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Ecological studies on macroinvertebrate

populations associated with polluted kelp forests
in the North Sea

D. ]. Jongs

Department of Botany, University of Durbam; Durbam, England

KURZFASSUNG: Ukologische Studien an Populationen von Makro-Invertebraten auf ver-
unreinigten Seetang-Wildern in der Nordsee. Die Arbeit berichtet iber erste Ergebnisse einer
&kologischen Untersuchung an verschmutzten Kiistengewissern im Bereich der Grafschaften
Durham und Midlothian (im Nordosten Englands). Die untersuchten Kiistenstreifen enthalten
sowohl stidtische als auch industrielle Gebiete, wihrend die dazwischenliegende Landmasse
weitgehend landwirtschafilich genutzt wird. Die Kiistengewisser in Durham sind seit iiber
100 Jahren verschmutzt, d. h. seit dem Beginn der industriellen Revolution. Das Ausmafl der
Verschmutzung wird kurz umrissen. Es wird eine Methode beschrieben, die einen Vergleich
der in den verschmutzten Seetang-Gebicten gewdhnlich anzutreffenden Invertebraten-Epifauna
ermdglicht. Reprisentative Proben der auf dem Haftorgan der Braunalge Laminaria hyper-
borea lebenden Fauna wurden gesammelt und mit Proben aus unverseuchten Gewissern ver-
glichen. Die Ergebnisse deuten an, daff in verschmutzten Gewissern die Artenfolge, die Ge-
schwindigkeit der Aufeinanderfolge, die Hiufigkeit der Individuen und die trophische Struktur
der Lebensgemeinschaft verindert sind. In verschmutzten Gewdssern ist die Entwicklung zu
komplexen Lebensgemeinschaften verlangsamt; es entstehen ,neotene® Gemeinschaften. Griinde,
welche einer Entwidslung zu ciner normalen Lebensgemeinschaft im Wege stehen, werden her-
ausgestellt.

INTRODUCTION

One feature of the East coast of Britain is the concentration of heavy industry
around the lower reaches of the Rivers Forth, Tyne, Wear and Tees. Industrialisation,
with its attendant development of large urban populations, has gone hand in hand with
the production of an increasing amount of waste material which is voided into the sea.
Man’s activities in this direction may be broadly considered in two categories: (1) Man
as a geomorphological force speeding up the transport of terrigenous material to the
sea. (2) Man as a geochemical force manufacturing substances which do not occur
naturally anywhere in the crust and voiding them into the sea.

The result is pollution, which is defined here as the addition of anything to the
sea which brings about disruption of the natural balance of the ecosystem present in
the vicinity of the outfall.
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Beginning in 1967, an ecological survey of the inshore waters illustrated in Fig-
ure 1 was undertaken to assess biological damage to the marine environment from
pollution of the sea. This paper presents the preliminary results of that study.
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Fig. 1: Distribution of the urban population on the North East coast of Britain adjacent to the
study area

THE EXTENT OF MARINE POLLUTION IN THE
NORTH EASTERN REGION OF THE NORTH SEA

The human population density adjacent to the study area is shown in Figure 1.
Marked aggregations can clearly be seen around the lower reaches of the River Forth
in Scotland, and the Rivers Tyne, Wear and Tees in Co. Durham, England.

Figures 2 and 3 present a detailed analysis of the extent of industrial development
along the lower reaches of the three main Co. Dutham rivers (House 1969). Industrial
development of this area can be traced to the early days of the Industrial Revolution

* Reproduced by kind permission of Prof. J. W. Housk, Dept. of Geography, University
of Newcastle upon Tyne and David and Charles {(Holdings) Ltd., Devon.
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Fig. 2: Industrial development in Co. Durham

and for most of the intervening 150 years unknown and unmeasured amounts of in-
dustrial and domestic wastes have reached the sea via the rivers.

