AR
W Durham

University
Durham E-Theses

A study of marine fouling ecosystems

R.E. Sims

How to cite:

Sims, R.E. (1969) A study of marine fouling ecosystems. Masters thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint /9266/ is made to the metadata record in Durham E-Theses
e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107

https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/9266/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

A thesis submitted by Richard E. Sims B.Se, (London)

to the University of Durham for the degres of Master of Science

Department of Botany
University Science Laboratories
South Road

Durham City

SRR gﬂclgfﬁg, >
1 5FEB 199

SEcTION
LIBr Ry

September 1969



Acknowledgemsnts

Abstract

Part 1 « INTRODUCTION

Fouling - its importance and {mplications

Part 2 . SHIPPING AND COASTAL SURVEYS

t) 1Introduction and aims

- 11) Results:e

a)»

b)
c)
-d)

e)

Fouling ecosystems present on the 'Kagzimah!
Fouling ecosystems present on gships in service
Fouling ecosystems of the Shipping Lines

Fouling scosystems of ships laid up in harbour
for long periods

Coastal survey of fouling algae and their
seasons

1i1) Discussion

{v) Summary of Findings

Paft 3 - EXPERIMENTAL STUDIES

1) Introducation and aims

11)  Results:e

a)
b)
¢c)
d)
e)

Warburg Manometry
Metabolic Flux

Growth Experiments

- Germination Experiments

Discussions

Page

111

11

17

26
29

30
LX)
a3

37
40



Part 4 - GENBRAL DISCUSSION

Part 5 - APPENDIGES

Appendix 81 - The Surveys : The methods employed

Section Slel The Kazimah
S1-2 Ships in Service
S1e3 Shipping Lines
8le4 Ships laid up for long periods
81.5 Coastal Survey

Appendix .82 - The Braun<Blanquet School of
Phytosociology

Appendix El - The Cultures - methods and material
Appendix E2 - Experimental methods

" Section E2e«1 Warburg Manometry
B2+2 Matabolic Flux
E2+3 Growth Experiments

Appendix B3 » Tables of Experimental Results

Section E3+1 Warburg Manometry
E3«3 Growth Experiments
BE3-4 Germination Expsriments

Part 6 - BIBLIOGRAPHY

54

54
53
56
37
58
39



ACKNOWLEDGEMENTS

I would 1like to thank Professor D. Boulter for the provision

of working facilitfes in the Botany Department during the period
of. this investigation; and to wmy supervisor, Dr. D.J. Bellamy, 1

| would like to extend my sincere thanks for his encouragement and
guidance during tl;ls investigation. I would like to extend my
thanks to the British Ship Research Associatfion for their assistance
and financial support without which this work could not have been
undertaken,

_‘My thanks are given to the following shipping concerns and
people for their help and co-ofmratton which played a great part
in ﬁhc production of this study:e

The following Shipping Companies for their coeoperation in
the Shipping Survey:~ Shell International Marine Ltd; and also
for their permission to use data collected by theam; Ocean Fleets
Limited; Blue Star Lines; (both of whom provided useful notes on
their past fouling htetoriéa); Bibby Lines Ltd; Peninsular and
Oriental Steam Navigator Company Ltd; Zseo Petroleun Ltd; British
Petroleum Tenker Co. Ltd; Trident Tankers; Texaco (U.K.) Ltd;
Everard & Sons Ltd; The Lowland Tanker Co. Lid; Overseas Tankship
(U.K.) Ltd; Harrisons Ltd; The New Zealand Shipping Co. Ltd; The
British Ratlways Board and the Japanese Embassy. |

To the following Shipbuilders and Repairers for permission and



i1

help in the collection of samples §£ fouling:~

Smiths Dock Co. Ltd; (Wallsend and Middlesbrough)s; Middle
Dq#k and Engineering Co. Ltd; Swan Hunter and Tyne Shipbuilders;
Brigham and Cowan Ltd; John Readhead and Sons Ltd; Vickers
Armstrong (Hebbura Works).

To Dr. G.T. Boalch and International Paints Ltd. for
permission to use notes collected by Dr. Boalch on the fouling
seasons of algae in the River Yealm; Dr. H. Blackler and
Dr. G. Russall for the notes on the distributions of the Genus

Enteromorpha and Ectocarpaceae in the Fife and Mersey areas

respectively; Mr. Wilkie and the Royal Navy for permisafon to
obtaiu samples from a number of ships laid up in Portsmouth
harbour and for provisiecn of divers to collect the samsples;

M. D. Jones for his help in collecting material for experimental
use and to other members of the Department of Botany who provided

useful discussion on this subject.




The gim of the project was the provieion of information
regarding the effect of various toxins on members of the fouling
écosyatcms. This was undertaken in two parts: A background survey
to provide information for the main study, the latter consisting
of experimental work.

Part 1 - the {ntroduction - deals with fouling, its importance

and implications to cbelShipping Companies and provides information
on the coste and historical aspects of fouling among other things.
Part 2 - the Surveys - provide information on the fouling patterns

- of gships both laid up and in service, as wsll as details of the
distribution of fouling algae along the British Coast and their
"fouling systems. The results obtained are discussed {n relation

to the changes in fouling ecosystems observed with the changes in
toxins used in anﬁifouliug paints. The implications of this being
discugsed in Part 4. A gummary of the findings is also included.
Part 3 - the experimental work = provides supporting evidence for
the changes observed {n Part 2 as waell as providing other {nformation
on the effect of the toxins used on the algai. The results obtained
are discussed in relation to the general effect of the toxin;
applications of the mathods used into future ressarch in marine

fouling and possible methods of bioassay.
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Part 4 « discusses the implications of the change over in the

iv

components of the fouling ecosystam. Explores the possibility of
new 1ines of research into fouling based on the experiments
undertaken and discusses the possible occurrence of resistance of
algae to toxins being used as antifoulants.

| Standard exéorimntal methods aéo given {n the appendix,

the remainder being included in the main text.



Part 1

INTRODUCTION



Fouling s a tem used to describe the settlement in excess
" of ‘marine organism, plant or aniiéi,'dr the hull of ships. The
‘ruult of such fouling s to increase the drag resistance and
results {n either a elowuf speed at the sams power, or the saws
speed but at a higher power output for the engine. This increases
coéts wvhich ever path is chosen. If a slower speed is maintained
the ships availability for cargo carrying 13 reduced thus rasulting
in a lower 1ncohn and higher runhing costs; 1f the speed 1s kept
" constant increase in power causes an increased fuel comsumption.
Sﬁell (1964) have shéwn that an increase of 27% in power was
required t§ maintain the standard speed with s ship which was
'fairly! heévily fouled and one with only slight fouling required
a 12.5% increase in power to maiﬁ:ain speed.

- A survey published by the Woods Hole Oceancgraphic Institution
(1952) gives the following figures for the effect of fouling:e

Table 1

Effect of Foulir aftoi six months out of dock in Temparate Waters

Type of ship - Displaecmnnt Loss of Max. % increase in fuel to maintain
: v Speed(knots) 10 knots 20 knots
Baztiash:@ 35,000 1.50 45 40
Afrcraft Carrier 23,000 1.25 L &0
Cruiser 10,000 1,25 30 45

‘Destroyer o 1,8% 2,00 50 35




The figures apply to ships of the Royal Navy in which an allowance
is made in thé design for an increase in frictional resistance of
0.25% per day in temperate waters and 0.5% per day in tropical
‘waters.,

In addition to the direct expense of increased fuel consumption
there is also an increase in '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. In 1940 this was
4,400 dollars for an 18,000 liner not including the loss of
revenue while the ship is out of gervice.

inalyses have shown (Woods liole 1952 from Visscher 1928) that
there is some relation between fouling and the time spent in port.
Fouling being heavier the longer the ship speNds in harbour. This
is supported (Woods Hole 19525 by the observation that Passenger liners
are less llable to'fouling than freighters, the latter spending more
time in harbour. Among naval vessels Battleships and Aircraft carriers,
which spend more time in harbour during peace time, than destroyers or
cruisers, are more likely to foul than are the latter.

Some indication of the importance of fouling can thus be
obtained the costs must be reduced if a shipping fleet is to be
run efficiently. The aim at present must be to reduce the onset and
density of foqiing until the time that a ship is due to be dry docked

for repair purposes not to be de-fouled. This is sufficient for most



'pauenger and cargo ships &t another problem has evolved in recent
times: that of the 'giant' oil ﬁnker. These ships of 100,000 to
250,000 tons are so expensive to build and yun that they have to be
run as efﬂciﬁntly as possible. This requires & very short turn
round time at each terminal snd thus very littls time is spent in
harbour or at the oil terminal. This would tend to reduce the
density of fouling (see Visscher 1928) but this is complicated by
the much greater cost incurred when fouling does occur. These costs
exceed those of normal ships and the cost of this is increased by
the fact that the return run of the tanker s one in which the
ship s not carrying cargo and any increase in the tims taken is
effectively far more expensive than in 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). 6hell have
shown that the annual operating loss per year is in the order of
0.15 knots. Por a tanker of 20,000 D,W.T. this costs £2,000 p.a. due to
tncrease in fuel consumption alone. For one of 80,000 D.W.T. the
cost rises to £6,000. .

Another operator found that one of their ships required an

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

another of their vessels in the same t{me span required an increase in

pbwer of 52% to maintain the speed. Other figures given indicate that



for an 80,000 ton tanker fouling results in a cost of £37,000 p.a.

- of which £10,000 p.a, 18 duo to loas of revenue while ocut of
service; £10,000 p.a. for dock charges and £2,000 for painting.
One large tanker operator puts the loss for an 80,000 ton tanker
at £30,000 p.é. for loas of speed alone of which 90% 13 caused
by.fouling and 10% due to roughaning of the surface and not
recoverable. On top of this the figure given for dock charges
iﬁ £1,500 « £3,000. In order to prevent or veduce fouling,
ships are costed with a nuaber of compounds aimed at stopping
attachment and growth of the fouling organisms. The use of
antifoulants dates back to 1000 B.C;, the Phoeniciens having
used pitch and copper on the bottom of thair ships (Weod Hole
1952). Lead sheathing was used by the 15th Century Spaaish ships
but the large weight and softness had its disadvantages.

There is no suthentic record of copper being used bsfore
the 18th Cantury. In 1758 H.M.S. 'Alarm' which was plated with
~ copper which kept' it wead fres during a return voyage to the
West Indies.

Difficulty was encountered when the hulls of ships began to
be made of iron due to the corrasive action of {rom and copper
on each other. This resulted in the gradual replacement of
coppar shest with paint systems employing an undercoat of anti.
corrosive before the antifouling paint, initfally copper based,



was added.

Antifouling paint systems have besn numsrous in design and
performance. The general formula of an antifouling paint {s
the toxin (copper or organomstallic) in am orgsnic solvent which
is dissolved in a mﬁtrix of someort. The toxin being released
‘as the matric is dissolv:i. The toxin and matrices used vary,
but ¢opper and organemetallic are those most often
employed. The formula of each paint is critical to enable it to
be most efficient in its action. Partington 1964 using s system
of Cuprous Oxide, rosin and soluble plasticise:r showsd that total
soluble material must exceed 52% of the totel volume of paint for
it to ba effective. Fisk (1960) suggests that the anticorrosive
and matrices may also play soms part in 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 for antifoulant
purposes can bs described under three headings (Birnbaum et.al 1967) «
Hot plastic : Phenol Formaldehyde resin; rosing paraffin and Cuprous
~ Oxide applied in a hot metsl.
Cold Plastic : liquid phenol formaldehyde resin; rosin; fish oil and
_ Cuprous Oxide
Vinyl : which requires greater surface prsparation but gives better
results.

Recantly organomstallic compounds have begun to bs used as toxins
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and has genérally led to an increase {n the life of a paint,
Howaver, the sconomic value of this is tied in with a2 number of
factors. Lloyds of Londom wm'aum‘ ships to be at sea for a
maximum of two years without overhaul. Thus 4t £s in the interests
of the meis to aim to get as near® this mxtmn ag possible
before having to dry dock the ship.

