g NaOH + 1.35 g Nal i n 1 l i t e r of 
d i s t i l l e d water and add 0.1 g NaN, in 
40 ml water. 

Sodium thlosulphate 2.482 g/L of Na^Og SH 20. 

Measurement of Carbon dioxide flux using pH 

Carbon dioxide when dissolved i n water r e s u l t s i n an acid 

solution. At low carbon dioxide concentrations the gas goes into 

solution as a bicarbonate but as the concentration of gas increases 

more gas goes into the solution as the carbonate ion 

Thus i t can be seen that addition of carbon dioxide into 

solution r e s u l t s i n an increase i n the hydrogen ion concentration i n 

solution and a resultant lowering of pH. 

This decrease i n pH i s not l i n e a r with the increase of carbon 

dioxide due to the two forms which carbon dioxide may exhibit i t s e l f as 

i n solution. This non-linearity r e s u l t s i n the .curve found i n Beyer 

et a l 1963, when plotting pH against carbon dioxide concentration. 

Method 

The method of COg analysis follows i n outline that of Verdium 1956 

and Beyers et a l 1963. Since there i s the non-linear r e l a t i o n of pH 

with CO. concentration c a l i b r a t i o n curves must be drawn. (This being 

C0„ + HJ3 H + NCO 2H + CO .2-
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the cause of the.difference i n the views of Verdium 1956 and Beyers 

et a l 1963). 

The c a l i b r a t i o n curve i s drawn by writing the pH of the solution 

adding successive increments, of 1 ml of 0.01 N NaOH solution and 

noting t h e i r respective pH values. According to Verdium t h i s 

addition of sodium-hydroxide r e s u l t s i n the change i n pH i d e n t i c a l 

to that caused by the removal of lOuh moles of CO^ by photosynthesis. 

This i s plotted on a graph of pH against e f f e c t i v e CO^ removal 

and the. pH values obtained i n solution read of t h i s to obtain the 

changes in carbon dioxide concentration. The v a l i d i t y of t h i s method 

has been questioned and w i l l be discussed l a t e r . The reason for i t s 

use was i t s s i m p l i c i t y and I t could be compared with figures obtained 

for oxygen flux. 

Each spec intent was t i t r a t e d by the sodium hydroxide Unt i l 

there was c l e a r evidence that the curve did not a l t e r with the 

concentration of toxin used. I t was repeated for each toxin used. 

The change i n pH due to CO,, flux was also estimated i n a manner s i m i l a r 

to that of Beyers et a l ^1963), I n t h i s some sea water was shaken with 

a constant flow of carbon dioxide (obtained from the action of diluted 

acid on calcium carbonate) u n t i l saturated. The pH of t h i s solution 

was taken using an E.E.L. pH meter. This solution was then diluted 

to 90, 80, 70, 60, 50, 40, 30, 20, 10 and 6% saturated % C0 2 by the 

replacement of c e r t a i n quantity of the solution by gas free sea water. 
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The s o l u b i l i t y of carbon dioxide i n sea water was obtained i n 

Beyers et a l (1963) and a c a l i b r a t i o n curve was constructed of 

pH against C0 2 concentration. This being used to estimate the CO^ 

flux obtained i n the case of Tributyl t i n hydroxide. 
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Section E2-3 
Growth Experiments 

This experiment was designed to follow the changes In growth 
rato with toxin concentration. 

The experimental material used was samples of Giffordia secunda 
Enteromorpha tntestlnalls and Pilyella l i t t o r a l I s . 

Enteromorpha and Pilyella h a d been collected from the sea shore 
and kept In culture solution at 18°C and In constant light before 
use. The Glffordla was grown from spores germinated In culture. 

The method follows that of Llndahl (1966). 
The algae were grown i n s t e r i l e p e t r i dishes with 20 ml of test 

solution at a temperature of 18°C and continuous light intensity 
of 4000 lux. The fresh weight of the algae were recorded at weekly 
intervals over a number of weeks but the growth data was obtained after 
14 days. After t h i B a l l began to loose weight. The change in weight 
was expressed as grammes per gramme fresh weight* 

A correction to produce ah equivalent of growth i n oxygen output 
was also undertaken although this w i l l not apply absolutely i t gives 
an Indication of the comparison between the methods used before. 

