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Abstract

Aspects of the ecology and physiology of Zygogonium ericetorum 
and Hormidium flaccidum on china clay wastes are investigated and 
consideration is given to the suitability of china clay sandtips 
as a substrate for plant growth. Particular attention is paid to 
the sequence of plant colonisation and the role of the respective 
algae in soil formation. Effects of light, temperature, humidity 
and herbivores are considered.

Effects of the city Plymouth as an air pollution source, on the 
algal growth and colonisation of the Dartmoor china clay tips are 
discussed. In the laboratory, sulphur dioxide solutions of 20, 30 
and 50ppm, at low pH, gave rise to an alteration in the growth 
pattern of H. flaccidurii cultures resulting from irregular cell 
division and a marked increase in cell size. Electron microscopy 
studies of such cells showed the presence of vesicles within the 
chloroplast, probably indicative of an impairement of photosynthetic 
activity.

A structure resembling a "quasi-crystalline lamellar lattice" 
is described from electron micrographs of untreated material of 
Z. ericetorum.

The presence on Z. ericetorum of a fungal pathogen of the 
genus Chloridium is reported.



lote on nomenclature

Nomenclature of plants belonging to the British flora follows 

Clapham, A«R*, Tutin, T«G« and Warburg, E#F* (1962) ‘Flora of the 

British Isles1, 2nd edition and James, P. Vs* (1965) *A new oheoklist 
of British lichens', Liohenologist 3, 95- 153*

Following common praotloe, Calluna vulgaris (L) Hull (heather) 
Is referred to simply as Calluna*
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li Introduction
The ohina clay industry is an important one in Southwest 

England, an area whioh is otherwise largely devoted to tourism 
and farming* The ohina olay product is in high demand on the 
world market as an inert filler and the principal supplies 
oome from Devon and Cornwall, and Georgiay U*S*A* Unfortunatelyy 
the extraction of the mineral yields large Quantities of waste 
material dumped in the form of silica spoil tips and mic^ dams 
andy as at present only a very limited quantity of these waste 
produots oan be usedy the area oooupied by the ohina olay industry 
in the Southwest is extensive and increasing* The natural 
colonisation of the tips is a lengthy process and does not appemr 
to have been studied previously*

The most important pioneer species is a filamentous green 
alga*Zygogonium erioetorum whioh is frequently associated with 
another filamentous greeny Hormidium flaooidum* These form 
extensive mats over the surface of ohina olay waste and thus 
it would appear likely that they play an important part in the 
stabilisation of olay wastes and in soil genesis* Z. erioetorum 
is known to be a coloniser of bare aoid soil on moorland but its 
possible signifienoe on ohina olay waste has not previously been 
investigated*

The ohina clay workings west of St* Austell, Cornwallyare 
situated in a rural area more thaa 30 Km distant from the nearest 
large town* The second main workings at Lee Moor, Dartmoory are 
situated 9 Km. to the northeast of Plymouth, a oity of approximateV 
250,000* The conurbation is a significant pollutant source and 
its importance as suoh is likely to be greatly increased with 
the building of a proposed large powerstation at the mouth of 
the River Tamar* It is oonoeivable that an increase in the con
centration of atmospheric pollutants in the area could have a 
damaging effect on the growth of terrestrial algae on ohina olay 
wastes at Lee Moor and that this could seriously affect the 
natural plant colonisation sequence on ohina olay waste*

The thesis is divided into three sections* The first section 
is ooncerned with the ohina olay industry in the Southwest, the 
extent of the waste problem and the general oolonisation sequence



with particular reference to the Drakelands Corner area at 
Lee Moor* The seoond section is concerned with the biology 
of the two important pioneer algae, Z* erioetorum and H*flaocidum* 
and the growth on china olay wastes* Being an unfavourable 
substanoe for algal oolonisation, particular attention is paid 
to suoh adverse faotors as dehydration,erosion and the effects 
of animals* The final seotion considers an additional adverse 
environmental factor namely air pollution or, more speoifioally, 
the effects of sulphur dioxide* Both effeots in the field and 
in the laboratory, including ultrastructural changes, have been 
investigated*



SECTION I

CHINA CLAY IN SOUTHWEST ENGLAND

Geology, extraction and aspects of 
the ecology of silica sand spoil 
heaps.



II

2.1 Literature Review
China olay a decomposition product of granite, is widely 

distributed throughout the world; however, its commercial 
extraction is restricted to oomparitively few plaoes as deposits 
are frequently mixed with impurities and badly stained# In 
Britain, ohina olay is of very localised ooourenoe and large 
deposits are found only in Cornwall and south Devon# However, 
due to the high quality, these deposits together with those in 
Georgia, United States, yield the bulk of the ohina olay used 
throughout the world today# Henoe it may be classed as one of 
the most important mineral resources in this country#

Kaolin was named and used by the Chinese from the beginning 
of the Tang Dynasty (a .D#618) but its products were not introduced 
into Europe until the 16th oentury# The disoovery of ohina olay 
in this country is oredited to William Cookworthy who first found 
a small deposit of the mineral at Tregonning Hill, best Cornwall, 
in 1748 and subsequently set up ohina olay factories in Plymouth 
and Bristol# Cookworthy soon found a better supply of ohina olay 
about 6*5 Km. southwest of St# Austell in the Hensbarrow area, and 
this is now the ohief producing area and in 1971 produced about 
80 per oent of the British output. Most of the remaining 20 per 
cent is accounted for by the southwest Dartmoor area (Perkins,
1972)# Clay mining began here in the 1830*s when a Irge area of 
Lee Moor was opened# Although extraction was originally the 
responsibility of many small oompanies, today English Clays Lovering 
Poohin and Company (E#C#L#P#) control 90 per cent of the British 
output#

The process of gaolinisation has affeoted the granite formations 
of southern Dartmoor, the southern half of Bodmin Moor, the whole 
of Hensbarrow, the northern half of Carnmenellis and a small area 
of the Land*s End massif (Pig 1)# In this prooess, pressures 
created by disturbances in the earths interior millions of years 
ago forced hot acid gases and fluids up through the granite masses 
breaking down the felspar constituent of the granite to give a 
soft white powder termed iKaolinite (A^O^SiQ^Hg)* The Quar**
and mioa constituents of the granite remained unohanged# Because 
of this mode of formation, the ohina olay deposits are extremely 
deep and take the form of elongated funnel shapes#
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The extraction or "winning" process involves separating
■I

the id olin from the quarts and mica components* and the moorlands 
provide plenty of fresh* olesr water for the traditional method 
of washing-out the deposits* Today* the "winning" of olay from 
the slopes is aohleved by hydrostatic mining using high pressure 
jets of water to disintegrate the matrix* The crystals of 
gaoUnite take the form of hexagonal plates and it is due to 
this sheet-like structure*minute particle else* relative freedom 
from impurities* good quality colour and ohemioal inertness in 
addition to its cheapness* that ohina olay is so important in 
many industries*

The impact of china olay workings on the environment is 
unique amongst extractive industries* Old ohina olay workings 
have been largely left derelict and even with modern teohnio 1 
advances* restoration of the waste tips presents certain diffi
culties* The land covered by olayworkings in the Southwest is 
equivalent to an area of over 100 Km. and the extrapolation of

I

the intended build-up of sand output implies rather more than 
a doubling in slse of the existing wastetip area at Lee Moor 
by the end of the century* and possibly more than a quadrupling 
in area at St* Austell (Blundes 1975)*

For every tonne of olay extracted* there are 4 to 5 tonnes 
of quarts, 1 tonne of raioeoeous residue, 1 tonne of rock and 1 
tonne of overburden (ECO, 1973*)* These proportions vary from 
area to area and from pit to pit* as well as with improving 
extraction techniques* In the Lee Moor area, the deposits have 
a higher mica content (Perkins* 1972)* The tonnages of material 
involved are large and in the Lee Moor area alone over 6*000 
tonnes of olay are extracted per week* It appears that the |
worlds* china olay markets will continue to grow at an increasing 
rate* This means increasingly large amounts of waste m< terial 
in the form of tuarts sand and mioa slurry residues* Deposits 
are extremely deep and none have been exhausted so that oompanies 
are reftuctant to 'sterilise* the deep reserves by backfilling* 
even in disused pits* The mioa* whioh is dumped in lagoons* is 
less of a problem thak the silica whioh is piled into heaps*
The oombin ition of deep unrestored its and high* m- inly OOn*0a\ anc(scape 
waktetips has produced the unique and characteristic ohina olay (Fig 2) /



Fig. 2 China c la y  excavations at Hensbarrow, St. Austell area, showing conveyer along 

w h ich  coarse sand is  taken to be s tockp iled  as large t ip s , as seen in

background

Fig. 3 Old china clay workings at Drakelands Corner, LeeMoor area, showing 

m icaceous area in foreground, dominated by Juncus and Salix spp., end

sandtips behind, supporting Calluna vulgaris and Ulex europaeus. 

Distance A-B across excavated a rea  equals approxim ate ly 80M.