The copper based paints gava protegtion for a perfod of
approa:thntaly twelve months (this sxact period depsnding on a
numbar of variables: spead, tampsratuze etc.) This necessitated
drydocking after only one year at sea. An slternative, taken by

 certafn companies, allows the ships to stay out for two years
while deing fouled during the second year. This increases fuel
bills and reduces the amount of trade but mey be compensated by
lowered docking costs. |

The use of organometallic compounds fncreases the 1ifs of

| the paiut and thus -.?éduccs the time spent fouled while at sea for
the two years raesulting in a saving in operating costs. However,
the cost of painting & 200,000 D.W,T. tanker with organcmetallic
antifoulants is nearly £6,000, that for an orthodox paint system
£3,200, The raduction im operating costs with the us¢ of
organometallic antifoulants must be {n the region of £3,000 (Les
1969 in memorandui to B.S.R.A.), 1In many cases the saving is

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



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

antifoulants would appsar to bs on a sound economic feoting.

The use of organcmetallicsas antifoulants provides a difficulty
in the analytical stage. BSeveral authers have shown the apparent
relationship of the leaching rate of the paint with the effective-
ness of f@ﬁling. Barnes (1948) showed that with copper based

2 day"1 prevented nearly all

paints a leaching rate of 10 ug cn”
settlement. This relationship has been used since to provide
fnformation on the life of paints.

With copper baged paints this minimm leaching rate before
fouling starts ¢an be measured accurately by chemical analysis.
Howaver, with the organometallic paints the concentration required
to prevent fouling {e much lower. Rivett (1965) showed that, for
Chlamydomonas, growth ceases at 0.005 ppm of tributyl tin oxide,
The use of chemical analysis to determine concentrations of toxins
ag low as this preaents difficulties and amuch reliance is now being
placed on blosssays for their detarmination (Rivett 1965).

Just as the methods of antifouling p,rétsctiom have changed
over the years seo have the fouling communities though thess changes
are not necessarily cencomittant. With wooden hulled ships the
boring animals, such as Pholas, used to ba the main problem (Woods

Hole 1952). The onset of metal hulled ships produced a change to a



commmity dominated by barnacles and tube worme but also including

gresn and brown algse. When the speed of the ships increased to
a rate greatar than 15 « 16 knots (B.S.R.A. and Ocean Flests Ltd.
1969) there was another change. This speed proved too great for the
settlement of barnacles and tube worms to be successful and the
4£o;u1ing comounity changed to one dominated by the green algae
(Entercmorpha), Harris 1946. In the last few years veports have
suggested that the main fouling community have again changed from
the gresn algal domination to one dominated by brown algas
(B.S.R.A, 1969; Shell 1969) this continuing to the present day.
As & result of these changes and theeonomic {mportance of

| 'fou.ling to the Shipping Companies the Department of Botany at
Durham University was given a grant by the British Ship Research
Association to study variocus aspects of ship fouling,

The aim of this study was the investigation of fouling
ecosystems found on ships, in relation to the sntifoulant systeaw
in current use,

The research s in two parts: A survey of current fouling
organisms and experimental work relating to them. The survey, although
providing background materfal for the project as a whole*was one
1053 term bagis and es a result experimental work had to be started

- before the full results from the survey were knowm, The selection
of experimental material was therefore modified as work progressed.

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



Part 2

SHIPPING AND COASTAL SURVEYS



THE SURVEY OF SHIP FOULING ORGANISMS AND THEIR COASTAL DISTRIBUTION
. M

Five surveys were carried out to provide background knowledge
of present day fouling:a |
1)- A survey of the distribution of fouling organisms on a ship

entering a local port for drydocking after a normal period

of sarvice at sea. The study was designed to detect any
pattern in the distribution of fouling ecosystens on a ship's

hull. The information gained from this would determine the

pattern of all further sampling.

ular Service in order

2)

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

end Shell 1964. Although there is sach evidence of major
differences in the composition of contemporary fouling ecosystems
thers has been no datailed study of this reported in the

11iterature.,

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

of the above in order to obtain as much background data as
possible and fncluded both the examination of samples of fouling

sent by the companies as well as details of fouling from their

own records.

4) A survey of fouling ecosystems present en static objects
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The ships investigated in the above surveys are all in

ragular service and are subject to defouling and replenishing of
their antifoulant at regular intervals (usually every twelve to
eighteen mﬁtbs). Thi, together with the movement of the ship
through the water, prevents the build up of a mature fouling ecosystem.
Previous investigations into the mature fouling oces.yucﬁ have bsen
carried cut using nonetoxic test plates, rafts, buoys and other
static objects (Stubbing and Houghton 1964; Harris 1946; Allen and
FergusonsWood 1950 and Sumnsrson et al 1964). It was decided to
take the 6pportun:lty of atudying the foulirg on s number of ships
of the Royal Navy Reserve Fleet which have been laid up in
Portsmouth Harbour for long periods of time. This would provide
information on the mature fouling ecosystem appertaining to a ship
and provide comparison with that found on other static cbjects.
5._ A survey of the distribution of the fouling organisms around the
coast of the British Isles. This was carried out to provide data
relating to the possible source of fouling. ‘

 The methods used in the above surveys are given in the Appendix
81. The results arse presented and discussed below. The main

discussion i followed by & summary giving, in outline, the main results

of th_e survey.
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Rasults

Lo o 2 s g

The data obtained frem the suvvey carxvied cut are giveer ix
tebles 2«4, Tebla 2 showa the variations of the fouling systes
ovar the bull of the ship (e.g. Kazioah). It shows that in this

\wuol and subsequantly others have shown that {vwe basic eommmitics
exist, One of thess ¢corrmities is domivated by the greem algae,
ntexomarpha genis the sscond s cns of desisatien
by brown algae of the fumily Egtecarpagsss. The two eommmicies
warged abont the mid line. 7This ssparatiom of the commumities was
seon in most of the other vessels geen howaver there wes ons basis
differcace. The 'Eastxali’ had the brewn algae st the xop of the
butl end the green ot the lower side of the hull, Elsewbera, this
position was vavarssd in that the gresn tandsd to bs on the light
lond Line and che Brown below this.

The above exaople sst the pattern for future sampling, The
remsinder being sampled, where possible, at two sites ca the Bull
¢ne neax the bilge keel and the othoer adar the light losd lina.

" Before giving the rasults of the oein part of the survey those
of the clisax fouling comamumity will be givan. These ssmples havieg
bean taken frem four ships which had besn lying in Pertemcuth Narbour
for varyisg lengths of time. The results sre given im Table 4 in

the form of an Asscoistion table. The zaw table of species and sites
with their vccurrance values have bean resorted follawing the method
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of BrauneBlanquet1928 (See Appendix for brief description)

From the table it appears that there are thres fouling
commmities which appear to bé temporarily separated.

The £irst community of Diatoms, Ulva lactuca, Polysiphonis nigra
and Betocarpus siliculosus is found to be dominant on the samples
taken from the 6£rcra£t carrier and destroyer, these having been in
the water for six m:m and two years raspectively.

The second commnity to appear which tendad to be deominant
on the four yéa: old ships was one in which Balanus balanotdes,

Botryllus gchlosseri and Molgula manhattiensis wers the main
organisas present. This would appear to be the basis of the climax

fouling ecosystem and is later surplanted by, or incorporated with,
an ecosystem (community 3) which consists of Jassa falcats,

Ba:mt;hoe. ngridg and Cfiona intestinalis.

. The remaining specles gave only odd occurrences and little can
be gained from them.

In goneral the algae were more abundant in samples teken from
the water line than that taken from the bilge kesl. This would be
expected from the resultant decrease in light intensity with
increasing depth. However, the members of the Enteromorpha genus
were geen on the bilge keel sample from the destroyer.

From the above results what appears to be happening is that
the initial fouling commmity of algae ia replaced by one dominsted by

Ascidians and Barnacles. Later this commmity increases in diversity



13

with the occupation of vacant niches by Crustacea and Polychaetewarus
this forming the climax ecosystem. '

The data obtained from the ships studies {s given in Table 3.
This is qxprebsad on cover vslues for the ip«:tu in the sample
taken. Other informat{en 1fsted is the toxin contained in the
antifouling paint, the months elapsed since the last painting and
the month of last painting, the general area of trade, site of
sample and density of fouling.

After vearrangemsnt there appesr to be a numbar of commmities
present, One consisting of Blidingis Marginata and Enteromorpha

prolifers is ons which is present ﬁhmuahouu the table but with a
greater cover vs!ue' in the samples taken from the water line.

A sscond community of Ectocarpus siliculosus, Feldmannia globifera

end Giffordia secunda is generally limited to the area of the hull
balow the light load Iine. Within this commmity it can bs seen that
Peldmarmis globifera occurs when the ship 1s hc#vtly fouled. Ectocarpus
raaches its greatust expression whan the ship is lightly fouled while

Giffordia secunda is more genéral in its distributiom.

A third comamity s formed by Enteromorphs torts and EInteromorpha
compyessa. This is generally found in the water line samples. The

ships involved had all been on world wide voyages, the Crystal Crown
having traded throughout the world although its main reute was the

Atlantic route.
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~ Names of Ships

St. Margaret
Pando Strait
Administrator
Sugar lmporter
Kazimbh
Verena

- B A T

Route
W World Wide

FE PFar East
ME Middle East

~Toxin

Cu Copper

CO Copper plus Organoetin

Position of Sample

B Bilge kesl
W Water line

Dansity of Fouling
H Heavy

Table 3
Key:s
7
8
9
10
11
12
us
Au
Co

8
R

¥ Medium

Crystal Crown
Northern Star
Clan Grant
Foreland
Athelduke
Pulham 1X

North America and Caribbean
Australasia

British Coastal Waters

C(0)Copper possibly with organotin

Side
Rudder

L Light
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One other tentative community s that of the Barnacles and

| .‘mbo worms. These were of sporadic occurrence but all the ships

involved had been st sea for perieds excesding eleven months.

' 1t was rare that the density of these would be great and most

individuals were of smzll sisze ina_ienting a recent origin of

settlement. The remaining species tendad to be rather scattered.
The "Fulhem 9" gave an anomelous result. ligre the fouling

commmnity was one of diatomsceous slime and Chaetsmorphs 1inum,

This differed from the ramsinder on being an entirely coastal

vegsel probably spending smch of its time in esturine waters,

these algse baing typical of esturine waters.

Coastal Distribution

The sites from which the algal lists were taken are given
in Fig. 1. The lists ari given i{n Table 5. They hive not been
re-arranged forming a "community" type arrangensnt unlike the data
from the ships hulls. Tho's!.tcs have been arranged clockwise
around tha coast starting in the Shatlands.

From the results it can be seen that Ectocarpus siliculesus,
Enteromorpha compressa, Enteromorpha intestinalis, Enteromorpha linsa
and Pilyella littoralis are of general asccurrence throughout the

British Igles. The remainder vary from localised to scattered

occurrence.
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11
12
i3
14
15
16

17

18
19
20
21
22

Key to Sites of Coastal Survey

Shetland Islends
Fair Isle
St. Andrews
St. Abbs Head
Boly 1siand
The Northumbsrlend Coast
8t. Maxy's Island
Souter Point (Sunderland)
Hartlepools
The Norfolk Coast
Westgate
Chichestar Harbour
The Dorset Coast
Bger Day
Brixhaa
River Yealn

Porthallow
The Lisard
Porthmellin
Pancance
Rogktlly

24
23
26
27
i8
29

231

32
33
34
33
36
37

39

41

(A G

Porthcotham

Lamorna

Sennen Cove

Isles of Bcilly » St. Mary's
Isles of Scilly « Et. Agnes
Isles of 8cilly « Bryher
isles of Scilly « 8t. Martin
Cape Cornwall

Porthreath

Combe Martin

Gowar Peninsular

Milford Haven

Cum-YreRglwys

Martin's Haven

Forth Wales and Asgleses
Mersey and New Brighton
1sle of Man

Gallouay

West Cosst of Scotland
Firth of Clyde

Colonosay (Inner Hebrides)
Gair Loch and Loch Terridon
The West Cosst of Ireland




Table 5. Tue ConsTaL DisTRIBUTION OF MAarine Fouuing ALGAE

. m.nwoho.«mv oceae
€Ectocarpus mewC://?uﬁym.