The length of coastline included in this survey and the location of sampling sta-
tions along it, are shown in Figure 4. The following a-biotic parameters illustrated in
Tables 1 and 2 were obtained from the stations indicated. The extent of the pollution
may be conveniently discussed under the following headings.
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Fig. 3: Industrial development in Co. Durham

Sewage pollution

In the densely urban areas adjacent to Station 1 (Forth Bridge), Station 15 (Souter
Point) and coastal waters between Station 16 (Seaham) and Station 17 (Robin Hoods
Bay) faecal bacteria counts have been recorded in excess of 160,000 organisms per litre
of sea water (CoviL 1968, Berramy 1968). By comparison, numbers of bacteria
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Fig. 4: Location of the sampling stations in the study area

counted in sea waters collected at Station 6 (St. Abbs) never exceeded 200 organisms
per litre.

Soluble inorganic nutrients

Available inorganic nitrogen (NOs, NOy + NH,), phosphate (POy) and silicon
{SiO3) can be rate limiting on plant growth in natural seawater (RaymonT 1966). It is
significant that along these shores, the highest levels of nitrate, phosphate and silicon in
solution occur in the polluted coastal seas adjacent to the Rivers Tyne, Wear and Tees.
However, erosion products from the land can enrich coastal seas adjacent to rivers,
with inorganic nutrients and the decay products of organic material originating from
the land mass (RiLey 1937, Regs 1939, Harvey 1945, Karte 1953). The addition of
industrial and domestic pollutants to river systems can further increase nutrient levels
in the vicinity of river estuaries (RENN 1956, KocH 1959, Opum 1961a, Jerrrizs 1962,
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Table 2

Analysis for heavy metals in sediments collected from interstices of holdfasts.
{All values expressed as p.p.m.)

Station Pb Zn Cu Ni Ba I Zr Sr Br

8 22 55 25 22 250 600 300 450 350

11 17 40 15 20 200 450 150 700 550
i5 63 106 24 23 600 543 616 400 233 I

CRONIN 1967). Thus there is every likelihood that a proportion of the high nutrient
levels found in Co. Durham coastal waters are a natural event, caused by erosion of
the river catchment. However, a consideration of the intensive industry in this area
must indicate that pollutants also contribute to the high levels of soluble inorganic
nutrients found in the inshore waters of Co. Durhan.

It is also possible that a proportion of the pollutants detected in the coastal seas
have originated well inland, from urban and industrial conurbations on the middle
reaches or even the headwaters of these rivers.

WaTson & WaTsoN (1968) recorded nitrate (NOg) levels of 177 1g/100 ml, phos-
phate at 95 ug/100 ml and suspended solids in excess of 400 ug/100 ml in Tees Bay.
Similar trends in industrial and urban development along the rivers Tyne and Wear
must also enrich these waters.

Phosphate levels of 2.78 ug/l at Station 15 (Souter Point) are over seven times
higher than those at Station 6 (St. Abbs, Table 1). Total inorganic nitrates at Station 16
(Seaham) can reach 52.4 ug/l more than thirteen times higher than at Station 6. Silicon
levels are twice as high at Station 16 (Seaham) compared with Station 6. Levels of all
these nutrients at Station 6 (St. Abbs) are of the same order as the mean annual levels
for more Northern regions of the North Sea which are not polluted (P. Heap, pers.
comm.). The inorganic nitrate levels in the naturally turbid waters at Station 17
(Robin Hoods Bay) fall between the normal low values in the unpolluted waters at
Station 6 (St. Abbs) and the unnaturally high figures at Station 15 and 16 (Souter Point
and Seaham). The erosion of boulder clay cliffs in this area is the source of much
natural turbidity at Stations 17 and 18. It is possible that the increase in the levels of
inorganic nutrients recorded here is associated with the natural turbidity of the waters.

Along the whole of the coastline under study, the indications are that pollutants
added to the seas of Co. Durham increase the levels of inorganic nutrients found there
and further enrich the coastal waters already receiving nutrient run-off and erosion
products from the land, via the three rivers.