Because of the cost involved in transport, there is only 
a limited and mainly local market for waste quarts sand (ECC, 
19736)* A plant produoing oaloium silicate bricks has been 
in operation since 1966 at Lee Moor and now uses over 2000 
tonnes of waste sand per week and **oes a growing demand for 
this produot. However, with 46*000 tonnes of sand accumulat
ing a week at Lee Moor alone* this is only a small outlet 
(ECC* 1973b). Future plans in the Lee Moor are<tinvolve large 
soale landscaping of worked sites and provision of fiooded 
pits for reservoirs (BOG, 1973c).

The waste products of the ohina olay industry present an 
inhospitable substrate for colonisation and the silica waste 
generally remains bare of plant life "fortens of years" 
aooording to Perkins (1972). Until recently* the sand was 
dumped as oonioal tips. Fresh material was continually being 
added from the top whioh meant that it was impossible for 
vegetation to beoome established whilst tipping was in pro
gress (ECO, 1973a)* Nevertheless, the sand waste, being coarse 
gravel* adjusts itself to a stable slope sb it is dumped whilst 
itsextremely porous nature ensures that there is good internal 
drainage (Perkins* 1972). Thus, once left, the tips are 
relatively stable. The new method of tipping is in terraced 
heaps with 24M lifts (ECC, 1973a).

Goodman (1974) has described the most important substrate 
factors that inhibit plant growth on ohina olay wastetips as 
the extreme degree of slope* wind erosion* low nutrient status 
and sheet and gully erosion. He lists instability, water stress* 
extremes of surfaoe temperature and absence of soil organisms 
as also being relevant although of less signifanoe* and notes 
the absence of potentially toxic elements. At some earlier 
dumping sites, sand was mixed with overburden (top soil) and 
this must have assisted the colonisation of plants (ECC, 1973a). 
The overburden oould vary in depth from one metre to 14 or 16 
metres or* exceptionally* more than this (Cook, 1880).

The only detailed published work on the colonisation of 
ohina clay waste material appears to be that of Barnes and 
St anbury (1951) and they were oonoemed with plant distribution



on mioa slurries. They noted that as the dams dried out* a 
weft of the alga Zygogonium erioetorum developedover the surface 
and that this stablised the surface to some extent. This was 
followed by Hypnum sohrebei, Spergularia rubra and salix 
atrooinerea seedlings whioh exhibited a random distribution. 
Finally* they noted the appearanoe of Junous effusus and Agrostis 
tenuis which persisted* and composed the bulk of the vegetation 
in well-colonised sites. Bradshaw etal (1975) describe old waste 
tips as becoming slowly colonised by oalcifuge grasses and shrubs 
and mention Ulex spp.* Lupinus arboreus* Salix oaprea and 
Rhododendron ponticum. They suggest that acid oakwood is the 
climax.

Bradwhaw etal (1975) have investigated the possibility of 
establishing a vegetation oover over waste sand tips. They found 
that the substrate* although lacking in toxic metals and containing 
sufficient micronutrients* was highly deficient is macronutrients 
and that these* if supplied artifioally* were leached. Similar 
properties are reported by May etal (1973) for china clay wastes 
from Georgia and South Carolina in America. It was found possible 
to establish a vegetation cover by seeding with a mixture of grass 
seeds and clover seeds inoculated with Rhixobium spp.

* *PLtun>z“u* tthrthert



2i Methods of Investigation 
The study urea

A study hrea Was ohosen to investigate the problems of 
plant colonisation on ohina olay waste. The looaiity selected 
was to the south of the present Lee Moor workings on Dartmoor 
(Fig. 1 and 45) on an area of moorland dominated by the old 
workings of Hemerdon and Bmallhanger (Grid. Ref. 3*5860). The 
Hemerdon/Bmallhanger group of waste tips* where most of the 
present work was carried out, will be referred to as the Drake
lands Corner area, this being the nearest hamlet (Fig 4). It 
represents the most extensive area of old, undisturbed work
ings of open aooess close to Plymouth.

The Drakelands Corner area is approximately 198M. above 
sealevel. To the north, the Dartmoor granite rises to 492K, 
whilst to the south the ground drops gradually to the sea. 
Plymouth lies 9 Km* to the southwest.

The Hemerdon workings were opened in 1855 £nd the adjacent 
Smallhanger Workings in 1861. Both oontinued in operation 
until the 1920*s when they were olosed and subsequently left 
dereliot. Just prior to closure, a great deal of waste sand 
was sold in the building boom at that time and consequently 
it is difficult to accurately date any of the remaining tips.
Very few large tips remain and most of the mounds are only a 
few metres in height. Figs 3 and 5 show the Drake kids Corner 
area and the extent of exposed ohina olay waste. The remainder 
of the area oonsists of moorland with Calluna vulgaris predomin
ating. The area does not appear to have been subjected to 
burning so thtt area of heath of different ages are present. 
Examples of pioneer, building, mature and degenerated heath, 
as described by Gimingham (1972), are all present. The vegeta
tion throughout the area is similar to thkt of much of the 
southern moor on Dartmoor but the large areas of flooded ground 
permit a richer variety of aoid bog species to become established.

Today, the area is heavily grased, predominantly by sheep but 
also by cattle and ponies. Rabbits occur in some numbers and 
are probably attracted by the olay waste as a suitable substrate 
for burrowing. Human activities take the form of horse riding 
and raotor-oyole scrambling over the rough land whilst the pits
are used extensively as dumping areas for old oars, bedsteads and

I contd. p. 20
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Key.

a ,b  Sites of vegetation cha rts , as in f ig . U.
c. Drakeland Corner hamlet.
d. Viewpoint from w h ich  f ig .3 was taken.
e. Active c lay w orkings.

F ig .5 A e ria l photograph of D rake lands C orner area looking south.
(photo S. Johnson )
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other unwanted articles. These eotivities tend to ooour mainly 
around the north and west parts*

Initial work involved collating information on the 
suooesional sequence of plants on old ohina olay waste* Barnes 
and Stanbury (1951) looked at the developing plant oonunanities 
on mioa dams but there are no similar reports for sand tips*
An obvious oritijsm of studying ooIonisation patterns is that 
it is not possible to examine the progressive development of 
vegetation in one area.over a suffioient period of years* There 
appears to be no reports of the time taken for sandfips to beoome 
naturally vegetated| Perkins (1972) simply states that the process 
takes "tens of years"• In the present study, it has been necessary 
to take the approach of selecting sites whioh appear to show 
progressive serai stages* Attempts to gain some idea of the age 
of tips by dendroohronology of Calluna vulgaris stems proved un
satisfactory as it was not usually possible to obtain main stem 
material from the oldest plants* The oldest stems examined showed 
a maximum of fifteen annual rings*

Soil profileswere exposed in a number of sites to the depth 
of the unaltered ohina olay substrate whioh varied from a few 
millimetres to 60om* below the surfaoe* From these profiles 
it was possible to reoonstruot the gradual build-up of something 
approaching a soil structure from the silioa waste material 
although it was not possible to t?>ke into aocount the time faotor 
involved*

The techniques used throughout in recording edaphio factors 
were as outlined below, except where otherwise mentioned in the 
text*

Collection and treatment of soil samples
All soil samples were oolleoted by first clearing away the 

ground vegetation and the top few millimetres of semi-deoayed 
humus, where applicable, and then taking a sample from the next 
few centimetres* Small, similarly-sized samples were taken from 
six points within the site area and mixed well, the samples being 
from a homogeneous part of the area, both horizontally and vertically* 
Soil samples were analysed as soon as was praotioable after collec
tion* Any large lumps were broken up and the samples were air or



oven-dried, as appropriate* For cheraioal estimations, samples 
were first passed through a 2mra. sieve to remove gravel and 
larger sized particles.

Mechanical analysis
The relative proportions of gravel, fine and coarse sand, 

silt and clay were determined by sieving to remove the larger 
particles and then separating the silt from the olay by differen
tial settlement in water*

Org. nic matter oontent
The dry ‘ashingmethod was used,igniting a known weight 

of oven-dry soil at 600°C for two hours or until constant weight 
was obtained* 

m i  Water
(i) Field water content* The percentage loss in weight 

of fresh soil after heating at 105°C to constant weight.
(ii) Field oapaoity. The total water holding capacity of 

a soil obtained by standing a Oooch crucible oontaining a known 
weight of air-dry soil with its base in distilled water for 
24 hours and then determining the water oontent of the soil*

(iii) Hygrosoopio water oontent* The percentage loss in 
weight of air-dried soil heating at 105°C to constant weight*

Moil acidity
Determined eleotrometrioally with a Beokmann Electromate 

pH metre using equal volumes of soil and water.
In order to determine the toufferingoapaoity of waste 

sand, 14om* diameter funnels were plugged with glass wool and 
filled with freshly collected sand to a depth of 5 cm. Then,
25ml* aliquots of distilled water and of water samples with 
pH valves adjusted with hydrochlovio aoid or sodium hydroxide 
were eluted twioe through the soil column and the resultant 
pH value measured*

Inorganic nutrients
(i) Total aoid soluble salts, known weights of dry ashed 

soil were placed in 250ml* beakers with 10ml* of N* hydroohloric 
aoid and allowed to stand for about one hour with oocasional 
stirring* After adjusting the total volumes to 50ml.with dis
tilled water, the mixture were filtered through weighed and 
dried filterpapers (grade 52)* After washing, the ashsamples
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were dried to constant weight at 105°c and the weight of aoid 
soluble salts was estimated*