€Eclocarpus siliculosus.
Feldmaxnnia globifera.

Feldrmanmia \rye .wr?v.«fm.
Feldm anmio sitmQlex.
G-iffordio. {enestyato.
Gi{{ordia Jﬂorﬁfrﬂowo! :
Giffordio hindwsice.
Giffovdia mitchellae.

Gif{ordia sandviono..

G .rﬁoJ‘ dilo secundo..

Keutsingiella boXtersit
Keutaingi ella. olme sit.

Pilyella ittoralis.
Edocarpus 5@

Gif{ordia soo.

U lvaceae
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m:?é? minima.

Entevomorgho. Acddhrata .
Entevomorgho compressa..
Enteromor ghoe triYestinalis
Entevomorgholinza. |
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Entevomor gha vamulosa.
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Zstecarpus fasigulatus is generally restricted to the west cosst 7
of Britain with e few scattared localities on the e2st aite altheugh
this msy be dus to sampling in the north east and the blas of the lists
to the south and weat,

Giffordis Wincksias shows & more consistent occurrence
on the scuth wast cosst than alsawhers although it does occur on the
vest coast of Sqotland and Irelend.

The remainder on the 14st are of limited cscwrrence ot
of scattered occuryence throughout the British coasts.

The foulling psricds of :lgas in the River Yeslm are given
in Table 6, fxom the data of G’-;’l'; B@alch..‘ Uafortunatsly, the genus
m was not split to species level, |
Ths reqults sre given on:w

a) a mouthly basis
b} o ssasonal basis

The former ware replaced et southiy intervals and nspected. The letter
wers iuspectad #at monthly fmtervals but not riplaecd. Also ons
serfes was placed at the surface (30 cm depth) and was placed st an
aizgle of 45° to the surfece at a depth of 60 cm., thus bedng (n
portal shade.

The results obtained from this show that Estecarpus spp,

Bateromorpha épp, and Relyaiphonis spp the fouling season extends
from Maxeh to October. The fzam of oceurrence of these s
aleo high throughout the sassen. Giffordia spp hes a season exteading
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from April to October but s of lower frequency than the above

three genera: The ramainder have a limited fouling season generally
rastricted to on§ or two months of the year, Gifferdia granulosa has
& bimodal fouling season, one part in April and May, the second |
in August to Octebur. The remaining species of the gerus Giffordia
tend to have their season in August to Septezber. Pilyslla
littoralis, however, while being ubiquitous on the littoral zone

{6 ltmited in its fouling period to May, June and July.

In genoial the seasonal plates follow the above pattern from
the monthly plates, The plates angled at 45° show some variation.
There 18 & veduction in frequency of occurrénce and also in the
length of the neaéon. but that of Ceramium rubrum is lengthened. This
woilld seem to be a result of the drop in light intensity due to the

angling of the plates.



17
Discussion

The results of the ship fouling survey show two clear sreas
of fouling. One band of green wesd at or nearthe light load line
and below this an area of brown weed., Tube worms and barnacles were
generally absent or of low incidence.

Previous surveys have shown that the green wesds, (Enteremorpha spp)
tended to bs the dominant form of fouling when the vessels were
running et sufficiently high speeds to prsvent barnacle settlement.
Harris 1946 showed that in samples from a lerge nusber of vessels
Enteromorphs and Ectocarpus were the most abundant gensra. He states
that Enteromorpha formed the bulk on all ships. The sume author
gives datails of a series of samples from ships taken at Liverpool
and Glasgow from 1942 to 1944, In thess he showsd that at the

_waterline Enteromorphs was the dominant form and this aerged gradually
- to an animal fouling nearer the keel.

Dats frow the Woods Hole Ocesncgraphic Institutfon 1952, show
that while on Buoys and Tast placca Betocarpus occurs with the same
frequency as Enteromorpha, on ships Entercmorpha is almost twice
e¢s common. This {s also supported in data from Hentschell 1923 and
vinochtr 1927 in the above report,

“The data froa Boalch shows that both Enteromorpha and Ectecarpus
favour high light intensities but Ectocsrpus is less sensitive
to a drop in light intensity aleo shown by Barashkov and Fedyakina 1965,
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Ivanova (1967) in 32 samples from 9 vessels cﬁeuad that Enteromorpha
and Cladorpha were the most common algae and gives details of
certain vessels with zinc plated iron being fouled with Enteromorpha
snd Ectocarpus after 2 - 4 months. " One vessel painted with a
copper-mercury antifoulant was fouled with Enteromorpha after one
year. Kingcome (1959) states thst Entercamorpha was less sensitive
to copper than Ectocarpus.

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

. Recent reports have indicated that there has been a shift during
the last few years from green to brown weed as the main fouling typs.
This is correllated with the introductton of organomstallic compounds
as suitable toxins, This change over has been noted by a auzber of
shipping concerns and was thought by at leaast one to be due to this
ﬁse of organcmatallic compounds in antifeuling paints. Experimental
evidence cited later would seem to suppoxt this view and {f one
assumes it to be so ene can explain the results obtained in this
‘survey and those given elsewhers.

Cne fact that ﬁas to be taken note of is thst many ships are only

coﬁctad with ant{fouling paint as far as the light lcad line. Only
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in 2 small number of vessels is the antifouling carried ocn above
this level. This allows the assumption, that with organomstallic
toxins the brown weeds are the chief fouling organisms, to seem a
~ reasonable one, ‘

The water line samplas were taken from nmear to the light load
‘line and probably above the zone of antifoulant. This area was
predominantly of grnn weed with only the occesfonal occurrence of
brown weed. This is what is axpscted 4f mo sntifouling (A/?) paint
had been used.

The bilgs keel sample wcs taken in the sone of A/F paiut and
here the predominate forms were ths brown algae and although

grean algas dt& occur occasionally, it was with only low cover values.
The information obtained from B.8.R.A. concerning the toxim contained
in the A/F paint was that most contained copper although a number

of manufacturers had been exparimenting with organcamtallic toxins,
few had given positive indication of its use in their paint.

However, from the data obtained here, and from the experimental
results, suggest that most of the paints contained organomsetallic
(probably orgsnotins) toxins. If this is so it would explain the
deminance of brown weeds on the lowar part of the hull below the
1ight load line. This observstion is net solely explained by e light
gradient as generally there is a district boundary between the greens

and browns not & gradaticn a6 ons should expect 1f thers was no distinct
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physical or chemical boundary.

These assumptions, based on experimental evidence, can be
usaed to explain the distribution of fouling organisme found on the
'Kaaimah';. Here the green weeds ware dominant on the lower
surface of the hull belew the light load 14ne, and the brown
weeds were dominant above the light load line. This i3 the
reverse to that found elsevhere, Unlike the other cases there
was a gradual amerging of the two communitfes. This suggests that
there was no abrupt physical or chemical changees suggested for
the other ships. One assumes from this that the A/P paint continues
up the sides of the hull to a point sbove the heavy load line.
The distributicn of the algae also supports this 1f {t {s assumed
that the organotins faveur brown weed fouling. The green weeds occur
below the light load line and tbiﬁ is subject therefore to continuous
leaching by the saz, The ares of the hull above this level will only
be subject to intermittant leaching and as thil.vessal is a tanker
this 1ntormi£tanc leaching will last roughly for 50% of its total
time at sea, Ono would expact from thig that at any given time the
area below the light load line would contain less toxin than above
that level and therefors would be expended before the latter level.

Once the paint has bean exhausted it would be expected that the
green weed would become the dominant form and this would be expected

th.occur first on the lower part of the hull as seen here. Thus one
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can explain the apparent anomaly of the 'Kazimsh! by suggesting that
she had been coated with an organointaluc paint further up the
hull than is normal and that the differentf{al erosion of this paint
has resulted in the two commnities found. The gresn weed being
as the lower eahauntéd surfaces, the brown on the upper still active
surfaces.

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

The use of a number of paints. suggests that there would be
a similar variety of compositions and these would be expected to
give different results. Hhorg brown weed is the first fouling noted
it can be sgsumed that these paints contained organotin compounds.

These ware generally seen in supartropical and epoxy A/F paints. The

change over to green weed could bs ascribed to the exhaustion of

the paint at least of the organotin contained theraein. The

vatiebility in the change over could be due to the differing coompositions

and therr decsy times and net necassarily any differences in routes.

Althaugh in certain cases this may not hold. Support for this {s
seen in that the wasd at the end of the voyage, in the ships which

passad through the brown weed fouling stage, was very heavy, an indication

of exhaustion of a paint but before any settlemsnt of barnacles.
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This would also havé been saen in the 'Kazimah'! i{f only half the
hull had been painted. The fact that most of th;se ships were
fouiing after only a few months at sea suggests that their formulation
18 unsatisfactory,

¥hile barnacles and tube worms seem to be not as frequent as
they used to they still occur. Ocean Fleet Ltd., report that shell
(Baxnacle and tube worm) fouling is greater in their ships working
beluw a speed of 16 knote. In the survey carried out the barnscles
and tube worme were of small size and probably recent origin but
samples returned from the second survey ihaw that barnacles still
cause a problem to certain owners. In oné case hydroids were sesn
suggesting virtually total exhaustion of the paint.

The fouling intensity can be modified by a number of factors.
Blue Star Lines report that feulins'docn not affect them greatly as
thetr'shtps often pass through fresh water or silt laden water or
over abrasive su:faces (South Amarican Trade) and this prevents long
term settlement of algae. However, recently occurrances of oysters
have been repbrtad.-and this gives rlie to concern among certain companies.
The éac: that fresh or silty water can remove fouling has besn known
for many years but not all ships can make Qaa of these.

Turning to the difference observed in the climax fouling
ecosystem and that generally found on ships, the climax {n

Portsmouth Harbour appeare to be one of Barmacles and Tunicales as the
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dominant organisms with the insect larvae and crustaceans also

coming 4n at the dominant gtage. A zonation of fouling was observed
and the algae ﬁere generally limited to the upper areas of the hull,
-the animals to the lower areas. The chief algas involved were

- Ulva lactuca, Polysiphontia nigra, Diatome and Ectocarpus siliculosus,

greatly different from the fouling scen on ships. This climax {s
seen in Plymouth (Harris 1946) where Ascidians are the dominant form.
Stubbtngs and Bought.bn (1964) have shown that in Chichester Harbour
and adjacaent harbours on the gsouth coast the dominant forms in
aidsumner are the barnacles but in late summer tunicates become

the dominant form but generally die off over winter.

The difference between the climax and general fouling ecosystems
can reéduy be explained, Barnicles are only serious when the spsed
of the ship 18 below 16 knots, and as most of the ships investigated
axceed this speed they do not constitute a problem; Pyefinch (1948)
gave details of the fouling sequence due to decrsased toxin
concentrzation in the paint. This sequencae, from most resistant to
least rutgtant, is as follows:-

Brown mats (Bctocarpus type) - Hydroids « Enteromorpha -~ Ectocarpus «
Barnacles <ee Ascidfans Ulva and Laminaria. Harris (1946) shows that

l-’olznighonia and Ceramdum are very sensitive to copper.

Thus with fast ships and 2 toxin concentration just below the
maximun to allow fouling one would expect it to produce a fouling
ecosystem of Enteromorpha and Ectocarpus the hydroids being too fragile
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to withstand the movement through the sea.

The tuporcancq of the fouling season of the algae is that it is
only at this time that fouling can occur; when the algae liberate their
spores. Thus by knowing the fouling seasons of the ports of call
during a voysge one can estimate when the fouling is most likely
to start and, with data from thelife of the paints, take additional
steps to prevent it.