Inert, inorganic pollutants

The inshore waters adjacent to Co. Durham annually receive at least 3,000,000
tons of coal waste dropped directly into the sea from coastal mining operations (“The
Times” 14th March, 1970). Up to 500,000 tons of flyash (from coal fired power sta-
tions) is tranfered into the sea a short distance from these shores.
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Heavy metals as pollutants

Heavy metal analysis of sediments collected in sublittoral kelp forests (Table 2)
shows levels of the inorganic metals, lead, zinc, nickle, and copper are higher in polluted
sediments. High iodine levels indicate that oxidizing conditions are retained at all
three stations (N. B. Pricg, pers. comm.). The higher levels of lead, zinc and copper
indicate the presence of a greater proportion of organic sludge in the kelp forests at
Station 15 (N. B. Pricg, pers. comm.).

From the preceding description of the scant data available on the local physical
and chemical conditions in these coastal waters, the following regional differences in
water quality can be distinguished: (1) The urbanisation and industrial development
of land adjacent to the Firth of Forth has certainly led to pollution of this estuary
(also see SmyTH 1968). (2) This estuarine pollution does not extend south to Station 6
(St. Abbs) where the water has oceanic characteristics. (3) Proceeding south from
Station 6, a gradient of increasing pollution can be demonstrated which reaches its peak
along the shores of Co. Durham. (4) The coastline south from Scarborough to Flam-
brough Head is reasonably unpolluted but contains high levels of inorganic material in
suspension.

Selection of a marine habitat for study

Sublittoral kelp forests dominated by Laminaria byperborea (GUNN.) FOSLE are
a constant feature of the extensive rocky out-crops along this length of coast.

Fighteen sampling stations were selected for a study of the characteristic inverte-
brate epifauna associated with the kelp forest system as shown in Figure 4. The sta-
tions are placed to include all known variations in water quality along the coast and
are briefly described below. Stations 1 to 4 lie in the polluted Firth of Forth estuary;
Stations 5-12 are located in the unpolluted waters of Berwickshire and Northumber-
land; Stations 1316 all lie in the chronically polluted waters of Co. Durham; Stations
17 and 19 are located in the unpolluted but naturally turbid waters of North York-
shire.

METHODS

A comparison of ecologically equivalent areas was the approach adopted for this
study. To successfully apply this technique it is cracial to first establish the equivalence
of all sampling units from which data for future comparison are obtained. The habitat
provided by hapteron of the kelp forest dominant, Laminaria hyperbora was chosen
as the sampling vnit from which invertebrate communities were enumerated for com-
parison. This plant is the dominant perennial alga in the North Sea sublittoral rocky
ecosystem (Joun 1968). It can be aged accurately up to seven years (Kamn 1964) and
the growth patterns of populations of this plant can be compared (BerLamy 1968).

Stands of L. hyperborea occur on rocky outcrops on all the coastline under study
and also appear to represent the “climax” vegetation around much of the rocky coasts
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of Europe. Collectively the dense populations of this dominant provide shelter for the
development of the associated epifauna. The advantages of this shelter can best be
observed in the interstices of the holdfast of large brown algae, where a diverse com-
munity of benthic animals becomes established (AnprEWS 1925, 1945, YonGE 1958,
GELHARDI 1960). Shelter provided by plants is of great importance in the development
of a diverse epifauna which will preferentially select areas of seabed which provide it
(SueELrORD & TowiEr 1925, KiTcHING 1934, Drach 1952, ForsTER 1952, Linry 1953,
1958, KnicHT-JoNEs 1955). The holdfast habitat is thus an ideal microcosm for study
as it is easily accessable using an aqua lung, can be completely removed from the rock
surface with its epifauna intact, and many of the plants remain in the environment
for 7 years or longer.

However, as a biotic unit, it is itself responding to the environment. BELLAMY
(1968) has shown that the gross morphology of the stipe and lamina of L. hyperborea
can be altered and that the productivity of the kelp forest has been reduced by 92 %
in the polluted waters of Co. Durham.

An investigation of the growth patterns of the hapteron habitat was therefore
necessary to first determine any regional variation in the gross morphology of this part
of the plant which might affect the colonization patterns of invertebrates.

Fig. 5: Median vertical section of holdfast in situ on rock after removal of stipe. Linear
dimensions of theoretical volume superimposed. Depth 30/, Station 6. (Photo J. BArRNES)



426 D. J. Jones

Effects of pollutants on the amount of shelter provided
by Laminaria byperborea holdfast

At a chosen depth, a holdfast was selected, promptly removed from the rodk with
a sharp knife and placed in a small hessian sack. The sack was quickly closed using
nylon drawstrings in the neck and the protruding stipe then cut away.