(ii) Total changeable metallic oations. Using Brown*s 
method (1943)> 2»5g* of oven-dry soil were mixed with 25ml*
N. acetic acid (pH 2.31) in a 50ml. conical flask,the flask 
was stoppered and the mixture allowed to stand for one hour 
with ooonsional shaking* After this time9 the pH was determined 
as accurately as possible* The amount of exchangeable metallic 
cations was determined by applying the following equation

m.e* exchangeable cations per 100g* soil * (observed pH - 2.31) x 22 
This was applicable up to 10 m.e. exchangeable metallio 

cations per 100g. soil.
Vegetation analyses

The vegetation of old ohina d a y  workings was investigated 
using quadrats and mapping techniques. A series of small sand 
tips in close proximity to each other and exhibiting varying 
degrees of vegetation oover was selected. Sixty point quadrats, 
using a frame holding six pins9 were used to investigate oover 
at eaoh site. Frequenoy was recorded on the Dorain Soale in 
thirty-two random 10om2. quadrats. In addition9 the more complex 
community oharaoterised by Calluna in its degenerate phase was 
investigated using random quadrate (200 samples)9 this size
being found to be the minimum area suitable for sampling this 
particular community•

Two contrasting sites were selected for detailed mapping.
Both these sites supported Calluna as the dominant species but at 
one site9 the Calluna was in its "building" phase whilst at the 
second site it was in the "degenerate" phase. These phases9 as 
described by Gimingham (1972)9 are characteristic of heath land 
where the bulk of Calluna plants within one area tend to be of 
a similar age. The building and degenerate phases give the two 
most characteristic vascular plant communities found on old sand
tips in the Drakelands Corner area. Stands which appeared to be 
representative of these two communities were seleoted and the 
position of 5Qto2qurdrats within these stands was plotted using 
random numbers. The location of these two sites9 A ahd B 9 are 
shown in fig. 4* £ach 5»2 quadrat was divided into £m2 areas 
with string and the vegetation w  s charted within eaoh ihn2 using 
a frame of that size subdivided into 10cm2 units. Soil samples
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were taken for pH and organic oontent analysis at marked 
intervals within the charted areas*

Site A, characterised by vigorously growing Calluna, 
was on a slope and profiles were construoted at intervals 
using half-metre rules*

Site B was on flat ground* It was intended to reoord
miorotopogmphy using a point quadrnt frame but the dense growth
of Calluna and Ulex gallll bushes prevented aoourate readings of 
the soil level from being obtained*

Aerial photographs of old ohina olay workings at Lee Hoor 
were taken in April 1976 using a Kodak Eotaohrome infra-red film 
in order to see whether this method oould be used to differen
tiate between serai stages on the spoil tips*

Results of the various vegetation analyses have been 
presented as percentage oover tables, frequenoy diagrams and 
vegetation charts* In addition, results of quadrat investigations
in the vicinity of site B have been used to prepare a simple
vegetation analysis of the degenerated phase Calluna community after 
the method of Hopkins (1957).



* 4

4s Results
Dumped ohina olay waste at Drakelands Corner takes several 

forms, namely I
(i) Sandtips, consisting of silioa waste oontaining scattered 

granite rooks* The particles are predominantly sand (2*0 - 
0*2 mm diameter) and larger, and therefore the substrate is 
porous*

(ii) Micaceous residues, containing higher proportions of 
fine sand (0*2mm * 0*02 mm* diameter) and smaller flat partioles • 
These are deposited in so—called mioa dams which are olost to
the water table so that they are generally damp*

(iii) Overburden, consisting predominantly of large granite 
rooks*

Most of the present work is oonoerned with the sand tips* 
Analyses of ohina olay waste are given in tables 1 to 4 

from whioh it oan be seen that the aoidity ranges from 3*9 to 
5*7 in the samples tested, with the majority of the samples 
around 4*3. The surrounding undistmtbed moorland soils have a 
pH value of around 4*4*

Prom table 3 it oan be seen that the bulk of waste sand 
material oonsistsof gravel and ooarse sand-sized partioles 
and therefore is likely to be free-draining* The sand is almost 
pure silioa and its mineral content is very low* This is 
reflected in the low oation exohange oapaoities recorded in 
table 4* As Bradshaw et al (1975) have shown, all major plant 
nutrients are in short supply in both sand and mioa substrates*

The organio content of the soil ranges from 0*3 to 13*2 
per oent (tables 1 and 4) but would exceed this in areas where 
the Calluna oover has been long established* As the vegetation 
oover increases this is associated with an increase in organio 
oontent of the soil* Soil profiles (Fig* 6) shows that whilst 
there is only a thin algal oover over the sand tips, no differen
tiation of the substrate into horizons is evident* With the 
establishment of the first Calluna plants, the top few centimetres 
of sand become disooloured as organis matter beoomes incorporated. 
As the vegetation oover develops, the degree of discolouration 
and the soil depth increases* Eventually, as the rate of leaf

contd. p 29
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Table 1. pH and organio contents of ohina clay waste from sites at DrakelandB 
Corner*

: " ,v : ■ • ' - ■ ■■ - j r . . ■ : -j. ■ • ■ ■■ .

Table 2. Buffering oapnoity of silica waste*
(Change in pH of water after double peroolation through Sand Column)

i , f' ■ ' ;"Y 'i! *' a " / ■ "1 'W;;. i ii

Table 3* Particle siee analysis of silioa waste*

Praotion Particle diameter Composition $ air dr$i sand
Gravel 
Coarse sand 
Pine sand 
Silt 
Clay

>2.0 
2*0 - 0.2 
0.2 - 0.02 
0.02 - 0.002 

<0.002

34
48
2
8
8
. . — .... -------------  .jail

Initial pH Pinal pH
---4.5 4.9

5.8 4.8
6.6 5.2

Sample PH I organic matter
Bare, exposed silioa waste 4.2 0.4
Silica waste with a thin cover of 

Z. erioetorum only 4.3 2.2
Silioa waste with an extensive 

oover of Z. ericetorumi Site 1 4.0 7.0
Site 2 4.8 3.0

Silioa waste with Calluna cover 3.9 13.2
Mioa slurry 5.1 3.4
Surrounding moorland soil 4.4 -
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TabledAnalyses of soil samples from three e rcas of a single "tip

Mechanical analysis $
Gravel Coarse sand

Humus
content

it e
sani

Slope supporting 
estiblished 
Calluna.

Eroding non- 
vegetated slope

Flat micaceous 
area around 
base of tip

20

gjtjj Cont 
capacity hygroscopic water content

Tot-’!,acid. ,to lucre .-.aIts Exchangeable,. metalTcic cations

21 0.8 2. 2yC 5.1 me/lOOg. soil

32 0.4 1.1^ 3*3me/lOOg. soil

'10 0.6 3.l£ 3•Ime/lQOg. soil
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Fig. 6 Diagrammatic soil profiles of vegetated china clay
waste substrates. I

A. South-facing slope of sandtip with thin 
Z.ericetorum and occasional.Calluna and 
Festuca spp. plants.

B. Flat crown of sand tip with luxuriant 
Z.ericetorum cover and scattered Calluna 
plants.

C. South-facing slope of sandtip with well- 
established Calluna cover.

D. Flat micaceous area with luxuriant Z. 
ericetorum cover.

E. Flat micaceous area with luxuriant ~L_ 
ericetorum cover. Water-table close to 
surface.



it
p
Z3X

Fig.6

T— r

Q

U

CO

<



2°\

litter deposition exceeds that of deoay, a mor soil becomes 
established over the sand. Beneath this is generally a 
greyer zone of eluviation of humus into the substrate* The 
profile presents a podso1-type appearance. As these young 
soils have developed directly on waste material9 no attempt 
has been made to equate the observed horizons with those 
reoorded for podsol profiles*

Pig* 7 shows a profile of an eroding tip which supports 
a well-established Calluna heath vegetation* The plant roots 
extended well below the top humified layers and this is 
oharacteristic of all the profiles examined* In general, the 
shorter much-branched roots are oonfined to the upper few 
centimetres and it is likely that the deeper roots, where these 
are active, serve principally to take up water which rapidly 
drains from the surface layers and to anchor the plants in the 
loose substrate*

Poorly drained sand and mioa areas near the base of tips 
show an iron pan dose to the surfaoe (Fig 6)* These areas 
generally support only small, lowgrowing plants with the noteable 
exception of bushes of Salix spp* t

A number of profiles showed the presence of a second, 
strongly humified layer beneath the surfaoe (Figs 8 and 9)*
These profiles were characterised by a thin mor layer at the 
surfaoe and below this, a layer of sand* Beneath this was a 
second, muoh thioker mor Iyer containing the remains of CallunA* 
stems* Both mor layers had significantly higher organio matter 
oontents than the intervening sand* At first it was suspeoted 
that the lower layer represented the original soil level and 
that sand was dumped over it during mining operations* If this 
had been the oase then it would imply that in the area, the china 
olay occurred naturally only 16 to 20 om* below the surfaoe 
whereas, as Cook (1880) points out, the overburden is rarely less 
than one metre in depth and is usually considerably more than this* 
Assuming that, in faot, the ohina olay had been dumped here, it 
would take a great many years for 16 to 20 om. of humus to build
up over dumped sand* Consequently, the most probable explanation 
is that this area has seen sequential dumping of sand, overburden

contd. p. 3 2
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Rg . 7 Exposed prof ile o f waste sand supporting Calluna cover in its building phase.