Results show that the distance from the shere is in inverse
relation to the degree of fouling (Ivanova 1961) and thus protectfon
would be required in harbour. This would take the form of a temporary
structure of tubes releasing low concentrat{ons of toxins to prevent
attachment. This idea hsg been tried on a permanent basis on ships
| (Iskra 1960, FPisk 1960). Other ideas that have been tried include
- Ultrasonic vibrations (FPisk 1960, Xakra 1960, Aksel'Band 1960) but

| the energies required for large ships are too great to be economic.
Yoshi and Vedak (1966) have experimented with electrolytic methods
but corrosion of the mta'l is a possible poinz on vhich this will not
succeed, Thlll paints would appear to be the main antifouling system
used for some time to comas.

The coastal survey hag shown that many of the normal littoral

_and subl{ttoral members of the genus Enteromorpha and Ectocarpaceas

are found on fouling organisms. It might be possible, therefore,
. to estimate where the failure of the paint hes started by comparing
the flora of the ships hull with that of the coast around the port of



call, This, of courss, has severe limitations as the data amassed
here is restricted to the British Coast, However, if lists could

be compiled at the other major shipping ports then this could be
t,:'eatad. Analysis would show, 4f this assumption is correct, the

date of commencemsnt of fouling. This would provide useful information
_on the 1ife and behaviour of the paint of importance to both the
‘shipowners and paint manufacturers. One example we have obtained

the m.v. 'Calchas® docked at Birkenhead and Liverpool during ons
.veyage., The langth of time spent in Livarpeol was 14 days. The flora
was found to be:~ Enteromorphe comprassa, E, ramuless, E. prolifera,

Ectocarpus sfliculosus, Giffordia secunda and G, sandriana, The local
flora includes E. compyassz, E. prolifera and Ectocarpus siliculosus.

Thase are very widespread algae and any conclusion weuld be very

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

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

along with the bow wave caused by the passage of the ship through
the vater,

" The pattofn revealed 1s a result of a difference in the vertical
distribution of ths fouling organisms, there being no variatien
horizontally and takes the form of two bands of fouling, (the
components of which vary) which merge gradually at the light load
line. The only other observable patterns are those relating to
biigo exits and other obstructions on the ships hull. Providing
these last mantioncd are avoided and sampling restricted to the major
zones of fouling, the samples would appear to be ecologically comparativa.

The fouling ecosystems from ships with different routes have
~ remarkasble similarities which are susmarised in Table 3.

The main fouling orgenisms found are:-

a) Blidingia marginata; Enteromorpha prolifera - of general

occurrence through the hull,

b) Betocarpus siliculosus; Feldmannia globifers and Giffordia secunds
l1imited to regions of A/F paint if organotin i{s a constituent,
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c) Enteremorpha compressa and E. torta limited to areas near
the water line but above regions of A/F paint if organotin is

a constituent. On nonetexic or with copper on the toxin

Bntmﬂ# spp dominates over Botocarpus spp as seen here and

in Harris (1946),

d) Bamaclu'md tube worms, these only occur in low densities and
gcnnraﬁy as iomature animale and are thought to have originated
while the ship had bm travelling at slow speeds or had been in
harbour recently. From the above data and from correspondence
vith shipping companies there has bean a major change in the

- components of the fouling ecosystem, Where as previcusly the
| grasn algae predominated, the browm algas now do so. It appears
that this change occurrad at the same time as the fntroduction of
organomatalldic toxins into antifouling paints.

While the hull below the light load line i{s covered with an
,.antifonlant paint and weed free for 12-18 months, that above the light
-load line s subjee.é to rapid fouling due to the lack of protection.
Extension of antifoulant paints to the level of maximum displacement
_mlgixt reduce the cost due to fouling on vessels fully loaded in use
(1f oil tankers 50% of the tims are sapty).

While the major fouling algae are of widespread occurrence around
the British Coast, ships anywhers in British waters during the fouling
seaacns of the more restricted algae (Table 6) could receive an

incculum of the fouling algae of a specific district. Exact information
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‘regarding the l1ife history of the propagules of the fouling organisms
is required before fouling organiszs with restricted natural

distribution can be as indicator organisms.




Part 3

ZXFERIMENTAL WORK
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Bxperimental Work

The experimental work carried cut had _thru basic a.un:-

1) 7To investigate the action of toxins on the major cempounds of
fouling systems in an attempt to iselate ;hc cause of the shift,
i{n fouling, from green to brown weed.

2) To use experimental techniques in the above investigation which
would allow the assessment of antifouling properties of new
compounds which are toxic to dilotic systaems,

3) To develop thess methods as potential bioassay techniques for

use in the estimaticn of leaching rates of the antifouling paiants.

Material

The algae used in the experimentsl work wers:e
Giffordia secunda (Kutz) Batt

Giffordia fenestratas (Berk ex Harv.) Batt
Bctocarpus siliculosus (Dillw.) Lyngb:
Pilyella littoralis (L) Kjellm
Enteromorpha intestinalis (L) Link
E, compressa (L) Grev
E. linza (L) J.Ag.
Thess algae were collected from varicus sites along the coast of
Horthumberland and Durham from both the littoral and subelittoral

zanes. They were stored in sea water culture solution in a constant

environmant room until required, Collection generally betng
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arranged so that this period was as short as possible.
Details of the culture solut:i.on-and culture teshniques are given
in the Appendix - El. b

Four experimental procedures were carried out:e

A Warburg Manometry
" The aim of this sxperiment was to show the effect of the toxin

| usad on the metabolism of the algae {nvolved. This should provide a
-rapid technique for toxin assesswmsnt.

The Warburg appaia:ua is used to give a measurement of the
respiration and photosynthesis, both net and gross, of a plant,

Details of the msthods involved are given in Appendix R2.1.

: Retﬁttg |

The results of this experiment are given {n Appendix E3,1-E3.3
and summarised in graphic form in Figures 2-12,

Tributyl tin hydroxide (T.B.T.OH) appesars to act upon the alga's
~ metaboliem producing increzsed respiration and net photosynthests.
The increzse in the £ornior being greater than that in the latter bring
about & resultant dacruée in gross photosynthesis (Pigures 2,3,5 and 6).
This effect 18 far more marked in the green algae (Enteromorpha spp)
l_:haﬁ in the browr':‘algno (family Ectocarpaceas) as in Enteromorpha

comprassa and Enteromorphs intestinalis their compensation point s
reached with a solution of T.BsT.OH of 1-2% saturation in sea water,

In the Ectoeamcdae tested the compensation point i{s either not
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reached or crossed only at solutions nearly saturated with T.B.T.OH.
Enteremorpha linga proved to be an excepticn producing random
fluctuations in photosynthesis and to a lesser extent, respiration.
Concentyations of T.B.T.OH of between O and 0,05% saturated
solution would appear to reduce both photosynthesis and respiration {n
& number of the algae tested. This is followed by am increass,
. vapid in some cases, in both at 0,1.0.,2% ssturated solutfon.
Between 0.2 and 12.5% there is a gradual fall follecwed by another
increase which continues to the higher concentrations. It is this
increase which reduces gross photosynthesis to a great extent in the
brown algae but the first named increase which causes the reaching
of the compansation point by the green algze. |

-Cuproua oxide would saem to act in a different way to T.B.T.OH.

Here there 18 an initial stimslation in gross photosynthesis between

1 as a result of increased net

concentrations of 0-0.5ugCuml”
photesynthesis and respiration, the {ncrease in the former excesding
the latter, Normally, there: follows a gradual decresse in gross, '

net photosynthesis and respiration ag the toxin concentration increases.
This 1s exemplified by Ciffordia fanestrata and Ectocarpus siliculosus.
(Figs 9-10). With Rnteromorpha intestinalis and Pilzgl}a 1ittoralis

thers is the initial stimslation followed by a decrease in the three

components batween laSugcun1'1¢ Above this concentration there is a

-socdnd increage in photosynthesis, that of gross photosynthesis in
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Enteromerpha iﬁtatimlis being due to a decrease in respiration

at higher concentratfons. At the higher copper concentratiens

~ the green alge Eanteromorpha 2ppear to be growing at a greater rate

than most of the brown algae tested:, This is the reverse situation
to that found with tributyl tin hydroxide and will bs discussed
in detail later. - '

The offact of finaly divided copper on two algas was also
testad, The test material was Enteromorphs {ntestinalis and
Pilyella littoralis. It was found that the general trend seen with

cuprous oxide was folloved hers. The {nftial increase at O.SugCumd™’
‘follewed by a gradual decraase in ail three compenents as the copper
cmuatrqc.ioa inéreaud. As with cuprous cxide photosynthesfs of
Enteromorpha intutinalil was the higher at most copper corcentrations,
" a fact which, as will be shown later, ties up with studies of the flora
of the ships hulls.

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

each species was low.
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B Hetabol fec Flux .

This experiment was designed to obtain the same information as
Vtha Warburg but using less sophisticated equipment. Photosynthesis
and respiration were meagured by the use of pH measuring indicating
changs in carbon dioxide concentration and microwinkler techniques
to racord changes in oxygen. The methods which follow Verdium 1860
and Bayers et al 1963 for carbon dioxide, and Fox and Wingfield 1938,
for oxygen, are given in Appendix E2.2,

The results are given {n Table 7. These suggest that there is
no logical output of earﬁon dioxide with respiration or output with

‘photosynthasis and likewise for oxygen, although there is the
asow@ttm that only the carbon dicxide flux will affect pH,

which cannot be held absolutely. But tha results of ietabolic
studies on laké systems and other equatic environments (Teal 1957,
Odum 1957, Odum and Odum 1955) give good results using basically the
same asthod.

Not only does there appear to be no relatfon of ges flux with
toxin concentration but thers would appear to be no relation of carbon
dioxide £lux with oxygen flux, a situation that is stoichiometrically
unlikely, The difference batween the two varying between a factor
of 1 to 16, The differences resulting from the use of two methods
of calibration of pH with with carbon dioxide concentration are of a

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

differance.
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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 experimant and 10 times

greater than obtained in the growth experiments belew,



c Grewth Experiment

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

The mathod follows that of Lindahl (1962) and is given in
Appendix E2+3. The results are given in detail in Appeadix B3.4
and summarised in graphical form in Pigures 13«15,

Pilyella littoralis and Giffordia secunds have a high natural
growth rate in pure culture solution. This drops rapidly as the
.concentration of the toxin is increaged. Between 0,003 and 0,25%
saturated colution of T.B.T,OH thers {s a transient increase in

~ growth, but in Giffordis secunda this then decreases and reaches its

compensation point st 0.51 saturation, Pilyella iittoralis decreases
rapidly as the concentration {s incrsased to 0,1% saturated solution
and then rises but only to a valus of (0,33 x contzol).

Enteromorpha intestinalis reaches its compensation point at

much lower concentrations of tributyl tin hydroxide, sbout 0.01%
- saturated solution, and then continues to act as an increasing
respiratory drain on the system,

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

Warburg. Ciffordia secunda reacted to increase from a rate of
1 1 el

'2.501023m° day”" at 0,05% ugCuml®" and then decreased to a minimum

of 0.3mlozgﬁ'lday”1 at SugCumi'l, after which the photosynthesis rate

rose,
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Pilyella littoralis decresses rapidly with increasing

1 1

concentration from 2 control photosynthesis rate of 28::10233' day”

1 1 -l

to one of 6.43102311' day "at 10ugCuml” ", There appeared to be no

initial stimulation,

Enteromorpha intestinalis has a much lower photosynthesic rate

1day"lk and this decreases, sgain without the initial

stimslation reaching a compensation point at about !.Ougcm'l. This

of only lalO,gn”

i3 very unlike the results 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

o‘SugCuml"l there {s an increase in growth., This is from lelmlozgm"lday'

1

for Enterouosphs and 2.5+13ul0,gn day™' for Giffordia. Pilyells

behaves more randomly reaching a peak at I.Ougc\nl" and then
decreasing. After the initial peak both Giffordia and Enteromorpha
have a decreased growth rate but the latter reaches the compensation

1 piyelts
does not appear to resch its compensation point as even at lotsngnJ."1

point at SugCuml™l while Giffordia reaches it at 7.5ugCunl”

there is still growth,
The most umususl festure of these is 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.