On return to the laboratory the following morphological characteristics of the
holdfast were noted: the length and breadth of the basal part of the holdfast, the
vertical height and maximum stipe diameters (Fig. 5). The age of the plant was deter-
mined (Kam 1964).

With a sharp knife successive hapteron whorls were removed starting with the
youngest which are highest on the stipe. Stops were made at frequent intervals to
remove and collect exposed specimens of the fauna. Detritus and sediment were
washed from the cut up holdfast and the weight of the clean dry tissue noted.

A study of the morphology of two thousand holdfasts revealed a basic growth
pattern common to all the plants. The base of the holdfast attached to the rodk is
roughly eliptical and a maximum area that a holdfast occupies can be delimited within
that elipse. The annual addition of a whorl of holdfast branches adds not only to the
area covered but also to a third dimension, holdfast height. A formula for calculating
the maximum amount of euclidian space confining one holdfast can thus be derived.

Area of an elipse = mab where 2a = major axis and 2b = minor axis
Volume of cone height L eliptical base = 1/5 z Lab
Volume of frustum heighth = /3 7z [AB (h + k) ~ab(K)]

k a

I h - A T B is necessary condition

k a

ko !
k+h A k

.. kA = ak + ah /l\ 51[
A AVER

ah atbh
Volume of frustum = Y37 [AB (h + A ) — o
A a%h
= tYaah [AB ) - 5]
— 1/3 oh 1/A-a [A®B — a%h]
Substitute for b, alf
a’B
Volume = 1/37h 1/A-a (A?B - i)
3 _ 48
= 1/g nh .__..B_~ [_A_i]

(A=) A
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= U3 7 B/A (A% + aA + a?)

B
=1sm A [A% + aA + a?]

h
=10 f [AZ 4 aA + a?]

Substitute following

L=2A a = 2a
B=12B
1.2 La a2
<. Volume = /3 7zh B/L | — T+ 1

Volume = /12 zh B/L [L? -+ La + a?]

Where w = 3.14

h = Vertical height of holdfast, B = Breadth of holdfast, L =
Length of holdfast base, a = Greatest diameter of cut upper
surface of holdfast called stipe diameter

The tissue of the holdfast occupies some of this volume. But, total net weight of hold-
fast tissue X Sp. Gr. of tissue = Real tissue volume (ml)
where Sp. Gr. of L. byperborea tissue is a constant = 1.30
.. [Theoretical holdfast volume] — [Real tissue volume]
= Habitat volume (ml)
Thus,
/12 wh B/L [L2 -+ La + a2] — [ Wer weight tissue X 1.30]
= Habitat volume, called “ecospace” (ml)

The habitat volume available for invertebrate colonisation is called “ecospace”
and can be defined as a measure of the stabilising influence of plant biomass on the
range of physical parameters detrimental to faunistic components of the ecosystem.
The amount of sheltered habitat available for animal colonisation is thus determined
by conversion of measurements of holdfast mass and linear dimension to a single
measurement by volume. The age of the plant provides the time scale of ecospace
development.

Fcospace measurements, computed for 1450 plants of all ages at all stations along
the North East Coast, indicate that the size of the habitat increases throughout the
life of the plant. Size, a function of solar energy accumulated as plant tissue, causes
the rate of ecospace increase to depend upon the rate of balance between anabolism
and catabolism in the plant (Table 3, Fig. 6).