The test solutions used were:* 
Copper and Cuprous oxide :.0; 0.05| 0,10; 0.50; 1.00; 5.00; 7.50; 10.0 

ugCural -
Tributyl t i n hydroxide : 0; 0.05; 0.1; 0.2; 0.4; 0.8; 1.6; 3.3; 6.7; 

12.5; 25; 50 and 100% saturated solution i n 
sea water. 
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Table E3-1 

The Effect of Toxins on the Pho tosyn thes i s 

and Respirat ion of some Mar ine Algae. 

A) Tri butyl t in 
hydroxide 

Enteromorpha 
intestinal is 

0* 
005 
010 
0-19 
0- 39 
078 
1- 56 
312 
6-25 

12-50 
2500 
5000 

100-00 

E.compre ssa 
0* . 
005 
010 
n. 1 n 
u I Z) 

0- 39 
078 
1- 56 
3-12 
625 

1250 

photosynthesis 
net gross 

respiration 

(as j j lO a gm(d.w). 7 day) 

16-949 1-457 -15-492 
18-635 4-658 -13-977 
15602 4-334 -11-268 
11-370 - 1-372 - 12-74 2 
7892 0 - 7892 

1756A . -1 6425 -33-988 
7-389 0-450 - 6-939 

14-532 - 2-564 - 17-097 
12-054 ' - 2-939 - 14-993 
7316 - 3872 - 11-188 
om -10-684 - 11-567 

- 1-509 -16-577 - 15-068 
-14679 -31-360 - 16-681 

15274 7-354 - 7-920 
21-069 3-523 -17-546 

19-294 r- i 1 - 12-881 
7-999 . - 3-686 - 11-687 
5-256 0-202 - 5-054 

20938 4-320 - 16-618 
27091 5-203 - 21-888 
6312 - 6-029 - 12-341 

30535 -30096 - 60631 
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Table E 3-1 (cont) 

NP GP R 
25-00 7-577 - 14506 - 22 082 
50-00 34145 - 6-557 - 40-702 

10000 0-228 - 28-867 - 29-095 

E. linza. 
0 37-143 32-055 - 5-088 
005 33-817 28134 - 5-683 
0-10 1034 54 99-965 - 3-489 
0-19 7033 4-626 - 2-417 
039 82239 66-438 - 15-801 
0-78 208800 186-336 - 22464 
156 51464 46-165 - 5-399 
3-12 80-965 58 :294 - 22-671 
6-25 74-672 59498 - 15-174 

12-50 124873 106-722 - 18-151. 
25-00 52-434 44-677 - 7757 
50-00 34-960 27934 - 7026 

100-00 55-731 39-625 - 16-106 
Ectocarpus 

siliculosus 
0 * 13-525 12-282 - 1-242 
005 5191 3730 - 1461 
r\. 1 r\ 
U I U 

A «"N »—J 

J l J b t - 2231 
1-56 12-083 • 9-883 - 2-200 
3-12 4-438 1-931 - 2-507 

12-50 10-961 10-354 - 0-607 
25-00 6-547 3-777 - 2-673 
50-00 22-734 17-241 - 5-492 

100-00 2-781 - 2-261 - 5-041 
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Table E3-1(cont) 
NP GP R 

Pilyella l i t toral is 

0* 7043 6-498 - 0-545 
0 0 5 3-461 1-879 - 1-582 . 
0-10 1-664 0-377 - 1-264 
1-56 4-081 2-767 - 1-314 
312 8827 6-587 - 2-239 
6-25 7702 4-018 - 3-683 

1250 4-341 3-451 - * 0-889 
2500 58-821 34-432 - 24-389 
5000 15860 13-263 - 2-597 

100-00 28-841 8482 - 20-359 
* %saturat ion in sea water. 

B) Cuprous oxide 

Enteromorpha 
intestinal is 

0 u g C u m l 
0-05 
0-25 
0-50 
2-50 
5-00 
7-50 

10-00 

-1 
18-345 9-168 - 9-177 
18-400 4-602 -13-798 
28-084 12-764 -15-320 
61-642 39-228 -22-414 
15-724 12 288 - 3496 
48-800 36-074 -12-726 
49-978 17-252 - 32-950 
48-697 33- 207 -15-490 



TableE3-l(cont) 

NP GP R 

Pilyella l i t t o r a l i s 
0 LigCu m l 
0-05 

26-633 12678 - 13-955 0 LigCu m l 
0-05 19-427 8-171 - 11-256 
0 2 5 22 097 12-680 - 9-417 
0'50 29- 665 11-038 - 18-627 
250 43-774 26342 - 17-432 
5-00 24-380 14-524 - 9-586 
7-50 33-935 22429 - 11-056 