1
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GERMINATION EXPERIMENT

The germination of spores is a critical event in the 1ife cycle

of an alga, It has been shown by Christie and Shaw 1968 that in

Enteromorpha the settlement of zoospores is not passive, active
swismaing occurs in order to find & suitable point for settlement.
It would thus be axpected that this stage in the life cycle of an
alga would t;c one which was very sensitive to environmental effects
(a.g. toxins).

| The follewing experiment was designed in order to test the
sanaitivity cf algas to various toxine and evaluation ef this as

'a bicassay technique with a high degres of sensitivity.

Hathod
The experimwnt was ;arrhd out using Giffordis secunda, Pilyells

littoralis and Entercaorpha intestinalis. The last named failed to

produce viable spores and is now being npeaﬁ.d following the method

of Evans and Christie 1962, (The results of this not being available
dua to the pericdicity of sporulating exhibited by this alga).

The algae were weighed to obtain their fraesh weight and placed
into a sterile petri dish with a disk of filter paper at the bottom
to assist the attachment of spores. 20 ml of test solution was then
Qdded. The petri dishes were then placed in the comstant environment
room at 18°C and a light intensity of 4000lux, The algae Qoro

rewveighed at weekly intervals and the nunber of germinating spores
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counted and expressed as spores per graume of alga. The test
solutions used wers Copper and Cuprous oxide 0; 0,05; 0,25; 0.5; 2,5;
5; 7.5 IOugCunl’l T.B.T.0H. 03 0.005; 0,025; 0,05; 0.25; 0.50; 2.50;

5,00; 25; 30 percent saturated solution.

Ruﬁl;s

Figures 16; 17 and Appendix ES give the results obtained in
the germination experiments. In general the trends cbserved for
Giffordia secunda follow those obtained {n the praviocus experiment.

With eributyl tin hydroxide there s an initial decreass from

3 3 1

40 x 107 to 4.6 2 10 and then an increase to 42 x 103

Spores gm
sporas gm'l. This then decreases gradually with a slight but

transient rise at 0,5% saturated solution until sfter 5% saturated |

solution no more gerainstion occurs.

With Cuprous oxide solution thers is a gradusl decrease from

1 3

112.5 x 103 spores gm = at zero concentration of toxin to 4.27 x 10

spores _gm‘l at_o..'mgcuml“l the decreass in germination success after

1 no geridnation occurs.

1

that is more gradual and above 5.CugCuml”
Copper shows a similar pattern but at 0.25ugCuml™" there is a
"eransient {acrsase in germination success reaching 87 x 103 spores

| ‘gm'l. Thera follows a rapid decrease and adbove 2.51330&1'1 there

appears to bs no germination occurring.

with Pilyella littoralis thare 1s a stimulation {n germinaticn
1

success at O.Sus(:umfl of 5.71 % 103 spores gm ~ and then decreases
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1

rapidly such that after 5.00ugCuml”" there {s no germinaticm at all.

With coppsr thera is a rapid drop in germinatien success for a

1 3 1

control of 5.18 x 103 spores g = to 0.67 x 10° spores ga  at

1. There {s then a sudden rise to 3.0 x 103 spores

0. 3ugCugn’
gm" at Sugcm’l after which no gexmination occurs.

Tributyl tin hydroxide was ¢mly observed to allow germination
~at control ami‘o.l% saturated soluttén«. This is in contrast to

Giffordia secunda in which germination occurred right up to 3%

saturated solution.

Unfortunately during the present series of experiments it
was found that andramg» ha could not be made to germinats in culture
but this {5 now being repeatad using a refined teshnique.



Discussion

The experimental work was carried out with three aims which
 have been listed praviously. The discussion will bs divided into
three parts, each part will discuss the results obtained {m light

-oi one of these atms,

Section One

ThQ_Bffqet of the Taxin on the Major Components of the Fouling Ecosysteam

| There are two phaseés in the life cycle of an alga which can be
- attacked by the usi of toxing. The firat 1; at the stage of
gerﬁ&nation of spores, the second is during the growth phase. The
experiments carried out i{nvestigate the effect of thres toxins on both
- of these phases, they being copper, cuprous exide and tributyl tis
hydroxide,
The results show that; with copper and cuprous exide growth will

occur throushdﬁt the songentration range used (from sero to fully
~ saturated soluticns) but at higher concentrations there is a lowering
of the growth rate. ‘Thi tnital increase in growth at very low
.eansentratianu is thought to be equated with the use of copper as a
hicronutriont, Sut like a number of micronutrients it acts on a toxin

in high concentration (Steward 1963).
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 Howaver, in Giffordia secunda, germination would appear to

ceasa at concentrations of copper above Suscual'l (as Cu’) amd

 7.5ugCust™}

copper attacks the stage of germination in algas. 1f copper doas

as copper metal. It would appear that in this case,

prevent germinations at higher concentrations than 5.0ug per al,
while growth can continue to fully saturated solutions it would
. seem that it also acts {n a similar way in Enteromorpha. This alga
has a greater tolerance no.coppc.r than Ectocarpus in high light
fotensity (Harris 1946) and one would expect Enteromorpha to
gorminate at similar or higher concentrations especially as its
growth rate, from Werburg operations, is lowexr than that of the

Ectogarpaceae, The lower growth rate suggests that some exclusion

machanisa might be involved in the dominance of Entercmorpha over

Ectocarpus.
- In the cass of tributyl tin hydroxide it was feund that whilas

the Zctocarpaceae would remain growing throughout :&Q corncentration

range, although as with copper tending to sero at the highest
concentrations, Enteromorpha, two species found on ships, would only
show growth at concentration less than 1.2% saturation in sea water,

. The geraination experiments showed thst germinatien in Giffordia
secunda occurs up to cencentrations of 5% saturation. Thus one would
- expact from this that at concentrations of tributyl tin hydroxide of
between :2«5% uturatién Giffordis and possibly the ether Ectocarpaceae
would both germinate and grow while Enteromorphs (E. comprassa and




E. intestinalis) could not grow even if the germination could occur.

The ’conclmicn drswn from thess results is that on ships with
copper or cuprous oxide on the toxin the graen algas would probably
dominate and with paints based on tributyl tin hydroxtde one would
expect the members of the Ectocarpaceas to dominate. |

That this might be so {s upheld by veference to survey of
ship fouling. Harris (1946) found graen algas to predominate slthough
‘the brewn algae were presant. The results presented im the current

survey show that the Ectecarpacess tend to be the dominant type.

Howaver, one survey carried out by ons of the msjor shipping
companies showed that ships might be covered {nitizlly with brown
weed and this may later be replaced by gresn weed. This would be
expacted {f the green weeds compéte succassfully for the same niche

as the brown waeds. This is known to be 5o for regioms of high light
intensity (Harris 1946) and may be the reason for the change although'
‘we have no proof of it as the experiments were not designed with

this in mind. A possible way in which the dominance of latcimggha
over Ectocarpus {s brought about {s in the light of the lower growth
rate, by soms exclusion mechanism, This replacement of brown weed
hysrm could also be explained on the basis ﬁhat. the copper retained
in the antifoulant paint after all the oxganotin had gone was toe high
r.ov'sl,lw the germinstion of Ectocarpus but too low to prevent the

germination of Enteromorpha and replacement occurred aither natyrally
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by replacement after death or by some exclusion mechanism as above.

» The results from the growth experiment show that the algae

| reach their compensation point at lower concentzations than in the
Warburg experiments. It is possible that this fs @ :osult of ageing
of the solution but may also be real. It is Enteromorpha which
appears to suffer most in this manney, however, and it aight be
that it 4s the solution ageing that {s producing these results.

The mambers of the Ectocarpaceae follow in general the pattern
obgserved in the Warburg operstion even to the extent of replicating the
"micronutrient" peak with copper. The ttibuiyl tin hydroxide run
closely paraliel to that obtained from the Warburg. It is
suggested that Enteromorpha is more sensitive to changes in the
solution involved and this might cause the lowering of the toxin

" required to produce & respiratory drain on the alga.



Section Two

i‘he Use of These Experimsntal Techniques in the Asssssment of New

Compounds with Antifouland Properties

The application of the experimental technique described in
relation to & future research programme into the evaluatfon of
compounds with antifouling potential is given in the General
Discussfon. This section will desl with their use in isolation
not ag part of a combined programms,

- The Warburg apparatus produced results which, in the case
of Entercmorphs compressa and Eateromorpha intestinalis ware
remarkably similar when using tributyl tin hydroxide. The remaining
examples were sufficiently alike to predict trends in photosynthesis
and respiration caused by the toxin. The apparatus, although
alaborate, is simple to operats and a large number of samples can
"be used at once. The production of a set of figures for nat, gross
photosyathesis and respiration takes in the region of 2 hours
includms a calibration to allew for photosynthesis or respiration
in the golution alone. This method was found to give the most
consistent results for the expression of growth. The growth
experiments, although giving a similar picture were less consistent
in :ﬁa case of Bnt:oremgha and required fourteen days for
~ completion, This increase in the tims of the experiment is

compensated by the extreme reductfon in experimental coest. The



apparatys consisting simply of petri dishes, and réquiring a room

of uniform environment, which is generally available in most
regsearch institutions, and an accurate balance.

The results from the imtabolic flux experiment suggest that
it should bg carried no further, even allowing for its usi tn the
atudies on energy flow in ecosystems (Teal 19575 Odum 1957).

The germination experimant provided ussful informatfon on the
tolerance of algal zoogpores to toxins in sea water. This in
iteelf warrant:n.furnher work into this aspect. It provides a
simple explanation for patterns observed in the surveys carried
out in part one; its potential as a bioagsay technique will be -
discussed later. It requires the same apparatus as the growth
experiment and takes approximately the same time and could present
a simple and sensitive estimation of the effect of a potential

ant{foulant,



_SGct ion Thraee

ntal Technigues as Biocsssay Methods

The aim of a biological assay is to provide an indéx of the

. concentration of a compound, which is too low for accurate chemical
analysis, through ‘t.ho_ use of a parameter of a bilological nature.
This parameter hss, in the field of mavine fouling, been limited
to the growth rate of organisms, The methods of Fitagerald (1963)
with Chlorella and Rivett (1965) with Chlamydomonas measure the
chenge in cell density over a period of about four days. This is
compared to a series of growth rates prepared from standard |
concentrations of toxin. '

The aim of this section 1s to provide other methods of
bicassay which are either quicker, while maintaining the accuracy
required, or slower and more sensitive., Two methods used coms intp
these categories. The Warburg menemetric technique requires 2 hours
for a uri.a# of fourtesen astimations followed by a longer time span
to dry the alga and weigh it if the dry weight is requized. This
last menticned could be read from a correction table of fresh
~weights to dry weights. Thaese problems can be overcoms by the use

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

in known concentrations into the flasks and thus reduce the time required

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

‘th‘a calibration for biological activity in the solution will have



been calculated previocusly.

Also, Chlorella can be kept as viable pure strains for periods
up to 1 year » Ammain & Prager Smith (1968).

The rvesults obtatned from using a variety of uoneuniform stocks
shoﬁ that trends can be shown even under these conditions. With a
standard stock of s unicell and allewing time for equilbration
there is no reason why this should not provide an accurats bioassay.

The gernination experiment takes longer than the Rivett method
but it is believed would be much more sensitive. Expsrimental work
by Christie and Shaw (1968) show that {n incnomm the zcospores
axe capable of some choice of settlament area in response to
envivonmental influences, and it seems likely that this stage might
show more sensitive reactions to any toxins in the water.

The {mportance of this lies in the very low concentrations
at which these recent toxins (organometallics etc) work, {f even
more effactive toxins were developed thers will be 2 requiremant for
more gensitive methods of bioassay, which could be provided by
the germination axperiment.

The equipment required is not very slaborate and provided a
fe.'a.r}.y uniform environmant is maintained, the experiment is easy
to run. The results with Giffordia secunda providing a fairly

reliable indication of its aensitivity.