Using logn transformation of ecospace as the y axis, and the minimum age in
years as the x axis, the rate of ecospace increase can be determined by simple linear
regression analysis (SNEDOCOR & CocHRAN 1968) allowing the rate of habitat increase,
measured as ecospace to be compared, between spatially distinct populations of Lami-
naria hyperborea.
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Table 3
Dimensions of holdfasts used for calculating ecospace
. Wet Stipe
Age Length Breadth Height weight diameter Ecospace
(years) (cm) {cm) (cm) (© (cm) (ml)
1 23100 1.5%1.2 0.8%+01 1.1 13 05102 0.0% 0.2
2 41402 30101 1.9+ 0.0 501 0.0 13 +00 27+ 01
3 6.9 0.0 52+0.0 22403 210+ 1.4 1.7+ 0.0 102+ 1.3
4 10.2+0.2 7.5+02 34100 475% 2.7 25+00 3641 39
5 143 £ 0.3 101+ 0.3 49+ 0.1 113.8+ 5.3 29100 926+ 6.7
6 16.5 £ 0.2 12,7 2 0.2 6.0+ 0.1 1780+ 6.8 32400 186.2 £ 17.3
7 187103 13909 7801 2749% 120 3.8X00 3121%196

Figure 7 presents the regression analysis on the mean rate of ecospace increase for
the polluted and unpolluted stations. “F” tests on the mean variance of the annual rate
of ecospace increase in polluted and unpolluted water show no significant differences
between polluted and unpolluted stations. Hence the amount of ecospace produced and
the rate at which it is formed during the life of an average individual remain equal in
the polluted and unpolluted areas.

10

o] A =Polited Y=-16680+15282X X
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Fig. 6 Fig. 7
Fig. 6: Increase in ecospace with time and standing crop of holdfast tissue

Fig. 7: Mean rate of ecospace increase at all the unpolluted stations compared with all the
polluted stations
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By sampling plants in all age classes from one to seven years old, the gradual
increase in the dimensions of the habitat can be determined. Within the North East
Region, spatial and temporal comparisons of communities developed in these similar
habitats were then made.

RESULTS
The ecospace habitat as a sampling unit for invertebrates

Elements of the epifauna which are dispersed throughout the kelp forest, colonise
the ecospace habitat. Community data obtained from ten replicates of the seven year
ecoperiod is presented in Table 4. This information is collected for Station 6 (St. Abbs)
an established clean water reference point for further comparative studies on pollution.
The mechanics of community development found here are taken as the normal state of
affairs in the ecospace microcosm.

The number of species included in the habitat increases as ecospace increases, as
indicated in Table 4. Afer the first period when only two species settle, there follows
a steady accumulation of new species. By the seventh and final ecoperiod 19.0 & 1.0
species totaling 80.0 = 8.0 individuals are present. Of the total number of 53 spe-
cies present, 44 are recruited into the habitat in a distinct series and almost without
exception remain in the community, gradually increasing in numbers for the duration
of habitat development.

The feeding patterns of the developing community change as the habitat enlarges
(Table 5). The encrusting suspension feeders Umbonula verrocosa and Mucronella
coccinea, pioneer the colonisation, but lose their initial dominance in succeeding eco-
periods.

In the second ecoperiod, omnivores Amphithoe rubricata, Ophiopholis aculeata,
Opbhiothrix fragilis, the herbivore, Lacuna vincta and the carnivore Asterias rubens
appear as the first members of alternative feeding groups. The deposit feeder Flabelli-
gera affinis completes the complement of five major invertebrate feeding groups (JonEs
1970), by the end of the 5th ecoperiod. Considering the community as one “super-
organism™ (c.f. BopENHEIMER 1938) it thus seems that community development can
take 5 successive ecoperiods to develop to maturity and that pioneer species are en-
crusting forms which feed on suspended material borne past the habitat by water
movements.

Thus the developing ecospace habitat is subject to at least two biotic factors which
influence the developing community: the growth patterns of the plant which provides
the habitat and the presence of other invertebrate species already in the habitat. A
distinct sequence of colonisation by a series of species is the result. This process bears
some resemblance to succession (TAnsLEY 1953, Opum 1959). With little or no know-
ledge of the life histories of most of the invertebrates involved in this study, further
ecological interpretation of a sequenced colonisation in this habitat must be approached
with caution. It is unlikely that many of the mobile species remain in one holdfast for
six or seven calendar years, whilst the sessile forms will not be uniformly discributed
by successive spatfall.
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The term “ecoperiod” is used to describe the rate of invertebrate colonisation in
ecospace. The rate of ecospace enlargement is measured by the age of the plant. By
sampling all stages of habitat development at one point in time, the proportion of the
different species accumulated in ecospace depicts the accomodation of communities to
environmental conditions prevailing in the vicinity of the habitat. The sequence of
colonisation over seven successive ecoperiods can thus be considered as an historical
account of community development in ecospace.