1000 48515 35-560 - 12-955 
Gif fordia 

fenestrata 
0 9-848 9-269 - 0-579 
005 9-029. • 7661 - 1-368 
0-25 13-156 10 047 - 3-109 
050 14-631 12-627 - 2-004 
250 12-047 10040 - 2-007 
750 4-040 2-424 - 1-616 

1000 1-395 0-719 - 0676 
Ec tocarpus • 

siliculosus 
0 9-815 8-645 - 0-540 
0-05 20-908 15-899 - 5-009 
/•N f— 

UZD 
J A J*"* 

I I -JUb 9-806 - 1-500 
0-50 19068 • 15-752 - 3316 
250 12-135 11-677 - 0458 
5-00 4-822 0467 - 4-355 
750 6097 2771 - 3-326 

10-00 3164 1-449 - 2-165 
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Table E 3-1 (con t) 

C) Copper 

in iesi i na i is 
OugCu ml 
005 
025 
0-50 
2-50 
500 
750 

1000 

Pilyella littorah's 

0 
005 
025 
250 
5-00 
7-50 

NP GP R 

65-23 60-96 - 4-27 
59-23 55-2 0 - 4-03 
11-90 10-32 - 1-58 

32-13 28-80 - 3-33 
31 -70 30-24 - K 6 
2 3 3 7 20-40 - 2-97 
37 79 27-85 - 9-94 
18-59 13-74 - 4-85 

605-04 58224 - 22-80 
876-44 792-48 - 83-76 
553-44 529-68 - 2376 
119- 76 116-88 - 2-88 
23-69 22-56 - 1-13 
42-06 1979 - 22-27 
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T a b l e H3 - 4 . The E f f e c t of To:-:ins on t he Germination, o f 
Sorae Marine F o u l i n g Algae 

G - i f f o r d i a secunda 

0 
// 
0 . 0 5 ( 0 . 0 0 5 ) 
0 . 2 5 ( 0 . 0 2 5 ) 
C . 5 0 ( C . 0 5 0 ) 
2 . 5 0 ( 0 . 2 5 0 ) 
5 . 0 0 ( o . K o o ) 
7 . 5 0 ( 2 . 5 0 0 ) 
1 0 . 0 0 ( 5 . 0 0 0 ) 

Cuprous 
Oxide © 
1 1 2 . 5 

67 , 
3 0 . 

4 . 
.2. 
2, 

14 

27 
72 
10 

Copper 
1 1 2 . 5 

5 4 . 8 0 
8 7 . 0 0 
2 3 . 0 7 

1 . 6 7 

T r i b u t y l t i n 
Hydroxide @ 
4 0 . 0 0 

4 . 4 4 
4 2 . 5 0 
1 0 . 0 0 
1 6 . 0 0 

5 . 7 1 
1 . 9 0 

P i l y e l l a l i t t o r a l i a 

0 
/ / 
0 . 1 
0 . 5 
1 . 0 
5 . 0 
10 .0 

( 0 . 0 0 5 ) 
( 0 . 0 2 5 ) 
( 0 . 0 5 0 ) 
( 0 . 2 5 0 ) 
( 0 . 5 0 0 ) 

5 . 1 8 

3 . 0 4 
5 . 7 1 
5 . 0 7 

5 . 1 8 

4 . 1 7 
0 . 6 7 

3 . 0 0 

5 . 1 8 

2 . 0 0 

$/ copper a s 
* t r i b u t y l t i n a s p e r c e n t a g e s a t u r a t e d s o l u t i o n i n s e a w a t e r 
@ i n u n i t s o f 1000 



Part 6 

BIBLIOGRAPHY 



84 

BIBLIOGRAPHY 

AKSEL'BAND, A . M . (1960). Ultrasonic protection of ships f r o m fouling. 
Trudy Okeanog. Komis. Akad. Nauk. SSSR. 13:7-9. 

ALDERS, J. , & A , HANCOCK (1907). The British Tunicata. 
Ray Society, London. 

AMMAIN, E .C .B . , & A. FRASER-SMITH (1968). Gas exchange of algae: 
IV Reliability of Chlorella pyrenoidosa. 
Appfr. Microbiol . 16(5): 669-672 

ALLEN, F . E . , & E.J. FERGUSON-WOOD (1950). Investigation on underwater 
fouling: I I Biology of Fouling in Australia: Results of a years research. 
Aust J. Mar and F . W . Res. 1:92-105. 