Note depth of roo ts 

Drakelands Corner J u ly '75 .

F ig .8 Exposed prof ile o f w aste  sand showing second strongly hum ified  layer beneath

surface. Soil supports Galluna vulqari s , Festuca  o/ina end P teridium  aclu ilinum . 

Drakelands Corner J u ly '7 5 .
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°k>
organic matter PH

I3.2

6.8

31.4

4.4

3.8

I0 T

cm

0X

F ig . 9 D iagram m atic  soil profiles of vegetated ch ina c lay waste substra tes I I .

Key as in F ig .6

A. and B. F la t area of sand w ith  w e ll-estab lished Calluna and 
Festuca spp. cover.
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and then further sandwaste before being left*
Because of the free-draining nature of the sand, it would 

be expeoted that plants growing on it would be subject to water 
stress for rnuoh of the year* In faot, the ohina olay producing 
areas are all situated in the Southwest on moorland at least 
180M* above sealevel. These are consequently areas where rain
fall is high and potential evaporation low. In an average year, 
water would be defioient in the surfaoe layers for only a short 
period during the summer months*

The vegeta tion data has been presented in tabular form 
(table 6) as percentage oover of speoies as recorded by percentage 
hits using point quadrats, and also in the form of frequency 
diagrams (Fig* 10) from random quadrats*

From the results, it oan be seen that very few speoies 
are involved in the colonisation sequence* Table 5 lists the 
principal speoies ooourring on old sandtips at Drakelands Corner* 
Zygogoniua erioetorum is present before any vascular plants appear 
and persists exoept looally where established Calluna produoes 
abundant litt nr on the surfaoe of the sand* Annual and short
lived perennial plants (Spergularla rubra, Poa pratensls* Aira 
praeoox, Saglna subulate and Rumex aoetosella) appear in the early 
stages but are subsequently eliminated in the serai progression*
The most oomplex community to become established is that oharaoterised 
by degenerate Calluna plants and this is one of the communities 
whioh has been oharted in detail*

The two vegetation charts illustrate representative stands 
of two principal communities on sand tips (Figs 12 and 15)• These 
are i

Site A* Open community oharaoterised by Calluna in its building 
phase*

Site B* More or less dosed community characterised by Calluna 
in its degenerate phase*

The first site was on a south-east facing slope with two 
drainage gullies running from top to bottom (Fig 11)* Because 
of the high porosity of the sand, most rain passes through the 
heaps but during heavy rainfall there oan be surfaoe run-off 
leading to erosion and gully fo rmation on the slopes* Perkin 
(1972) describes ohina olay wastetips as showing olassio examples

Icontd. p.37



33

Table 5 Principal species reoorded growing on sand tips at Drakelands~\
Vascular Plants Angiosperms

Gymnosperms 
Pt eri dophytes

Corner

Sagina subulate
Spergularia rubra
Ulex europaeus
Ulex gallii
Potentilla ereota 
Calluna vulgaris 
Erica oinerea 
Erioa tetralix
Rumex aoetoselle
Salix spp,
Agrostis setaoea
Agrostis tenuis
Anthoxantham odoratun
Holous lanatus
Poa pratensis
Festuoa ovina
Pinus sylvestris
Pteridium aqullinum

Bryophyta PolyHohura piliferum Lichens 
Dicranum sooparium 
Hypnura oupressiforme 

Hypnum oupressiforme var# ericetorum 
Diplophyllum albicans

Cetraria glauca* 
Cladonia ooooifera 
Gladonia impexa* 
Cladonia unoialis 
Cornioularia aculeata 
Hypogyrania physodes* 
Usnea subfloridana*

Algae Chlorophyta Zygogoniura erioetonum _ _ , .— ----- — —  * Largely confined to old
Hormiciium flaocidum heather stems
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Fig.10 Frequency diagrams based on analysis of sites 

using 32 random 10cm2 quadrats.
l30O*1^M quadrats at site U )

Site 1 w/ SW fac ing  slope.Largely bare ground with scattered 

herbaceous species and young Calluna bushes.

Site 2 S fac ing  slope. Extensive growth of Zyqoqonium ericetorum 

and scattered established Calluna bushes.

Site 3 SW facing slope. Scattered dead and regenerating ysung Calluna 

bushes.

Site U F la t. Dominated by degenerate Calluna b ushes .

The species reco rded  w ith in  each frequency c lass  are ind icated by the 

following abbreviations :

A A gros tis  te n u is

C Calluna vulgaris

Cet Cetraria glauca 

Cl. coc Clcdonia cocci fera 

Cl imp Cladonia impexa 

Cl.un Cladonia uncia lis 

Corn. Cormcularia aculeata 

D Dicranum scopcrium 

E Erica c ine rea

r Festuca ovina

H Hypnum cupressiforme
var ericetorum 

H.phy H>pcgymnia physodes

P . Poty.trichum pjliferum

£ R Rumex acetesella .

U Ulex europaeus

Us. Usnea subfloridana

Z Zygogonium ericetorum
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Table 6 Percentage cover of epeoles on sand tips
Expressed as# hits using 102 point quadrats

For details of sites refer to Fig* 10

Speoies Sites
1 2 3 4

Calluna vulgaris 4 25 16 67
Calluna vulgaris(dead) 5
Festuoa ovina 5 mm 2 6
Agrostis tenuis - - - 2
Erioa cinerea - mm - 7
Ulex europaeus mm - - 6
Ruraex aoetosella 3 - - -

Polytriohum piliferuo 1 • - -
Dioranum sooparium - - - 3
Hypnum cupreseiforme - - mm 5

Cladonia ooocifera - - - 3
Cladonia impexa m - - 35
Cladonia unoialis - - - 9
Comioularia aouleata - - mm 10
Hypogymnia physodes - - - 23
Usnea subfloridana mm - - 2
Cetraria glauca - - - 2

Zygogonium ericetorum 77 99 96 9<

-j



of rainwater gullying and furrowing* These gullies oan be up 
to one metre deep but are usually considerably less although 
in the area under consideration they averaged about half a 
metre in depth* A similar site to the charted one is shown 
in fig 13.

The oommunity at site A was an open one and only three 
species were commonly frequent* Soil analyses (table 7) show 
that the sand was uniformly aoid (around pH 4.3) with a low 
organic oontent (around 2.6^)* Even beneath Calluna bushes the 
organio levels were low (3.6%)* Most of the plants were confined 
to drainage channels and the more shaded north—faoing sides of 
the gullies* Plants were almost completely absent from the 
south-faoing sides of the gullies and from the sheeptraok that 
was present along the top of the mapped area* Those plants on 
the gully ridges were small with poorly developed root systems* 
This pattern of Calluna on sandtips is striking and may be seen 
in fig 13 whioh illustrates a number of gullies and a sheeptraok* 
The gullies only receive rainwater during heavy or prolonged 
preoipiation* Agrostis tenuis and Festuoa ovina grow more 
luxuriantly in the gullies than on the ridger where they ooour as 
soattered individuals*

The second Site B, supported a more complex oommunity and 
was characterised by Calluna in its degenerate phase* The site 
was flat and composed of rook overburden mixed with sand* The pH 
of the soil was around 4.0 but the organio matter oontent was 
considerably higher than at site A (Table 7). A representative 
stand of this oommunity is illustrated in fig 14. Vegetation 
oover was extensive but the Calluna bushes showed a strong 
tendency for the central parts to die leaving a gap whioh widened 
as further branches died baok whilst the outer ring of branches 
remained green* Gimingham (1972) states thdt this process occurs 
in Calluna bushes at an age between 25 and 30 years* The extent 
of dead Calluna is illustrated in fig 15. Both Calluna and Vlex 
spp* remained small due to heavy grasing pressure in this area* 
Another difference between this area and site A was the abundance 
of lichens* Lichens were present in the first area but only 
represented by a few soattered specimens whereas in the present

I contd. p. 46
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Fig. 11 Elevation of site A.
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Fig. 13 Silica sand slopes showing d is tribu tion  of Z .ericetorum  (grey tone ) and 

Calluna bushes down gullies . Juncus effusus in damp area at base.
Arrow marks pos ition  of sheep tra c k . Drakelands Corner July'75

Height of slopes approximately 3M.