The ecospace habitat in polluted waters

Community data for ten sets of the seven year ecoperiod collected at Station 15
(Souter Point) are presented in Table 6. This station is one of the most polluted areas
in the study. It is located 120 miles south of Station 6.

The number of species included in the polluted water habitat is low (Table 6).
After the first annual ecoperiod, two species settle. A slow rate of species accumulation
takes place which, by the end of the seventh ecoperiod, amounts to only eight species.
The rate of accumulation of individuals is faster, reaches maximum by the 5th eco-
period when 200 individuals are present. By the seventh ecoperiod only 44 individuals
are present in the fully developed habitat. A total of 44 species attempt colonisation of
which only 27 species become progressively and permanently included. The remaining
17 species make only a sporadic appearance in the community.

The feeding patterns of the developing community undergo some change during
development (Table 7). One encrusting suspension feeder Haliodhondria panacea and
the bivalve Mytilus edulis pioneer habitat colonisation in the first ecoperiod, but did
not lose there initial dominance as large numbers of Mytilus edulis continued to colo-
nise the habitat during all stages of its development. By the third ecoperiod, small
numbers of deposit feeders, herbivores, carnivores and omnivores appeared in the
community to complete the trophic complement. Of the five alternative trophic groups
which colonise ecospace, only carnivores appear as a significant community element
accompying the dominant suspension feeders.

Comparison of “succession” in polluted and
unpolluted ecospace at Stations 6 and 15

In polluted waters at Station 15 the number of species colonising the habitat is
reduced by 43 %, (Fig. 8). In both cases, a successive series of species colonised the
habitat as it enlarged. In polluted water, the pattern of this increase is dissimilar.
Maximum numbers of species were rapidly attained by the 5th ecoperiod whereupon
some process caused the numbers of individuals to decline even though the habitat
continued to enlarge (Fig. 9). In clean waters, by comparison, fewer individuals were
found in the habitat but these steadily increased in numbers as the habitat developed
to full size. The species diversity of the polluted community is thus reduced but the
rate of colonisation is speeded up by two annual ecoperiods.
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A different sequence of species colonised the habitat in polluted waters and pic-
neer species of suspension feeders retained there dominance over other trophic groups,
throughout community development. The trophic complexity of the community be-
comes reduced to a suspension feeding unit, which is accompanied by some carnivores,
as shown in Figure 10.
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Fig. 8: Comparison of rate of colonisation by new species at Station 6 (unpolluted reference
station) and Sation 15 (chronically polluted)

Fig. 9: Comparison of rate of colonisation by individuals of all species at stations 6 and 15

DISCUSSION

A consideration of the whole community, during all its stages of development to
maturity indicates that many of the species described by Pererson (1915), GISLEN
(1931), Searx (1937), Emarsson (1941) and Jongs (1950) become part of the eco-
space community. This typical epifaunal association known as the ‘Modiolus modiolus’
or ‘Mytilus edulis’ biome, can be dominated by the species Ophiothrix fragilis, Ophio-
pholis aculeata, Porcellana longicornis, Balanus sp., Galathea sp. and a range of anne-
lids (JonEs 1950). This species configuration on the shallow water rocky benthos, is
known for most northwest European clear water, rocky shores, including those of Ice-
land, Denmark, Sweden, the Baltic and the North Sea.
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As far as can be determined, an exact similar habitat is available for colonisation
in the polluted waters yet atypical community development takes place within it. In
polluted waters, larger, simpler communities developed faster but retained juvenile
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Fig. 10: Percentage of five major feeding groups present in succeeding ecoperiods. Mean of
cach feeding group for the seven annual ecoperiods at centre