Part 4

CENZRAL DISCUSSION
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General Digcussion

The following discussion is aimed at the combination of
experimental and field data discussed in detail previcusly and
to suggest scme of 1ts implications in the field or marine fouling,
and possible future avenues of research.

At praesent, paints 1!i§orp0tat1ng various toxins are the
only mathods of preventing ship fouling that are used on a large
scale. Mich of the formulation of the paint would appear to follow
& ﬁattern of introducing a trial toxin into a paint and testing it
ouﬁ on raft or ship trials. On raftes these trisl plates are removed
at ragular intervals for the lsaching rate to bae determined. The
leaching rate at the commencemant of fouling being used es an index
of toxicity of the compound and the concentration required in the
paint to prevent fouling. Raft trials can take up to four years
before fouling occurs, this baing equated with a ship 14fe of two
yaars. |

One way in which this situvation might bs improved is by the
investigation, biochemically, of the effect of toxin on the fouling
ecosystems - the green and brown algae. This would ensbls certain of

- the proposed toxins to be eliminated and would only take a short time

to complete. The toxin can then be suggested to the paint chemist who
would prepara a suitable carrier for it. This paint could then be

applied in varfous thicknesses to test plates and subjected to



accelerated lesching rate taests. This would provide information
on the erosion of the paint and the time taken to provide a

oinimum concentration of toxin to prevent fouling. This latter would
be calculated from experiments such as the Warburg respiratory and
germination experiments. The tims taken to reach this would be
msuch shoxter than test trials or raft trials, and would eliminate
unsatisfactory paints baeforse there had been any extensive manhufacturing
of them,

Once these accelersted leaching rate trials had been carried
out the suftable formulation could then be applied to ship tests or
raft tests. The former being preferred as these ressuble sctual
conditions more accurately, The performance of these paints on the
ships could be followed and any fouling could be described to enable
any indicator organisms to be detected and used to get an indication
of thu'periormaneo of the paint. This would rule out the need for
elaborate chemical er physical tasts to be carried out on the trials,
the results being used for the indicator organisms being gained by the
init{al bjochemical analysis of the effect of the toxins on the
- foulfng systems.

The toxins that will be used will be ones which are toxic at far
lower concentrations thén those used today. This in {tself requires
bioassay techniques in order to detect the very low comcentrations

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

The discussion follewing the work on the ships survey indicates
how the expserimantal work carried out helps to explain the results of
the survey. The importanca of this 1les in tha ¢ffect of the
fouling on the speed of the ship., If the 5r¢¢# weed produces more
'drég on a ship than the brown waed, all other things baeing equal,
then a paint favouring the brown weed would be praferable, or vice-
varsa (Experiments are now being deviged to test this poiat).
This factoi 16 complicated by the fact that the organomstallic
paints last up to 18 months before fouling is heavy whereas the copper
paints will last only 12 months. If the brown weed produces more
drag than the grcap'thc fncreased cost dus to this must be balanced
sgaingt the decrease in cost due to the longer 14fe of the paint. The
relative ¢osts of the paints mist also be taken into account before
the tiue signtficance of the change over can be percaived.

Caleuvlztions based only on one sample cﬁgv that the fouling on
the St. Margaret was 456g5"> (3653mn72yr‘{g. Ivanova (1961) gives a
figure of 770-1,000gmn % for fouling. If this is multiplied by the
sige of the vassel and then corrected to give the drag imposed by the
waed then one can calculste the ton of speed and hence the {ncrease
cost of running the ship, However, more samples of fouling must be

taken before accurate calculations can bs applied.
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The figure given by Ivanova (1961) compares with that of
Barashkov and Fedyakina (1965) which glives the following values of
weed growing on fmmersded concrete blocks:«

Sea of Azov - Enteromorpha prolifera IOOOEn‘zyr'

All slgee  (average) 18603m‘2yr"
and Zenkevitch (1963) who gives a figure for Enteremorpha intestinalis
of 209.53m‘2yr"1 for the Black Sea, These would seem to suggest

1

1

that there may be some difference in the productivity on ship and
shore but this requires more samples before any cass can be stated.
Futurs lines of attack, many of which have been tried out,
éwld bear repeating iimiting their use to that period colnciding
with the fouling organisms. Figk 1960 stated tha the «jyonse of
running ultrasonic equipment i{s a deterrant. Costs might be
roduced by only uasing this equipment in port and only during the
fouling season. Tha. equipment however, must not be of a frequency which
cotild ceuse the self distructiond the ship. The use of piped toxins
¢2uld he applied during the imxling ssazon but it has to be expelled
in a2 finely divided form, the apertures for its dispersal thus
might 33 Jusceptible to clpgging by materizl in the water.
The gmem advantage of the paint is that a coating of paint
is required to prevent the steel hull from corrosion by the sea
~water, and since the ship has to be docked for this, the additional

spplication of an antifoulant does not prove too expensive.
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Finally, thers {s the question of algss evolving resistance
to the toxins used. Resistant strains have developed in mest types
of animals and plents. Bacteria sre knewn to rapidly build up

resistancé, Cases are known of resistance to heavy metals occurring

in Anglosperms (Jain and Bradghaw 1966) and In fungi. The speed of
building up the resistance depends upon the selection pressurs to
do g0 and the speed of ruproductien,

The algae involved reproduce quite rapidly although do so
in marked seasons. This would produce some limit on the speed of
setting up resistance, The zelection pressure on the hull of the
ship 1s great but en the shore it will depend on the advantages, if
Qny,,of this resistance. I1f this resistance is genetigally
detevmined and also confers increased viability to the alga then
ics spread wotild be rapid, However, if there was no advantage
its spread would be slow or in the extreme if it was less viable than
the non-resistant strains there would be a tendancy for it to die on
the shore. If this last named wers true then the only source of
replenishment would be the ships themselves. |

The transfevence of spores of thesc_ulgao.in from ship to ship
éither dirccﬁiy or indirectly via the shipeshore«ship 1link. The
ship transferance is the slméleat and could readily occur in
‘hérbours and result in quite rapid build up of resistance. The ship-

shoresship uouid result in & build up if there was no disadvantage
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in having the resigtant gene in an snvirenment not requiring it
(1._9. the ghore). _

; There would appear to be little known on the subject for
rasiatant strains could cause the costs of research into new

toxins to increase in relation to the speed at which resistance

15 built up. It is also {mportant where the mechanisw of resistance
is involved if the mechaniam involved deals with a type of compound
rather than a gpecific compound it makes prevention more difficult
and more expensive and as a result this could well be ona field

- which could suffer some research in the near future.
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. Section Slal

Fouling Ecosystems present on the '"Razimah

This study was undertaken in order to detect any basic pa:t'arn
in the distribution of fouling ecosystems ¢n the ships hull. The
information gained would form the basis fcr futurs sampling.

Sampling was taken at thres heights on the hull, 18; 28 and
38 feet above the keal, These fell into the two major zones which
Qm:_a vigible and in the junction betwsen the two at the l4ght losd
un§. Any grédual 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 hull, one each side of the ship. This would detect
any variation in pattern along the length of ‘t:hs ship and on either
side of the same.

The samples were then bubjocted to microscopic analysis to
determine !;hei: algal components. Identificatfon of the algae was
from Newton (1931); Eifon Jones (1964) Bliding (1963). The
nomenclature follows that of Parke and Dixon (1968).

The dasz 13 displsycd on Table 2 in & form convenfent for

ingpaction,
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Section Sl2

Fbuling Ecosystems on Shigs-;n Regular Service

The sampling prOcedur§ used waa'uodified from that used for
the 'Kazimah', based on the results from that vessel.. Two samples
ware taken from each vessel. One was taken from the light load
line or just above; the second from the hull neesr the bilge keel.
Bilge exits and other sfmilar sites on the hull were avot&od.

The samples were stored {n ses water containing 5% formalin..
untdl idontified. Indent{fication was from Newton (1931); Bliding
(1963); Eifon Jones (1964).

Other dctéils which were obtained for each ship were:e

1) period elapsed since last scraped

11) antifouling paint used

iti) routes covered

iv) position of samples

v) notes: any relevant points appertaining to fouling.

The analysis of the data followed that of Braun-Blanquet 1928
. (see Appendix S2. for descriptioﬁ of method). The data being
displayed as an association table - Table 3 « for convenient inspection.

On one ship, the 'St. Margaret'!, an area of fouling of 89 sq.cm.,
was dried and weighed and corrected to give weight per square metre.
This was to piovtde some indication of the biomsssthat fouling

. organisms can ptoducc;_
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Section Sl.3

Pouling Ecosystams from the Main Shipping Lines

This was carried out as an extension of Section Sl-3, The
fifat stage was to send a letter (Fig. Sl-3a) to a number of shipping
_ companies outlining the aims of the study and asking for their
'¢8-§p0tation.' If this was forthcoming, a second letter (Fig. S1-3b)
was sent explaining {n detail what was required, and enclosing a
fnﬁmbor of sample bags with attached data sheets (Fig. Sl-3c).
| The shipping companies were asked to obtain sanples of fouling
~ from the light load line and near the bilge keel. These were to
Vbe returnad in the bags supplied together with the complated data
_sheﬂt. Identification procedure follows that of Sections Slel and
‘81-2. The data required is shown on Pig. Sle3c and {s similar to
| that taken {n Section Sl.2,
There was some delay in starting this survey and results are
still coming i{n. The results, obtained to dete (August 1969)
are depicted in Table Sle3a in a2 similar fashion to those of
" Sections Sle1 and Sle2. |
| Details wers also obtained from a number of companies concerning

their past fouling histories.



UNIVERSITY OF DURHAM

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

Dear Sir,

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

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

(a) the name of the vessel;

(b) dates of this and previous scraping,

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

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

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

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

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

Could you please reply on the postcard enclosed.

Yours faithfully,

Richard Sims.

figure S1-3a



UNIVERSITY OF DURHAMN

DEPARTMENT OF BOTANY
SCIENCE LABORATORIES
SOUTH ROAD
DURHAM CITY

Dear Sir,

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

) Shipping line.
iig Name of Ship.
Type (Tonker, Freighter etc.)
g Routes used (Coastal, Continental, Atlantic etc.)
Dates of this and previous scraping coincident with
application of antifoulant.
vi) Paint used.
viig Cover of algae, barnacles or tube worms.
Notes (if any).
We would be grateful if you could send us two samples per ship
at a) water line, b) bilge keel levels. Each sample should be
placed in a bag (which may be sealed ofter) and posted to

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

Yours faithfully,

RICHARD E. SIMS

figure S1-3b
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Section Sl-4



Section 8144

Fouling Ecosystenms bﬁ shigi laid up in
‘ ~ Harbour for long pericds _

- The study was carried out at Portsmouth {n s marine~brackish |
watar harbour., Samples were takeﬁ; with the aid of a diver, from
a series of four ships which had bsen laid up for different lengtm
of‘ttﬁe (six to fourtyeight months). Two samples wers taken from
aach ship. One £iom Just below the waterline, the second from
the level of the bilge keel.

| The samples were preserved in sea water containing 5%

sea watar’dntil identified from Barrett and Yonge (1958), and
Alder and Hancocﬁ'(1907). The data was processsd following

. BrauneBlanquet (1928) btingiptoaonicd in Table 4 in a convenient

form for inspection.