Fig. 14 Old ch ina clay area dominated by Calluna in its  'degenera te 'phase  with

open areas betw een bushes bare apart from  Z e rice to ru m  cover. " 

D rake lands C orner J u ly '75

Foreground 2 M. a c ro s s .
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Table ^ pH and organio matter of soil samples oolleoted at sites A and B 

(Sampling sites marked on figs* 12 and 15)

Site A Site B
Soilsite sampling PH # organic matter Soil sampling site pH $ organio matter
1 4.4 2.2 1 3.8 33
2 5.2 2.9 2 4.0 7
3 4.0 3.6 3 4.0 17
4 4.4 3.1 4 4.1 16
5 4.4 3.1 5 4.0 34
6 4.2 2.9 6 4.0 7
7 5.0 3.2
8 4.3 3.5
9 4.2 3.1
10 4.1 2.5
11 4.2 2.5
12 5.0 3.1
13 4.3 3.3
14 4.2 3.0
15 4.1 2.8
16 4.1 2.5
17 4.3 1.3
18 4.2 3.2
19 4.0 3.3
20 4.1 0.5
21 4.0 2.9
22 4.2 1.3
23 4.1 3.2
24 4.2 2.8
25 4.2 0.4



area several species had significant oover values (table 6) •
The characteristic lichens were several Cladonia species 
an<* Hypogymnia physodes, although only Cladonia unolalls has 
been included on the vegetation chart* Both Cladonia impexa 
and Hypogymnia physodes ooour on most of the dead and prostrate 
Calluna bushes, with C. impexa spreading to the surrounding 
soil* Because of the close association of these lichens with 
Calluna and their widespread ooourenoe on this plant, they 
have not been indicated on the vegetation oharts* Calluna 
heath does not form a continous sward on china olayj bushes 
generally ooour isolated from one another* The intervening 
spaoes are frequently unoooupied by flovering plants and this 
means that Zygogonium erioetorum is not eliminated from the 
oommunity but persists as a mat-like oover over the ground 
between plants*

From general observations, it was apparent that the open 
spaoes between Calluna and Vlex gallii bushes were frequently 
characterised by the presence of Cladonia unoialis and Dicranum 
sooparium* In order to detect any mosaic patterns in the 
distribution of the main speoies of the degenerate Calluna 
oommunity, the results of 300 x quadrats were analysed 
for associations between the seven principal component speoies 
after the method used by Hopkins (1957)* From the results, the 
following diagram was constructed*

Cladonia impexa

Calluna vulgaris

Festuoa ovina Agrostis tenuis

Vlex europaeus hrioa tetralix 

Cladonia unoialis

Fig 16 Associations between the principal speoies of degenerate 
Calluna com. unity*



Harris and Cooke (1969)t van Oenderen (1974) and others, 
recognise false oolour or infra-red film in aerial photography 
to he the most appropriate film for remote sensing for vegetation 
stress analysis* As mesophyll tissue is an extremely good 
reflector of IR radiation, the leaves of growing plants give 
a bright pink or red signal whilst there is a loss of IR 
reflectance in plants not actively growing or in vegetation 
under stress* IR aerial photographs of old ohina olay tips 
at Lee Moor were taken in order to see whether any differenoes 
could be pioked up between newly colonised and well—vegetated 
areas* Fig* 17 illustrates one suoh area bat a great deal 
of the subtle oolour changes have been lost in making a print 
from the original oolour transparency* However, fig. 17 shows 
that non-vegetated spoil gave a bright blue signal whiltt 
vegetated areas showed a general background of pinkish-green 
with blaok clumps of Vlex spp* Colour differentiation of 
different vegetated areas was not distinct* This may have been because 
the vegetation was not aotively growing at this time of year (early 
April) or because the photographs were taken at too great a 
height* The most striking feature on the false oolour photographs 
was the bright pink signal given by fields and gardens of the 
village of Wotter where the cultivated vegetation was aotively 
growing* Runoff from the fields shows as a pink trail where 
plants have been able to goow more vigorously in the enriched 
soil* Other pink patshes indicate flushes of grass associated
with damp patches. ___ _

To determine whether the colonisation sequence as seen 
at Drakelands Corner was typical of old ohina olay mining areas 
in the Southwest, visits were made to other areas in Devon and 
Cornwall (Fig* l)*

Very similar plant communities were seen at two other sites 
on Dartmoor, namely old tips at Whiteworks in the middle of the 
southern moor (Grid Ref* SX 648670) and dumped waste by the 
River Plym at Cadover Bridge (Grid* Ref. SX143717)*

Disused workings on the west side of Bodain Moor (Grid* 
Ref*SX143717) consisted of three or four steeply conical tips 
and a flooded pit. The tips supported the oharaoteristio speoies



Fig. i7  I.R .p h o io y iu p n  of ueriui view of ruining v illage  yf Wotter, Lee Moor, (Giju 

Ref. SX5662 ) with associat ed china c la y w o rk s  and arable la n d .

A p r il '7 6  ( Photo S. Johnson )

Fig. 18 China c lay w as te  colonised by Z.ericetorum , Calluna vu lg a ris  and  Rhocfendron 

ponticum. Carthew, St. Austell a rea  J u ly '7 5



found at Drakelands Corner and It was noted that Calluna 
was more numerous on the tips than on the surrounding well— 
grazed moorlands* This may have been a reflection of reduoed 
gracing pressure due to the steeply—sloping sides on the tip# 
Rumex aoetosella and ja0 1 v ■ .r j ,-.bumpiliferum were frequent on 
the more disturbed areas of the tips#

Two areas of the extensive Hensbarrow exoavations near St# 
Austell were examined# Waste tips at Gomm near Carthew (Grid# 
Ref* SX006553)* whioh were approximately fifty years oldf were 
oovered with what appeared to be'climax'vegetation# This 
consisted of Rhododendron pontioum (up to 4*5H high) together 
with smaller amounts of Salix spp# and r.orbusauouparia*
These shrubs formed a dense oover over the tips eliminating 
any ground flora# More reoent tips in the area supported a 
mixture of Calluna vulgaris and young Rhododendron pontioum 
plants (Fig# 18)# Both these speoies appeared to become 
established around drainage channels as noted for Calluna at 
Drakelands Corner# R# pontioum seedlings appeared in places 
where there was little apart from Zygogonium erioetorum on 
the s»nd# R# pontioum is seen on many of the tips in the Hens
barrow area but is extremely soaroe at the Drakelands Corner 
area although grown in gardens olose by#

At the seoond Hensbarrow site, Trevalour Downs (Grid#
Ref# 3X96^8)t Rhododendron pontioum was absent# It is likely 
that many of the tips here were dumped with overburden as 
they supported an almost complete flowering plant oover with 
a large proportion of grasses# These tips had only a few 
relatively bare areas where Zygogonium erioetorum was able to 
survive#

A summary of the stages in oolonisation of ohina olay 
waste tips in the Southwest of Hngland is given in table 8#
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Table 8 Sohematio ooIonisation sequenoe of ohina olay sand tips.
From observation and vegetation analyses*

(a) refers to annual speoies
speoies underlined perSLst through suooeeding serai stages

erosion

Bare sand waste 

VZygogonium erioetorum oover varies from 
sparse to^ continuous

V

weather
rosion

Spergularia rubra(a) Festuoa ovina
Sagina subulata Poa annua (a) Variety of small
Rumex aoetosella Aira praecox(a) kerbaoeous specif

Polytriohum piliferum

VCalluna vulgaris 
Ulex spp.

Erioa spp. 

Agrostis tenius

I
\

If
Pinus sylvestris 
Salix spp*

Shrubby speoies with
Calluna vulgaris 

predominating.
Bare areas between 
olumps with 
extensive algal 

oover

Salix spp* in damper places 
Rhododendron pontioum may 

Rhododendron pontioum be dominant in some areas*
Querous spp



5f Algal Colonisation Sequence 
Algae, in particular Zygogonium erioetorum, are primary 

ooloniser8 of ohina olay substrate* The algal mats consist 
almost exclusively of 2* erioetorum and extend over open, 
undisturbed areB8 ohina olay waste* This oover may often 
go unnotioed since it does not have a distinctive oolour when 
dry, but when wet it appears dull purple in oolour and, in 
places where the alga is growing luxuriantly9 it is possible 
to lift from the substrate pieoes with an area of several 
square centimetres* Although the algal filaments are mioros— 
copio, multiple strands may be seen maorosoopioally by slowly 
tearing the removed pieoes of algal crust*

Once an alga has become established on an area of soil9 
it frequently alters the microhabitat suoh that conditions 
become favourable for other algae to establish themselves*
In order to investigate whether any other algae grow with 
2* erioetorum on ohina olay waste9 samples of sand were oolleoted 
and incubated in the laboratory* The method used was that 
desoribed by Round (1965) which makes use of the fact that 
Boil plaoed in petri—dishes and moistened with distilled water 
develops a rioh algal flora on its surface and that many9 if 
not all of the aotively growing soil speoies will adhere to 
coversl.ips plaoed on the soil surface* bmall surface sand 
samples were oolleoted from a number of sites that appeared to 
show different serai stages* Surface soil to a depth of approxi
mately 5®m» was plaoed in a sterile glass petri-dish using the 
lid of the dish together with a sheet of thin plastio to remove 
the sample and transfer it9 in a relatively undisturbed condition, 
to the bottom half of the dish* Heat sterilised ooverslips 
were placed at random onto the surface of the soil and the soil 
was moistened with distilled water* The plates were kept at 
23°C and illuir&rated at 4300-5300 lux through a twelve-hour day.
At intervals over a period of one month9 ooverslips were removed 
rapidly| using a "flipping" action, and eaoh was examined mioros- 
copioally for a twenty minute period* This was to ensure that 
eaoh was examined thoroughly for a comparable time* Algae were 
reoorded on a presence or absence basis* Although some indication

Icontd. p. 5Z
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Fig. 19 Algae found in silica sand samples from Drakelands
Corner ! Net to scale) •

A Order: Chloroccales. Cells in twas" .occasiona lly fours.
Parietal chloroplast.