species as community dominants in the mature stages of habitat development. The
invertebrate community can be regarded as undergoing neotenous development,
characterized by the absence of any complexity in space or time. The following
features may be recognized as neotenous characteristics of the polluted water system:
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(1) There is an unusually large potential energy source available in the form of sewage
pollution. The ecosystem response to this increased energy source is a reduction in
species diversity and complexity (c.f. MaRGALEF 1968). (2) Suspension feeding is an
unspecialized mechanism compared with the more specialized methods of herbivores,
carnivores and omnivores and as such can be considered as 2 more juvenile method of
feeding (MARGALEF 1967a). (3) A pioneer species Mytilus edulis remains dominant in
the community from the earliest (most juvenile) stages of its development. This species
has a high level of fecundity (Seep 1968) which is a necessary quality for pioneering
species in new situations. Successful in juvenile communities, it continues to dominate
all subsequent stages of community development to maturity. (4) The planktonic larvae
of Mytilus edulis can remain free floating for many weeks (SeED 1968). This ensures
wide dispersal and further increases the chances of successful colonisation in new
habitats.

Thus, the community response to pollution along the shores of Co. Durham in-
volved a modification of the ‘old’ system developed in natural waters, by a recombina-
tion of existing species formerly present in small numbers. Many species have been lost
in this process but no pollution dependant species have appeared. The new community
can be thought of as an utility system stripped bare of many superfluous energy path-
ways. It makes use of a new and readily available food source. A fine suspension of
sewage solids sweeps through the kelp forest, borne on water movements. PAINTER &
VARNEY (1959} have shown that up to 70 % of sewage poured into the sea can remain
in suspension. A large suspension feeding population containing species resistant to
other industrial effluents in the water, occupies ecospace in these areas.

The exact reasons for the fragmented and retarded succession which occurs in
polluted waters are not known. FHowever, the absence of half the clean water species
in polluted water ecospace must play its part. An ecological barrier is in operation here
which restricts the access of many clean water species.

To be ‘successful’ it appears that each species must become permanently integrated
into the community in a nonrandom sequence not unlike succession. Fifteen species
which attempt the initial colonisation of the polluted habitat, fail to obtain a per-
manent foothold. The presence of these species in polluted waters indicates that as
individuals they are able to withstand the stress of pollution but their inability to be-
come integrated prevents them from taking a central role in community development.
A second ecological barrier is thus operating, subordinating these species to a marginal
role.

Further investigations are now necessary on the ecophysiological responses of
species which are excluded from polluted waters or are only marginally present. It is
apparent that at least two ecological barriers seriously disrupt the natural sequence of
community development in polluted ecospace.

SUMMARY

1. The English Counties of Midlothian and Durham are situated on the North
Western Edge of the North Sea. Both counties have a high population density and
a variety of industries located in them.
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2. The coastal seas adjacent to these areas are heavily polluted.

3. In one of these industrial areas, County Durham, the coastal waters have been

polluted for 150 years — from the beginning of the Industrial Revolution.

4. Two gradients of pollution, one estuarine and one off the open coast, are described.

The intervening sea coast has little or no pollution.

5. A comparative method of pollution surveying is presented which makes use of the
epifauna in the holdfast or hapteron of the large brown alga Laminaria hyper-
borea (Gunn.) Fost.

. The size of the habitat is measured in cubic millilitres and called ecospace.

. The rate of invertebrate colonisation is measured in ecoperiods.

. Statistical investigation reveals similar habitats in clean and polluted water.

. The “normal’ sequence of habitat colonisation by invertebrates is described for
clean waters. It contains species groups commonly found on rocky sublittoral kelp
forests elsewhere in the North Atlantic.

10. Ecological comparison is made of the community development described for clean

and polluted stations.

11. Results indicate that in polluted water, invertebrate ‘succession’ is retarded; the
species composition of the community is simplified, 43 9/o of the species are lost,
rates of habitat colonisation by individuals of pollution tolerant species are speeded
up; the polluted community undergoes neotenous development i.e. retaining juve-
nile characteristics throughout development to community maturity.

12. Functional aspects of ‘new’ (pollution present) and ‘old’ (pollution absent) com-
munities are discussed.

13. The marginal presence of some species in polluted water is also discussed.

15. Two ecological barriers to normal community development in the polluted envi-
ronment are postulated.
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