Section S5

 Coastal Distribuiidn of Pouling Algae

Tha table was compiled from a number of algal lists published
1n tha litcraturo, where possible these were taken only if
pub!.‘hhcd after 1960, Othc: lists were compiled by the suthor
érom isgpiié taken while eutAcollecting for experimental material,
A<;hifd'sbut¢¢ w#a_from species lilts sent { 0 from &arieas Marine
Labutatefiealin raply to a request for 1n£ognatied on the distribution
of these algae, |

| Thblo 5 dnpic:- the results obtained. The sites ar§ in order
to make any'gcographical distribution evident,

1t had been planned to provtdn<1nforma;ion on the fouling
pbribﬁs of th;lo aigac. and successional iaquence to a mature
fouling ecésyitcuh by cﬁo use oi'é raft anchored in a harbour on the

H'Népth B;at Coast. However, this paft was unable to be completed in
;cho:availablé tima,. Instoad; information on the féuling periods of
|  :a1gé§ in the River Yealm has been included with the permission of
Dr. G.T. Boalch and Internationsl Paints Ltd. This fnformation is

given in Table 6,
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The Zurich-uontggllio:chhool of Phytosociology

A plant commmity msy be considered to be a group of plants,
the a?ca of which 13 sharply delimited by physicoechemical boundaries,
similar groups of plants occur in other areas of similar physical
or chemical constitution. Such coﬁmnnittea can be classifted.
Where the boundary {s one of a gradual change 1n.gaturu then the
change in plant types will also ba gradual and a2 coatinuum:(Curtis 1959)
‘will be evident and ordination £s used in its descriptiom,

The classification of §lant comaunities has besn attempted using
a variety of methods since those of Braun<Blanquet (1928), Examples
of these may be seen in Poore (1956); Williams and Lambert (1959; 1961;
1962) and Goodall (1953). The method used hers follows that of
Braun;Blanquet (1928).

:  A plant community has certain synthatlé characters. These include
p:a;encq and degree of presence, fidelity and sociological indicator
values. Presence can be measured subjectively in terms of cover values
from 1V representing increments of 20%, orbes directly a percentage;
ei'it can bo measured objectively using parameters such as biomass per
ﬁpit'area, basal height or density among others. The former ususlly
lends itself to clacsifacatory techniques, the latter to ordination

-(Bray and Curtis 1957)
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!" ‘Tﬁe‘Soézabilicy of a plant is measured nubjeﬁtivoly according to
the followingie |
© Sectability 1 ~ growing singly

2 « grouped or tufted

3 « in patches or cushions

4 « in small colonies, extensive patches or carpets

5 = pure crowds

Fidelity is no longer used due to its unéort;in value in plant
' ;deacription. . _
| In the Bxaunsnlanquot School of Phytosociology lists ol plant
eemnunt:ics are takan using prnslncc (a- # cover index) and
sociability. Each 1{st {s taken from an area in a plant coamunity
_ wﬁich is the least area reoquired for the expression of that community
(Mlnimal a:ea). Otﬁer physical and chemieal'factort are also

takan into account such as tho ulopo; anpcct of soil type among othors;
Thcsa are transfcrrtd to a table which has one axis for the species and
| another for the quadrats. This tablé, the raw table, {s then
rearranged in order io pibduc- an association table in which groups of
lépacie; and quadrats are ordlred_cogethnr to produce an abstract
vhich can ba related to the plant community in the field (Tebles 2,3
anQ:A) by rétutﬁing to the site and testtng the data in the assoclation
;vtabla with that irem thc plan cemmuuicy.
~ The groaps are clan:iiicatary and form classes, ordors, and .

- a;liances (in descending order of merit) and the name given to then
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is taken from the Charakterarten (species which occur mest
‘regularly in the group a.g; Order Sesleriatalia coeruleas -
Charakterarten : Potentilla crantzii, Aster alpinus) (Braume
Blanquet 1928),
| This method of elalsificatioﬁ, slthough a gubjective one, has
been found to give similar results to the newer methods such as
that of Willisms and Lambert (1962); Noore (1956) while being
qutckor to reorganise the data. Examples of its use .pplied
to the marine field are sesn here in Tables 244, and Johns (1968) the
latter reviews its application in the mriué field.

The results depicted in Tables 2-4 seem to be of oeologtcai value
and correspond to data given elsewhere by other methods and present

the data in a way which can be readily explainad.
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ALGAL CULTURES - MATERIALS AND METHODS



Gultures 9£ Algae

‘ 'mt.aglal
The algne. used in thi experimental work were collected from
_varfous sites on the coasts of Horthumbarland and Durham,
Enteromorpha ap'mo, collected from Souter Point .(Sundu'land),
Craster and Hartlopool. - Pilyella and the Ectocarpus cecplex
were collected from Bouter Point and St. Abbs Head (Berwickshire).
The a;lgae which were used in the axperiments were:e
G!ifo:dia sscunda (Kutz) Batt.

Bgtoea’m. siliculosus (Dillw), Lyngb -
) Giffordia fenestrata (Berk ex Harv,) Batt

Pily ella 1ittoralis (L) Kjellm | '
Enteromorpha im:;uunam (L) Link
| 'Entw} ha cﬂ ressa (L) Grev.

Enteromorphe linza (L) J.Ag.

These ware kept {n the culture solution in the constant environment

‘room betwaen collection and use in an experiment.

Culture Vessals .
-* Cultures were 'grown in sterils petri dishes with 25 ml of

: enitﬁre solution addedé A disc of filter paper was kept {n the dish
to provide an attachmsut ares for germinating sporas.
Media

B f-‘ Natural sea water, from _i!atthpoola, provided the base for the



culture solution. This was £iltered through Whatman No, 1
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‘and stored in the dark until required,
The basic culture medium was eariched with the following
‘nutrients:e | |
| potassium nitrate (KNOB) 202 g/ 1L
potassium phosphate (sz‘o") 34.8 sg/L
feonic chloride (?ccza.eazc;) 2.7 mg/L
Mangamese chloride (mcxz.auze) 0.2 mg/iL
and thciu autoclaved for 15 minutes at 15 1lbs sq.in’l pressurs.
The phosphate was autoclaved separately from the rest and
added bafore {nnoculation to prevent precipitation. The pR of the
éelucton wag in the region 7.7-8.0 when used: Ampicillin was also
added to reduce bacterial activity in the culture solution.

(Ampicillin 6,43 wg/h).

Sulture Apparatus
The petri dishes céntaini,ag the samples in the culture solution were

pléced on a white background in 2 constant environment room at 18°c_

aéd‘ continuous light from fluerescent tubes giving 4000lux, The constant
" environment room was also used for germinstion and growth experiments.

The'_cultuting of algae proved successful and it was found possible

to obtain sporelings of all the Ectocarpacese used, but with
 Enteromorpha it provad difficult to obtaln sporelings though growth did

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

. Ulvaceae and Ectocarpaceae, was lost.

U'niahal Cultures -

Giffordia gecunda was used to provide the scurce for the first

' series of growth experiments. This aoured was the speciments
grovm in culture from a plating technique following Boalch 1961,

L Specimens of Giffordia secunda were plsced on a moist filter
éaber and left overnight in the dark, The next morning the release of
sﬁotes was brought about by £lo§d£n3 the system with sterile culture
medium. After a perfod of 15 minutes the algal material was removed,

. The dish was covered and placed in the constant environment room

) until required. Germination occurred after 10-14 days.
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Section El2el

Warburg Manometry

The Warburg apparatus {s designed to messure gas changs at
constant volume by means of the changs in pressurs vhen gas is
abgorbed or evolved, This pressurs change is recorded on the
mancmetar and can be converted to velume change by use of a
standard formula. The apparatus can be illuminated to allew the
méaaurmnt:, of photo@ynehnh or kept in the dark to mrasure
respiration. The design of tha flask is such that toxins or
stimslants can be added without the need of resetting the
" apparatus. The use of this apparatus in the messurement of
photosynthesis and respiration follows that of Lindahl (1963).

The experimental material used consisted of the following algae:e

Ectocarpus l_niculg us
Giffordia fenestrata

Pilvells littoralis
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Photosynthesis and respiration were measursd by a direct methed
due to the difficulty of using identical quantities of alga in the
flasks. The equipment used was that manufactured in Germany by

B, Braun. Conical flasks with a2 single side arm and central
reservolr weré used and the volume of these including that of the
manometer used ranged from 7 -« 14 ml, The flasks were {lluminated
frem below by a series of {ncandescent bulbs., Thess posed some
piablm due to the heat also emitted and ice had to be used to
keep the temperature of the water both down to the temperature of
| the exporimant'23° .

After consideration of the discussion on buffering capacity,
in Lindahl (1963), it was decided not to add any carbon dioxide as
even due to tha lack of buffering the variation is pH during the
run of the experiment was not thought to be exceedinglt large; the
results cbtained would seem to agres with this,

The flasks were set up using 2 ml of the solution under test {n
tha outer well into which the algae were placed when used. REach run
consisted of 13 or 14 flasks, 12 « 13 taest solutions and a thermoe
baroﬁatex. Three :okina'wvra subjected to testingte finely divided
copper in sea water (20 ug/ml); cuprous uzidc in sea water (10 ug/ml);
and tributyl tin hydroxide (the oxide of which has a solubility of
200 ppm and forms the hydroxide when added to water). The Coppsr

and Cuprous oxide were tested at concentrations of 10.; 7.3; 5.0; 2.5;
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1,05 0,55 0.1; 0.05 ug/ml; and the tributyl tin hydrexide at the
following (as a psrcentage of saturatien in sea water):- 1003 50;
253 12,53 6473 3,33 1.65 0.85 0.83 0423 0,13 0,05, Bach run had a
contyol with 2 ol of sea water with no toxin added,
| It was foudd before running the experiment that the culture
 solution hes soma fsherrant ges flux dus probably te certaln
wicroorganisme. It was thus decided to run the expsriment in the
1011#!1& BANDATS
in order to asssess the coxpensation that weuld be requived
to allow for the usbient ges £lux of ths system, a dussy run,
'Rantiani te that nermelly used but withow: the added algas, was
carried out.
The flasks wore equilibrated for 2O minutes with the taps
apan and then tho sanometer set at sero snd tha taps closed. Readings
* were taken st 3 minute {utervals for 20 adnoutes, the flasks being
shaken except while reidings-wers bsing taken. The experiment
wis run twice, once with the lights switched em teo rvecord photosynthesis
and then with thea off and the appavatus coversd with sluainium foil,
to ensuvs minimum Light entry into the flasks, to allow raspiration
to be recorded, |
, After the dummy run the algas o be used ware added and the
V' «poﬁmt. bcing rapasted using different algae in sach run.
| ‘At the end of the experiment the algas were rinsed quickly ia



distilled water and damp dried, waighed to obtain the fresh weight,

then dried to constant weight at 105%,
Photosyntehsis and respiration were expressed in terms of
- ul 02 evolved or absorbad per gm day not of alga per day after

correction for flask volume.
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Section Bla2

Matabolic Flux

Fhotosynthesis and respiration result in changes of oxygen
and carbon dioxids concentrations. By estimetion of these one

can obtain some idea of the effect of the toxin on the growth of the

‘organism, in this case algae, Measurement of both oxygen and carbon

dioxids will provide a clese estimstion of growth and it is possible
that each can be used to provide a ralative estimation of the
validity of the other technique,

The use of pH and oxygen flux as a mcutm of growth was
chosen for its simplicity experimentally and that the estimetion
of carbon dioxide and oxygen f£lux had been used in 2 large number
of cases in metabolic studies both in fresh water and sea water as well
a8 in terrestrial habitats (Odum 1957; Odum & Odum 1955; Teal 1957)
(Verdium 1956), There has been some controversy om the use of pH for
the sstimation of carben dioxide conetntration; howaver, it was
decided to follow.in outline the methods of both Verdium (1956) and Bayers
ot al 1963; and to use oxygen measursments as a vough check to their
accuracy. For further discuasion of both points of view see Beyers
et al 1963. It was also hoped that scme support might come

from the Warburg results as to the accuracy of the mathed.