B Order:Chioroccales Oocystis.Cells in tw os,th rees cr fours.
Many d iscoid ch lo rop lcs ts .

C Order: Desmidiales Scccoderm  desmid

D Colonial green

E Green alga

F F ilam entous green Unbrcnched filam en ts .
Soil particles adhering to  cellwalls.

Two chloroplasts sepated by clear area.
Scverd pyrenoids.

Up to 24 cells (usually less) embedded in mucilage. 
Ovoid cells with parieta l chloroplast.

Soil pGrticles adhering to colonies.

X
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of their abundance was recorded, criteria of dominance based 
upon number of individuals or area coverage were not applicable 
to this method* Hound (1965) states that in general the dominant 
speoies appear in the first few days and remain dominant on the 
soil for some months* In order to see whether any seasonal 
differences in algal species could be deteoted, the above 
experiment was oarried out in July 1974 and subsequently repeated 
in April 1975.

In addition, 7om2 pots of silica sand with 2* ericetorum 
growing on the surface were kept in a 00Id green house with 
frequent watering for six months after which the algal flora 
was investigated*

Results
The results of the investigations of the algal flora on 

waste sand are given in fig. 19 and tables 9# 10 and 11* In 
the case of the first series (July 1974)# surface samples and 
samples from 5mm beneath the surface were oorepared from sites 
in olose proximity to each other but showing different serai 
stages. In the second series (April 1975)# north and south 
facing slopes of the same tip were compared* Where a partioular 
alga was recorded only once it has hot been included in the 
results! similarly a full list of the rich algal flora reoorded 
from Bites where a Calluna cover ws b established has not been 
attempted* Illustrations of the principal types that were not 
fully identified have been included (fig* 19)* In general, the 
same taxa of algae were collected in both series* Table 11 is 
a summary of the principal algae ooouring on waste sand as 
oomplled from the results of these experiments* Zygoconium 
erioetorum is the first alga vto appear and the only other speoies 
which may contribute significantly to the algal mat is Hormidium 
flaccidum*

After six months in greenhouse conditions, pots of waste 
sand with Z* ericetorum mats were found to have been overgrown 
by other algae and mosses in many instances* Although in all 
oases# Z* ericetorum was still present# between the months of 
August and February the algal flora was found to have altered 
significantly in many of the pots* Those pots containing Z* erioetorum



on peaty soil still supported a luxuriant growth of the alga* 
Table 12 lists the prinoipal changes in vegetation cover after 
six months*
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Table 9 Algae recorded from silica sand samples* Drakelands Corner — 1
Samples oolleoted by July 1974

Samples from the following sitesi 
1* Bare sand* Naorosoopioally devoid of algal oover. Top 5mm 
2a* - bare sand* Sparse oover Z* ericetorum. Top 5®m
b* As above* Sample from below surfaoe*

3a* Sand with Z* ericetorum oover* Top 5mm*
b* As above* Sample from below surfaoe

4a* Sand with extensive Z* erioetorum oover plus Cladonia spp* and 
Polytrlohum pillferum* Top 5»m«

b* As above* Sample from below surfaoe
5a* Sand and litter with Z* erioetorum and Calluna cover* Top 5®m
b* As above* Sample from below surface*

Ho oross Occasional. Less than 5 individuals/colonies seen* 
♦ Infrequent
++ Common
♦++ Abundant

Table 10 Algae reoorded from silioa sand samples* Drakelands Corner - U  
(overleaf) Samples oolleoted April 1973

Samples from the following sitesi 
1* Bare sand* South»faoing eroded slope 
2* Bare sand* Horth-faoing stable slope

Z* erioetorum cover* South-faoing slope 
4* Z* erioetorum oover* North*faoing slope 
5* Z* erioetorum and Calluna oover* South-faoing slope* 
6* Z* erioetorum and Calluna oover* Nortb-faoing slope*

Key
No oross Occasional* Dess than 5 individuals/colonies

♦ Infrequent
♦ ♦ Common
♦ ♦ ♦ Abundant
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Table 9

bampie Algae recorded following incubation
After 4 day* After 11 days

T T

2o.

2b.

3a.

3b.

4b.

5a,

5b,

After 30 days
Zy* ogomu® erioetorum Zygogonium erioetorum

Vauoberia op.
Zygogonium erioetorum 
Hormidium flaooidum 
Zygogonium erioetorum 
Hormidium flaooidum

Zygogonium erioetorun 
Alga A

■++Zygogonium erioetorum Zygogonium erioetorum
Hormidium flaooidum

•H-Zygogonium erioetorum Zygogonium erioetorum 
Hormidium flaooidum Hormidium flaooidum

Alga C
Zygogonium flaooidum4 Zygogonium erioetorum

Zygogonium erioetorum+ Zygogonium erioetorum 
Hormidium flaooidum
Alga A

Hormidium flaooidum

Zygogonium erioetorum

~h-f-Zygogonium erioetona 
Hormidium flaooidum
Zygogonium erioetoruti
Blue-green alga 
Alga B
Zygogonium erioetorum 
Hormidium flaooidum +4 
Alga A 4+
Alga 1

44Zygogonium erioetorum Zygogonitua erioetorum

Alga A

Zygogonium erioetorum 
Alga B

Alga B
_l J j-

Zygogonium erioetorum 
Hormidium flaooidum f-f 
Pennate diatoms 44 
Alga D

44Zygogonium erioetorum Zygogonium erioetorum

Details of algae are given in fig 19



5?

Table 10
T-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Sample Algae reoorded following incubation

After 24 days After 32 days After 35 days
1. - - Zygogonium erioetorum
2*

m  11-|. , jm
3* Zygogonium erioetorum Zygogonium erioetorum Zygogonium erioetorunT^

Hormidium flacoidumf Hormidium flaooidunrff Hormidium flaooidum^t
Qleooyst is/Palme1la 0leooyst is/Palme1la

Alga C 4 Alga C 4
Alga P 44 Alga F 44 Alga P 44

4* Zygogonium ericetorum Zygogonium ericetorum Zygogonium ericetorum^
Gleooystis/Palmella 4 Gleooystis/Palme11a 4 Gleocystis/Pamella ♦
Vauoheria sp. ♦ Vauoheria sp ♦

Alga B
5* Zygogonium erioetorum Zygogonium ericetoi*uW Rich flora with pre

viously listed speoies
Hormidium flaooidum^ Hormidium flaooidum-l' predominating, 
Gleocystis/Palraella-frP Gieooystis/Palmella^
Alga A 44 Vauoheria sp 4
Alga B 44 Alga B 444

Alga C 44

Alga D 4
6, Zygogonium erioetorum Zygogonium erioetoruti' Rioh flora with

Gleooystis/Palmella44 Gleocystis/Palmella 4 previously listed 
Alga A 4 Daotylococous sp, 444
Alga B 44 AlgaK-44

Alga D 44 
Alga £ 4

Details of algae are given in fig 19
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Table 11 Algal colonisation of silioa sand* Summary of tables 9 and 10

Substrate

More or less 
bare sand

Sand with
Z* erioetorum 
oover

Climax Calluna 
oover

Algae recorded 
Frequent Oooasional

Zygogonium erioetorum (sparse) Chloroooocales type (alga a )
Vauoheria sp*

Zygogonium erioetorum
Hormidium flaooidum 
Oooystis (alga B)
Saocoderm desmids (alga C)
Gleooystis/Palme11a

Zygogonium erioetorum 
Hormidium flaooidum 
OooystiB (alga B)
Gleooyst is/Palme11a 
Chloroooooales type(algaA) 
Colonial green (alga D)

Vauoheria sp*
Filamentous green (alga p)

Vauoheria sp*
Saoooderm desmids (alga C) 
Pennate diatoms
Desmooooous/Apatoooocus(algal) 
Daotylooocous ep
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Table 12 Change in oover valuee of Zygogonium erioetorum grown in
7on»2 pots in a cold greenhouse over a 6month period (August
1973 - February 1974)•

Key 444 Abundant. Cover half soil surfaoe
44 Frequent. Cover 4 - i  soil surface
+ Uncommon Cover less than £ soil surfaoe

Initially all pots contained Z. erioetorum covering at least ^ soil 
surfaoeif-------

Pot
number

Substrate Zygogonium Hormidium 
erioetorum flaooidum

Other filamentous 
algae Proto-

nema

Mosses
Game*
tophytes
- - - - - - - ,

1 Silioa sand ♦ mm 444 4 4 4

2 n 44 4 - ♦ 4 4 4 4

3 M 44 - 44 - 4

4 M 4 4 4 44 - 4 4 4

5 n - 44 - 4 4 4

6 M 4 4 4 - - 4 -
7 ** 4 4 4 4 - 4 mm

8 tt 4 4 • - 4 4 mm

9 « + 4 44 * «N» m.
10 N 4 4 4 - - •
11 n 4 4 4 4 ♦ 4 •
12 n 4 4 • 4 mm

13 »* 4 4 - 4 4 4 4
14 Peaty soil 4 4 4 4 4 44 •» 44

15 N 4 4 4 mm - 4 4 •
16 N 4 4 4 4 - • •
17 M 4 4 4 - - - -
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6* PiSQUSBiQfl
Soil is an organised, natural body resulting from the 

weathering of parent rook near the earth’s surfaoe with the 
incorporation of organio natter. Mining spoil, on the other 
hand, is the parent material that will eventually become soil 
and the process of soil genesis may take deoades. In the 
ohina olay industry, both silioa sand and mioaoeous residues 
are waste products that show many of the characteristics 
exhibited by mining spoils in general.