BARASHKOV, G.K. & M . V . FEDYAKINA (1965) Structural fouling by l i t tora l 
algae in the Dalne-Zelentskaya Bay in the Barents Sea. 
Okeanologiya 5(5):897-902. 

BARNES, H . , (1948) Leaching rate and behaviour of antifouling compositions. 
J. O i l . Col. Chem. Ass. 31(341):455 

BARRETT, J . , & C M . YONjGE (1958) Collins Guide to the Sea Shore. Collins. 

BEYERS, R.J . , & H . T . ODUM (1959) The use of carbon dioxide to construct 
pH curves fo r the measurement of productivity. Limnol and Oceanogr. 
4:499-502. 

BEYERS, R.J . , & H . T . ODUM (1960). Differential t i tration with strong acids 
or bases vs . carbon dioxide water fo r productivity studies. 
Limnol and Oceanogr. 5:229-230 

BEYERS, R.J . , J . L . LARIMER, H . T . ODUM, R.B. PARKER and N . E . 
ARMSTRONG (1963). Directions for the determination of changes in 
carbon dioxide concentration f r o m changes in pH. IhatT Mar . Sci. 
9:454-489. 

BIRNBAUM, L . S . , E . A . BUKEIN, J.R. SARYOYIN (1967). Control of Ship 
fouling in the U.S. Navy. Nav. Eng J. 79(1):77 

BLACKLER, H . (1969). pers. comm. 



85 

BLIDING, C. (1963). A cr i t ica l survey of European taxes in Ulvales 
Op. Bot. 8(3): 1° 160 

BLUE STAR LINE LIMITED, (1969) pers. comm. 

BOALCH, G . T . , (1961) Studies on Ectocarpus in culture. I Introduction and 
method of obtaining unialgal and bacteria-free cultures. 
J. Mar . Biol . Ass. ( U . K . ) . 41:279-286. 

(1961) Studies on Ectocarpus in culture. I I Growth and 
nutrition of a bacteria-free culture. 
J. Mar . Biol . Ass. (U .K) . 41:287-304. 

BOALCH, G . T . , & INTERNATIONAL PAINTS LIMITED. (1969) pers. comm. 

BRAUN-BLANQUET, J. (1928). Pflanzensoziologie: Grundzuge der Vegetations-
kunde. Springer-Berlin. 

BRAY, J.R., & J .T . CURTIS (1957) Upland forest communities in Southern 
Wisconsin. Ecol. Monogr. 27(4): 325-349. 

BURROWS, G . M . (1959). A l is t of marine algae f r o m the West of Ireland 
collected by members of the Third International Seaweed Symposium. 
Br . Phycol. Bul l . 1(7): 47-60. 

(1960). A preliminary l is t of marine algae f r o m the Galloway 
Coast. Br . Phycol. Bul l . 2(l):23-25. 

(1963). A list of marine algae of Fair Isle. Br. Phycol. Bull . 
2(4):245-246. 

(1964). A preliminary l is t of marine algae of the coast of Dorset 
Br . Phycol. Bull . 2(5): 364-368. 

B .S .R.A. (1969). pers. comm. 

CHAPMAN, V . J . (1937). A revision of the marine algae of Norfolk^ 
J. Linn. Soc. Bot. 51:205-263. 

CHRISTIE, A . O . , & L . V . EVANS (1962). Periodicity in the liberation of 
gametes and zoospores of Enteromorpha intestlnalis ( L ) . Link . 
Nature (Loud) 193:193-194. 



86 

CHRISTIE, A . O . & M . SHAW (1968). Settlement experiments w i t h zoospores 
of Enteromorpha intest inal is ( L ) L i n k . B r . Phycol. B u l l . 3(3):529-534. 

CURTIS, J . T . (1959). The Vegetation of Wisconsin: An Ordinat ion of Plant 
Communi t ies , Madison Wisconsin , 

DIXON, P.S, (1963). Mar ine algae of the Shetlarids. B r . Phycol. B u l l . 
2(4);236-244. 

F I T Z G E R A L D , G.P . , & S . L . FAUST (1963). Bioassay f o r a lg ic ida l vs 
a lgis ta t ic chemicals . Water and Sewage W o r k s . August 1963. 

FISK, N . R . (196Q). An t i fou l ing without paint . Paint Techno!. 24(269): 13. 