Materials used:- T ¢ algae used in the experiment were as follows:s



Enu:omggh_e_w a_Compregsa
Pﬂxella _l_.;taoralin

Bectocarpus siliculosus
Giffordia sacunds

50 mls of test solution were pipetted into a S0 ml beaker. The
pH of this solution was msasured using am B.I.L. pH mater which had
baen standar&ised with buffer solutions at pH 4,0 and pH 9.2,
Then, the oxygen concentration was measured using & modification of
the microwinkler technique (see details bslow), |
 The algal specimsn was then added and one of the twe replicates
was placed i{n light at 4000 lux and a tempdfaturu of 18% for
24 hours: The ether in the dark at 18°C. The dark series was placed
4n a box of aluminium foil which had to be constructed as the dark
room was not available for use. After 24 hours the pR and Oxygen
| concantration were estimated agéin. The experiment was repeated three
times for each test solution (once for thres differenmt algas), there
being two test solutions used :+ Cupri¢ oxide in sea water and tributyl
tin hydroxidé in sea water.
Cupric oxide was used at 53 1; 0,53 O.1 and O ugCu nl'l
Tributyl tin hydroxide at concentraticns of 25; 5; 2.5; 0.5 and
0% of saturation in sea water. }'

Microwinkler technique

timation of

& modification of the

The estimation of oxygen dissolvad in sea water was carrisd out



n

using & modification of the Winklar reaction diluting sll solutions

by a factor of 100 and using 2.5 ml of sea water i{nstead of 125 ml of
sea water. The reason for using this modification of the Microwinkler
techuique (Foxe Wingfield 1938) is that the limitations placed on

the quantity of specimens and culture solution available required

a tochnique using only small amounts of sea water,

2.5 ml of sea water were carefully pipetted into a sample tube.
To this was added 2 ml of manganous sulphate solution, 2 ml of alkyl
azide solution. Tiwme was allowed for the grn;pieace produced to
abgorb the oxygen in the sea vater and then 6 drops of concentrated
sulphuric acid added. This liderated ledine which was titrated by
0.01 N sodium thiosulphate solution using starch as an indicator.

The reactiomsinvolved ara as follows. The elkyl azide solution
ﬁrocripttanu manganous hydroxide from the solution, This is oxidised
by oxygen i{n the ses water to manganic hydroxide. The acid oxidise
the solution of manganic hydroxide and potassium fodide and relesses
iedine proportional to the oxygen éoncent:atien of the water and this
fodine is then titrated by standard sedium thiosulphate.

MaSO, + 2NaOH Na,80, + Mn(OH),

2MN(OH), + H,0 + O 2Mn(0H),

2un(0H), + 2Kl + 30,80, 260, + K,80, + 6H,0 + I,

‘1 ol Sodium thiosulphate (2.482g/L)  82,76ul 0,e




Solutions used :» (all in distilled water)

Manganous sulphate:- 4.80 g/L of m804 4320

Alkyleiodidesazide 5,00 g NaOH + 1.35 g Nal 4n 1 liter of
o o distilled water and add O.1l g Naﬂa in
40 ] water,

Sodium thigwi phats  2.482 g/L eg uazszos suzo.

Meagurement of Carben dioxide flux using pH

~ Carbon dioxide when disgolved in water results in an acid
solution, At low earbaadiesido concentrations the gas goes into
solution as a bicarbonsts bﬁt as the concentration of gas incresses
more gas goes into the aolution as the carbonate fom

€o, + H,0 q o+ L 2 + cog"'

Thus it can be geen that addition of carben dioxide into
solution results 1n an increase in the hydrogen fon concentration ia
solution and & resultant lowering of pH. |

This decrease in pH is not linear with the increase of carben
dioxids due to the two forms which carban dioxide may exhibit itsslf as
in sclution, This nonelinearity results in the curve found in Bsyer
at al 1963, vhen plotting pH against carbon dicxide concentration.

Mathod

The method of CO, analysis follows in outline that of Verdium 1956

and Beyars et al 1963, Since theve is the nonelinear relsticn of pH

with CO, concentration calibration curves sust be drawn. (This being



the cause of the difference in the views of Verdium 1956 and Beyers
ét al 1963).

The calibration curve {s dvawn by writing the pH of the solutien
adding successive insrements of 1 ml of 0,0l N NaOE solution and
noting their respsctive pH values. Acgording to Verdium this
addition ef sedivm hydroxide rasults inm the change in pH identical
‘to that caused by the removal of 10uh moles of CO, by photosynthesis.
This is plotted on & graph of pH against effective 0, removal
and the pH valuas obtained in solution read of this to obtain the

‘changu in carbon diexide eoncmtrg:tem The validity of this method
has been questioned and will be discussed later. The reason for its
use was its simplicity and {t could be compared with figures ebtained
for oxygen flux,

Rach speciment was titrated by the sodium hydrexide wntil
there was clear evidence that the curve did wot alter with the
concantr.atim qf tozin. used, It was repested for each tox{m used.
The change in pH dus :0'602 flux was also estimated in s menner similar
to that of Beysrs et al {1963). 1In this soms sea water was shaken with
s constant flow of carbon dioxide (obtained from the actien of diluted
aéid on calcium carbenate) until saturated. The pR of this solution

.wan taken uniné an B,B.L, pH meter. This selutien was then diluted
to 90, 80, 70, 60, 50, 40, 3: 20, 10 and 0% saturated X CO, by the

rcplaéexmnt of certain quantity of tha selution by gas £ree sea water,
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The solubility ef carbon dioxide in sea water wag ebtained in

‘Bayers et al (1963) and a2 calibration curve was constructed of

pH against CO, concentration. This being used to estimate the CO

2
flux obtained in the cass of Tributyl tim hydroxide,
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Section E2.3

Growth Experiments
This experiment was designed to follow the changes in growth

rata with toxin congentration.

The experimental msterial used was samples of Gifferdia secunda

Egteromorpba and Pilyella had been collected from the sea shore
and kept in culturs solutien at 18°C and in constant light beforse
use., The Giffordia was growm from spores germinated in culture,

The method follows that of Lindahl (1966).

The algae ware grown in sterile petri dishes with 20 ml of test
solution at a temperature of 18°C and centinucus light {ntensity
of 4000 Iim. The fresh weight of the algse wers recorded at waskly
intervals over a number of weeks but the growth data was obtained after
14 days, After this all began to loose weight. The change in weight
was axpressed as grammes per gramme frash weight,

A correction to produce an equivalent of growth in oxygen output
was alse undertaken although this will mot uppiy.absolulitly it gives
an indication of the comparison betwaen the mathods used before.

- The test golutions used wcré:-
' Copper and Cuprous oxide : O; 0.02{ 0,10; 0.50; 1.00; 5.00; 7.50; 10.0
Tributyl tin hydroxide : 0;'%?‘02;: Ouls 0423 0.&3 0,83 1.6; 3.3; 6.7;

12.5; 253 50 and 100% satursted solution in
ges water.
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Table E 3-1

The Effect of Toxins on the. Photosvnthesxs
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‘and Respiration of some Marine Algae

A Tri butyl tin

hydroxide

Enteromorpha

. Pals

O%ﬂ
005
010
019
039
078
156
312
625
12:50
2500
5000
10000

E.compressa
0*
005
010
019
039

078 L

156

312
625
12:50

photosynthesis
gross

net

respiration

aS}J 10 gm(dw) day')

116949
18635

15602
11-:370

7892
17564

2389

14532
12054
7316

0833

|- 1509
114679

1527
21069

19294
7999

27091
6312
30535

5256
20938

1-457
4658
4334
- 11372
0
-16425
0450
- 2564

1= 2939

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

7354
3523

6413

| = 3686

0202
£:320
5203

- 6029

1-30096




© Table€ 3—"1 (cont)

2500
50-00
10000

E. linza.
¥*

0
005
010
019
039
078
156
32 -
625
12:50
25-00
50-00
110000

77

GP

Ectocarpus

~siliculosus

E 3

0
156
312
12:50
2500
5000
10000

005
010

2781

NP R
7577 | -14506 |- 22082
34145 |- 6557 |- 40-702
028 |- 28867 |- 29-095
313 | 32055 |- 5088
| B8IF | 28134 |- 5683
103454 | 99965 |- 3489
7033 | 4626 |- 2417
82239 | 66438 |- 15801
208800 |186336 |- 22464
51464 | 46165 |- 5399
80965 | 58294 |- 267
| 672 | 59498 |- 1517
124873 |106722 |- 18151
52434 | LuBTF |- PP57
34960 | 27934 |- 7026
55731 | 39625 |- 16:106
| 13525 | 12282 |- 1242
5191 | 3730 |- 146
33598 | 31367 |- 2231
2083 | 983 |- 2200
(438 | 1931 |- 2507
10961 | 10354 |- 0607
6547 | 3777 |- 2673
2736 | 17241 |- 5492
- 2261 - 5041



Table E3-1(cont)

¥

Pilyella littoralis

*

0
005
010
156
312
625
12:50
2500
50-00
10000

B) Cuprous oxide

Enteromorpha

intestinalis

0 gCumP
b
025
050
250
500
750

10-00 -

78

°/scaturation in sea water.

NP GP_ R
7043 | 6498 |- 0545
3461 879 |- 1582
1664 | 0377 |- 1264
4081 | 2767 |- 1314
8827 | 6587 |- 2239
7702 | 4018 |- 3683
L34 3451 |- - 0889
58821 | 34432 |- 24389
15860 | 13263 |- 2597
28841 | 8482 |- 20359
18345 | 9168 | - 9177
18400 | 4602 | -13798
28084 | 12764 | -15320
61-642 | 39228 | -22414
15724 | 12288 | - 3L96
L8800 | 3607 | -12:726
49978 | 17252 | - 32950
33 207

L8697

~15490



Table £ 3-1

FMveHalmtorahs

- 0 gCunﬂ
ohs

025
050
250
500
#50
1000

Giffordia

fenestrata

0
0-05
025
050
250
750
10-00

Ectocarpus

siliculosus

0
0-05
025
050
250
500
#50
10-00

(conO 

NP

3164

GP R
| 26633 | 12678 |-13955
19427 | 817 |- 11256
2-097 | 12680 |- 9417
29665 | 11038 |- 18627
(377 | 26342 |- 17432
24:380 | 14524 |- 9586
33935 | 22429 |- 11056
48515 | 35560 |- 12955
9848 | 9269 |- 0:579
9029 | 7661 |- 1368
13156 | 10:047 |- 3109
14:631 | 12:627 |- 2:004
12047 | 10040 |- 2:007
LOLO | 2424 |- 1616
1395 | 0719 |- 067
9815 | 8645 - 0540
20908 | 15899 |- 5009
11306 | 9806 |- 1500
19068 1| 15752 |- 331
12135 * | 11672 |- 0458
£82 | 0467 |- 4355
6097 | 27H |- 3326
1449 | 2165



Table E 3-1(cont)

C) Copper

Enteromo'rphg
Intestinalis
OpugCu ml’

005

025

050

250

500

#50

1000 ¢

Pilyella littoralis

0
005
025
250
500
750

80

NP

GP

R
6523 6096 |- 427
5923 5520 |- 403
11-90 10:32 |- 158
3213 2880 |- 333
3170 3024 |- 146
2337 2040 |-297
3779 2785 |-994
1859 13-74 |- 4:85
60504 | 58224 |- 2280
87644 | 79248 |- 8376
55344 | 52968 |- 2376
1976 | 11688 |- 288
2369 | 2256 - 13
42:06 11979 - 2227
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Table E3 - 4. The Effect of Toxins on the Germinafion of
Some HMarine Fouling Algae

. o . Cuprous ' Tributyl tin
' Glfféédla secundg Oxide @ Copper @ Hydroxide @ ,
0 ‘ 112.5 112.5 40.00 SRS
// « -
0.05 (0.005) 67.14 . 54.80 : 2
0.25 (0.025) . 30.&% 87.00 4.44 e
- 0.50 (0.050) 4.27 23,07 42,50 2
2.50 (0.250) 2.72 1.67 10.00 3
5.00 (0.:00) 2.1I0 - 16.00 v
7.50 (2.500) : C- - 5.71 -
I0.00(5.000) \ - - .+ 1.90 2
Pilyella littoralis
i 0 | '5.18 5.18  5.18
" /] * |
2 0.I (0.005) . 3.04 4,17 2.00 L
0.5 (0.025) - 5.71 ©0.67 - -
I.0 (0.050) 5.07 - -
5.0 (0.250) : - 3.00 -
- 10.0 (0.500) ' o o _

¢/ copper as
*  tributyl tin as percentage saturated solution in sea water

® 1in units of IOO0O0

B T e I R

e, S ST T G AT T W T e T ~ >
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