(i) pH. Both silica sand and mloa have a low pHf that of 
the tips in the Brakelands Corner area is around 4.3* The 
sand shows a certain buffering capacity but this must be of 
only limited degree as reflected in the low cation exohange 
capacities (around 3 me^/lOO g.) recorded. The C.E.C. of pro
ductive soils frequently exoeeds lOOm.e^./lOOg. soil.

(ii) Drainage. Both silica sand and mica are open free- 
draining materials but as micaceous wastes tend to be deposited 
in flooded mica dares, water loss here is less of a problem.
Silioa sand oonsists predominantly of gravel and coarse sand
sized partioles. Being a porous substrate from whioh the 
colloidal minerals have been removed in the china olay extraotion 
process, rain peroolates rapidly through the sand and only small 
amounts of water are absorbed. The hygroscopic water content of 
this waste is very low (around 0.5# water).

(ill) Erosion. The rate of erosion of spoil material is 
olosely dependent upon the Infiltration oapaoity of water. This 
is related to the length and steepness of the slope, the sandt 
olay ratio and the extent of crusting and compaction in the 
surfaoe layers. Sand tips are subjected to both sheet and gully 
erosion and the latter is very marked on old waste tips. Erosion 
is dealt with more fully in Section 11.

(iv) Nutrients. The ohina olay industry is situated in an 
area of high rainfall and low evapotranspiration whioh suggests 
that the sandtips are prone to leaohing of nutrients. The sand 
1b almost pure silioa and its mineral oontent is therefore very 
low. Bradshaw et al (1975) showed that china clay spoil contained 
sufficient mioronutrientsbut was highly deficient in rmcronutrients. 
If macronutrients, in particular ammonium nitrogen and nitrates ,



were supplied artificially they were rapidly leached#
(v) Toxic elements# According to Bradshaw et al (1975)* 

china clay waete differs from many mining spoils in that it 
does not appear to contain toxic levels of metals#

The properties of china clay waste are reflected in the 
plants that eventually oolonise it# These are all low nutrient, 
acid requiring species#

At first, only certain micro-organisms are able to survive 
on the sandtips# These are easily transported with dust and 
remain viable for a long time in the dry state# With the advent 
of wet weathert they are able to grow on the spoil surface#
Of these micro-organisms, the filamentous algae are importadt 
in the colonisation sequence as they are able to bind and con
solidate the sand partioles because of their ability to grow 
in the form of a dense network# On ohina olay waste, this 
role is occupied almost exclusively by a single speoies,Zygogoniura 
erioetorum, although Hormidiua flaooidum also oocurs looally and 
the two often grow together once the Z# erioetorum mat is established# 
Once an algal mat has become established over an area of spoil, 
the sand is less liable to erosion and conditions become favourable 
for soil formation#

The initial impact of vegetation growth on the spoil is 
to provide a surfaoe oover, the accumulation of litter and the 
translocation of nutrients# Nutrients are likely to be only 
slowly released from dead organio matter as the acid spoil con
ditions will reduce bacterial activity# There is likely to be a 
loss of considerable amounts of nutrients in runoff water and 
by erosion# These effects are likely to be particularly oritioal 
in the early stages when the bi nd tips supported only a oover of 
Z# ericetorum# A factor in explaining the observation that the 
first rooted plants often become established in depressions anti 
gullies may be that it is in those areas that runoff water is 
channelled# The concentration of Calluna plants in gullies on 
sand 9>oll slopes is most marked in situations where the runoff 
water is coming from Calluna heath as opposed to bare silica
sand* However, the benefits of slightly higher levels of water 
and nutrients are offset to some extent by the greater likeli
hood of erosion*
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Vascular plants, whioh have the capacity for biological 
sorting of mineral salts and enriching the soil with organic 
matter, play the main role in soil formation although algae 
are important in the initi> 1 phase of the process* An inoipient 
humus horison with a brownish oolour forms at the surfaoe of 
the soil* A profile description of well vegetated sites shows 
that the effeot of vegetation end weathering eventually extend 
to a depth of at least 15cm* Good drainage of spoil to some 
extent favours the development of extensive, deep-rooting 
systems*

following the establishment of an algal oover and tie appearance 
of the first annual and small herbaceous perenial plants on the 
sandtips, the colonisation sequence becomes dominated by the 
development of Calluna vulgaris. The surrounding heathland 
whioh supplies the potential colonists is of hhe type described 
by Gimingham (1972) as Galluna — Vlex galliî europaeusheath and 
is oharaoteristio of lowland heaths in Western Britain* hater 
serai trends have been obscured by grasing*

The stages in the Galluna life oyole and the associated 
cryptogams are similar to those desoribed by Giaingham (1972), 
Coppins and Shimwell (1971), &ud others for unbumed heath*
However, these workers found that Zygogonium erioetorum was 
restricted to the pioneer phase in the Calluna development 
and did not reappear at a later stage* On ohina olay spoil 
tips, even during the building phase of tie Calluna* a oontinous 
closed oommunity is not established and plants from preoeeding 
eeral stages, noteably 2* erioetorum* are not eliminated from 
the community* PritBoh and Salisbury (1915) have shown that 
the average rate of growth of Calluna is more rapid where peat 
is deep than where the latter is shallow, and it is likely that 
the natural growth of woody plants on sandtips is slow because 
of the lack of nutrients, in particular nitrogen and phophorus*
This, and the oompetition between individuals for available 
water and nutrients are likely to be important factors in the 
spatial distribution of Calluna plants*

Old ohina olay tips in the Drakelands Corner area show a 
pattern of plant communities at different serai stages

_



ik

large areas support vegetation of similar age.
In the community characterised toy Calluna in its degenerate 
phase, two s i n  scales of pattern may toe observed. The large 
scale of ag regation of Calluna toushes is due to the existence 
of a network of sheeptreoks outlining the dumps. Individual 
Calluna toushes tend to toe spatially isolated from others of 
the same species and the ground between them generally remains 
uncolonised apart from a cover of Z. erioetorum. This phenomenon 
has been observed elsewhere. Gimingham (197?) records that 
intervening spaces between Calluna plants on dry soil in the 
South of England may remain bare or partly lichen covered for 
many years. Roff (1964) observed partial suppression of grasses 
and other angiosperms in a ring around larger Calluna bushes in 
the Breckland extending to 50om beyond the periphery of the 
Calluna canopy. He was able to show that this effect was 
associated with the preeenoe in the soil of living Calluna 
roots. At Drakelands Corner, the only plants apart from Z.erloetorum 
growing on these bare areas are Cladonia unoialjp and Plcranum 
scoparium. Neither of these plants grow closely associated 
with Colluna. The Calluna plants themselves exhibit a 
morphological development whioh involves degeneration in the 
centre of the patoh occupied by the individual, so that a 
"gap phase” is formed. Most of the other plants in the community 
ore associated with the Calluna bushes, in particular the mosses 
and lichens. Generally, the gap is reoolonised by Calluna 
seedlings thus completing the cycle, or by other flowering 
plants, but in the area under consideration no widespread 
recolonisation waB evident. However, it is likely that a 
community is able to remain in this condition for some 
years before reooloniaation ooours.



SECTION 11

ZYGOGONIUM ERICETORUM AND HORMIDIUM FLACCIDUM 

ON CHINA CLAY WASTE 

AND EFFECTS OF ENVIRONMENTAL

FACTORS.