FOX, H . MUNRO, & C . A . WINGFIELD (1938) A portable apparatus f o r the 
determinat ion of oxygen dissolved i n a s m a l l volume of wa te r . 
J . E x p . B i o l . 15:437-446. 

GOODALL, D . W . , (1953). Objective methods f o r the c lass i f ica t ion of 
vegetation: I the use of in te r spec i f ic co r r e l a t i on . Aus t . J . Bot. 1:39.63 

HARRIS, J . E . (1943). An t i fou l ing investigation - 1st Report of the Mar ine 
Cor ros ion Sub-Committee. J . I ron and Steel Ins t . 39:405p-420p. 

(1946). Report on Ant i fou l ing Research 1942-1944. 
J . I r o n and Steel Ins t . 44(2):297p-333p. 

ISKRA, E . V . (1960). Modern methods of prevention of f o u l i n g . T rudy Okeanog 
K o m i s . A k a d . Nauk; SSSR. 13:2-6. 

IVANOVA, K . L . (1961). In format ion on species composit ion of algae i n the 
overgrowth of ships i n the Sea of Azor and Black Sea. T rudy Ins t . 
Okeanol. Akad . Nauk. SSSR. 49:137^146. 

JAIN, S . K . , & A . D . BRADSHAW (1966). Evolut ionary divergence among 
adjacent populations. I I ts evidence and i t s theoret ica l ana lys is . 
Heredi ty 21:407-442. 

JOHN, D . (1968). Studies on l i t t o r a l and s u b - l i t t o r a l ecosystems-Ph.D. Thesis 
Durham Univers i ty L i b r a r y (Science Section). 

JONES, W . E I F O N (1964). A key to the genera of the B r i t i s h Seaweeds, 
repr in ted 1964 f r o m F i e l d Studies 1(4): 1-32 (1962). 



87 

. (1960). A L i s t of algae collected on the Northumberland Coast . 
B r . Phycol. B u l l . 2 ( l ) :20-22 . 

& M . S . BABB, (1968). The mot i l e per iod of swarmers of 
Enteromorpha intes t inal is ( L ) L i n k . B r . Phycol. B u l l . 3(3):525-528 

K A I N , J . M . (1960). D i r e c t observations on some Manx sub l i t t o r a l algae. 
J . M a r . B i o l . A s s . ( U . K . ) . 39:609-630. 

K A I N , J . M . , & G . E . FOGG (1958). Studies on the growth of mar ine phyto-
plankton. I . Aster ionel la Japonica. Gran . J . M a r . B i o l . A s s . ( U . K . ) 
37:394-413. 

KINGCOME, J . C . (1959). Raf t t r i a l s of underwater paints . Paint Manufacture 
29(1):5. 

L I N D A H L , P . E . BJORN. (1962). The inhib i t ion of Enteromorpha l inza (6) 
J . A g by sodium d imethy l dithiocarbamate and tetramethylthdnauam 
disuiphide. Physiol Planta 15:607-622. 

. (1963). The effect of sodium dimethyldi thiocarbamate 
and te t ramethy l tb iuram disuiphide on photosynthesis and endogenous 
resp i ra t ion i n finteromorpha l inza ( L ) J . A g . Physiol Planta 16:644-660. 

LAMBERT, J . M . & W . T . W I L L I A M S (1962) Mul t iva r i a t e techniques i n Plant 
Ecology IV Nodal Ana lys i s . J . E c o l . 50:775-802. 

M c A L L I S T E R , H . A . , T . A . N&RTsON, E . CONWAY (1967). A p r e l i m i n a r y 
l i s t of sub - l i t t o ra l mar ine algae f r o m the West of Scotland. 
B r . Phycol. B u l l . 3(2): 175-184. 

MOORE, J.J. (1962). The Braun-Blanquet System: A reassessment. 
J . E c o l . 50:761-769. 

NEWTON, L . (1931). A Handbook of B r i t i s h Seaweeds, x i i i + 478pp. London, 

NORTON, T . A , , H . A . M c A L L I S T E R , E . CONWAY and L . M . IRVINE (1969) 
The mar ine algae of the Hebridean Island of Colonosuy. 
B r . Phycol. J . 4(1): 125-136. 

OCEAN F L E E T S L I M I T E D , (1969) pe r s . c o m m . 



88 

GDUM, H . T . (1957a). T roph ic s t ruc ture and product iv i ty of S i lver Springs 
F l o r i d a , ficol. Monogr . 27:55-112. 

(1957b).. P r i m a r y production measurement i n eleven F l o r i d a 
springs and a mar ine t u r t l e grass communi ty . L i m n o l and Oceanpgr. 
2:85?97. 

______ & E . R . ODUM (1955). Trophic s t ructure and product iv i ty of 
a windward cora l ree f community i n Eniwetok A t o l l . E c o l . Monogr . 
25:291->32Q. . . . 

PARKE, M . & P.S. DIXON (1968). Check l i s t of B r i t i s h Algae-Second 
Revision J . M a r . B i o l . A s s . ( U . K . ) . 48(3):783-832. 

PARTINGTON, A . (1964). A n t i f o u l i n g compositions: The mechanism of t h e i r 
act ion and release of poisons i n re la t ion to paint f o r m u l a t i o n . 
Paint Technol . 2 $(3):24-32. 

PEARSALL, W . H . & L . LOOSE (1937). The growth of Chlore l la vu lgar i s i n 
pure cu l tu re . Proc. Roy . Soc. B . 121:451-501. 

POORE, M . E . D . (1955a). The use of phytosociological methods i n ecological 
investigation: I The Braun Blanquet System. J . B o o l . 43:226-244. 

' . (1955b). The use of phytosociological methods in ecological 
investigations: I I Pract ica l issues involved i n an attempt to apply the 
Braun-Blanquet System. J . E c o l . 43:245-269. 

(1955c). The use of phytosociological methods i n ecological 
investigations: I I I Pract ica l appl ica t ion . J . E c o l . 43:606-651. 

PYARE LA.L.ANAND. (1937). A n ecological study of the algae of the B r i t i s h 
Chalk c l i f f s . J . E c o l . 25:153-188 & 344-367. 

PYEFINCH, K . A . (1948). Biological aspects of the fou l ing p r o b l e m . J. O i l . 
C o l . Chem. A s s , 31(341):461-469, 

R I V E T T , P. (1965). A biological method f o r the assessment of leaching rates 
of an t i foul ing composi t ions . J . A p p l . Chem. 15:469-473. 

RUSSELL, G. (1969). pe r s . c o m m . 



89 

S H E L L INTERNATIONAL MARINE L I M I T E D (1964) Report on H u l l Foul ing -
Unpubl . . 

. (1969) pe r s . c o m m . 

SPENCER, C P . (1954). Studies on the cul ture of mar ine d ia toms. J . M a r . B i o l . 
A s s . ( U . K . ) . 3 3 : 2 6 5 - 2 9 0 . 

STEWARD, F . C . (Ed i to r ) (1963). Plant Physiology: A T r e a t i s e . . I I Inorganic 
Nu t r i t i on of Plants. Academic Press New Y o r k and London. 

STUBBINGS, H . O . & DJR. HOUGHTON (1964). The Ecology of Chichester 
Harbour w i t h special reference t o some fou l ing species. I n t . Rev. Ges. 
Hydrob io l . 49(2):233-279. 

SUMMERSEN, J .J . , H . A . PAGE, R . J . ZEDLER, S . M . M I L L E R (1964) 
Organotin based an t i fou l ing coatings f o r a lumin ium boats. M a t e r i a l 
Protection 3 :62-71 . 

T E A L , J . M . (1957). Community metabol ism i n a cold s p r i n g . E c o l . Monogr . 
27:283-302. 

VERDU1N, J . (1956). Energy F ixa t ion and u t i l i sa t ion by na tura l communit ies 
i n Western Lake E r i e . Ecology 37:40-50. 

W I L L I A M S , W . T . , fit.J.M. L A M B E R T (1959) Mul t iva r i a t e Technique i n Plant 
Ecology: I Associat ion Ana lys i s . J . E c o l . 47:83-101. 

• (1961) Mul t iva r i a t e Techniques i n Plant 
Ecology: I H Inverse Associat ion Ana lys i s . J. E c o l . 49:717^729. 

WOODS HOLE OCEANOGRAPHIC INSTITUTION (1952) Mar ine Foul ing and i t s 
prevent ion. Publ. United States Naval Ins t i tu te . 
Annapollc, M a r y l a n d . 

YOSHI, T . & VEDAK (1966). J . Soc. Nav. A r c h . Jap. 120:231. 

Z E N K E V I T C H , L . (1963). Biology of the Seas of the U . S . S . R . A l l e n & Unwin . 