7* Literature Review 
Terrestrial algae have been less thoroughly investigated 

than aquatic algae and consequently much remains to be dis
covered concerning this large and quite important category 
of algae* Fritsoh (1922c) distinguished two distinct algal 
communities in terrestrial sites* He described a community 
living between the soil partioles beneath the surface and 
composed of miorosoopio forms, and a ooramunity of forms living 
on or above the soil surface and including types which form 
considerable expanses readily visible to the naked eye* Members 
of the latter group are most subject to environmental extremes* 

Surfaoe algae oan modify the soil in whioh they are growing 
and Shields and Darrel (1964), in their review of the literature 
concerning soil algae, describe improved infiltration, decreased 
runoff and the formation of a stable substrate for seed germina
tion as the most important of these modifications* Any possible 
competition effeots these algae may show are likely to be out
weighed by their role in reducing leaching and in maintaining 
a reserve supply of mineral elements and organic matter in a 
semi-available form* Blue—green algae may assume a significant 
role in increasing soil nitrogen, particularly in semi-desert 
environments*

There are many reports of soil algae constituting the 
pioneer stage of plant succession on substrsL tee poor in 
nutrients* Booth (1941) describes how blue-green algae form 
a oomplete algal layer over hundreds of acres of badly eroded 
land in the south-oentral United States and how this oover 
may last for many years until vascular plants are able to 
become well-established* Gayel and Shtina (1974) emphasise 
the importance of algae in the initial phases of soil formation 
on the sands of the steppe, semi-desert and desert areas of 
the North Caspian region* In these areas, filamentous algae 
(in partioular Hormidium spp*, Phormidium spp., Sohisothrix 
spp., and Plectonema spp.) are important in fixing the moving 
surfaoe of sands, bare of vegetation* Experimental evidence 
of Forest, Willson and England (1939) suggests that there are 
no specific pioneer terrestrial algae but that colonisation i*



accomplished by the commonest algae in the surrounding areas 
that are able to survive the adverse conditions* Fritsoh 
(1922o) points out that in temperate areas, Chlophyoeae rather 
than Cyanophyoeae are important in 00Ionising bare areas*

An important pioneer alga in this country is Zygogonium 
erioetorum (Kuta)Hanag*, a filamentous green alga classified 
with the Zygaematales# There has been much dispute over 
the taxonomio position of this alga within the order* The 
speoies was first dosoribed by Kutsing in 1843, and he proposed 
the genus Zygogonium as distinct from Zygnema on the basis of 
the location of the sygospore in the conjugation tube between 
the two garnetangla, a feature whioh subsequent workers have 
shown not to be oonstant* De Bary's grounds for a genus 
Zygogonium, put forward in 1858# were based on the assumption 
that the oonjugatlng cells first formed "progametangia" whioh 
afterwards fused to form a sygospore* West and Starkey (1915} 
in their study of the cytology of Z»orioetorum, examined de 
Bary's material and oame to the conclusion that it was showing 
abnormal conjugation* They proposed that there were insignlfioent 
grounds for separating the speoies from the genus Zygnema and 
that oonsecuently the genus Zygogonium should be discarded*
The only distinguishing character they are able to oonflrm 
was a secondary one, namely the presenoe of a single dumb-bell 
shaped ohloroplast in each cell rather than two separate 
ohloroplasts as shown by Zygn&ma speoies* Transeau (1951) 
however, lists 14 speoies referable to the genus Zygogonium 
and gives seven characteristics of the genus* He considers 
that this demonstrates the justification of its separation 
from the genus Zygnema, and Zygogonium as a genus is still 
upheld today*

Transeau (1951) states that Zygogonium ericetorum has 
been reported from all continents and is the only speoies of 
the genus desoribed from Europe* There oan be little doubt 
that it ia a variable speoies and Csurda (1932) suggests that 
the forms mentioned in the literature oan develop, under 
certain conditions, from various speoies* Gau (1934) disputes 
this and maintains that each form is referable to a different 
speoies*



The classic habitat for Z* erioetorum is damp groind 
and peaty water* Hosiaisluoma (1975) describee the alga 
as being a characteristic dominant of muddy peat areas of 
raised bogs throughout northern and oentral Europe* In 
America, a speoies of Zygogonium probably referable to the 
present one, is reported by Lynn and Brook (1969) to be 
a conspicuous feature of many thermal areas of the Yellow
stone Park where the toil is acidic* Peterson (1935) 
classifies Z* erioetorum amongst the Hhydroterrestrial 
algae”, that is those growing on soil whioh is always damp 
or wet due to the ground water level being close to the 
surface* Clearly, this is not always the oase for Fritsoh 
(1916) has / desoribed a morphologically distinct extreme 
terrestrial form from bare areas on Hindhead Common*
According to Peterson (1935)# i* 1* a oharaoteristic species 
of acid soils varying in pH from 3*7 to 5*2f Lynn and Brook 
(1969) found that the optimum pH range of their Zygogonium 
speoies ranged from 1*0 to 5*0*

Zygogonium erioetorum is a well-adapted speoies for a 
terrestrial or semi-terrestrial environment* It has strongly 
thickened and mucilaginous walls and whole filaments oan 
exist for long periods with the oelle in the akinete stage, 
as desoribed by Fritsoh (1916)* The oells contain abundant 
fat globules espeoially during the winter months and Peterson 
(1935) has suggested that these serve the same function of 
frost resistance in algae as in more advanced plants* Collyer 
and Fogg (1955) believe that in some classes of algae, including 
the Chlorophyoeae, water deficiency of available nitrogen are 
the important factors in leading to an accumulation of lipids*

A characteristic feature of material from many sites is 
the preBenoe of a purple pigment in the oellsap* This has 
been extracted by Alston (1958) who describes it as an iron- 
tannin complex* Fritsch (1916) believes that the pigment 
is at least in part a protection against strong illumination* 

Another adaption is the extremely oonoentrated oellsap 
and the rapidity with which moisture is absorbed from the 
atmosphere* Fritsoh (l922o) has showu that some oells



remain unplasmolysed when Z* erioetorum filaments are 
mounted in a 10 per oent solution of sea sit, a concen
tration amounting to 13 atmospheres* He uses this to 
explain the oocurrenoe of this alga together with _
Rhigoolonium rlparium above the tideline in the south of 
France* Fritsch concluded that resistance to dessioation , 
high temperature and high salt concentration were all 
interlinked factors* tycbean (1967) found that in the 
green alga Spongichloria typioa, desiccation resistance 
and heat resistance appeared to be two separate phenomena both 
of whioh were ephemeral* There was:, an indication that increased 
desioaation resistance was favoured by low concentrationj of 
nutrients in the medium whilst heat resistance was favoured 
by high concentrations of nutrients* In Spongioohloria typica 
these phenomena were not related to an accumulation of lipids* 

Zygogonium erioetorum has frequently been referred to as a 
coloniser of bare areas* Fritsch (1922o) remarks how it often 
produoes extensive wefts covering many square metres of ground, 
particularly on sandy soil* hynne and Brook (1969) report the 
presenoe of extensive Zygogonium mats up to 300 m and 6 cm. 
deep from thermal areas of the Tellowstone National Park where 
a distinctive community of other algae and invertebrates has been 
developed living within the mats* In this country, Z* erioetorum 
is looally a oharacteristic species on burnt heathland soils, 
as desoribed by Fritsoh and Salisbury (1913)* Three main stages 
in the development of heath after burning are recognised namely 
the pioneer stage, building stage and mature/degenerate stage, 
these phases being associated with the morphological development 
of Calluna vulgaris* Coppins and Shimwell (1971) found Z* 
erioetorum was restricted to the pioneer phase in the Bast 
Yorkshire heath types they explained* West and West (1897) 
suggest that interlacing wefts of the alga have high absorptive 
properties thereby regulating to some extent the moisture 
content of the surface soil and permitting the more successful 
establishment of other plants* In peat hollows on moorland, 
the black muddy ground is frequently ooIonised by Z* ericetorum



but here, Moore and Bellamy (1974) suggest that the thin mat 
presents a barrier to oolonisation by other plants, as the 
peaty water beoomes saturated with oxygen as a result of the 
alga’s photosynthesis so that corrosive oxidation of the peat 
is promoted* Fritsoh and Salisbury (1915) report no differenoe 
in oover of the alga throughout the year but John (1942) states 
that although present throughout the year it beoomes more 
oonspiouous in the spring*

Hormidium is a genus of filamentous green algae olassified 
as members of the Ulotriohales* The generio name has been used 
in the past to oover a wide range of filamentous algal types. 
Hormidium flaooidum ? nd H* nitens are separated by rather dubious 
oultural characteristics, the latter forming a silky growth at 
the surface of liquid cultures* Lund (1947) doubts whether 
this is a distinct speoies from H* flaooidum* However, H* flaooidum 
is reoognised to be widespread and morphologically quite variable 
in soils and it is likely that there are a number of physiolo
gical raoes* Mattox (1971) studied eight different isolates 
from wet and dry habitats and found that in slowly ageing oultures, 
three types of resistant oells were produced, all of which survived 
dessioation and in a few Isolate could withstand 100°0 for one 
hour*

Certain reports refer to both Zygogonium erioetorum and 
Hormidium flaooidum growing together on soils* Fritsoh (1916) 
noted a situation on Hindhead Common where H* flaooidum was 
overgrowing the Z* erioetorum mat in some areas* Fritsoh and 
Salisbury (1915) refer to both speoies being enoountered, although 
somewhat locally, on burnt heathland* John (1942) collected 
material of Z* erioetorum, which had filaments of H* flaooidum 
growing amongst it, from Epping Forest and Oxshott Heath* Lund 
(1947) has found th;<t the algal flora of very acid soils (pH 
3*7 ~ 4*6) consists of oomparatively few species, almost all 
members of the Ch lorophyoeae* Because the algal flora remains 
very restricted in speoies even after enrichment of these aoid 
soils, she assumes that the amount of competition between species 
naturally ooourring on these soils is oomparatively slight*

Horhidium flaooidum tends to be characteristic of rather



heavy, base-deficient soils although Lund (1947) records it 
from soils varying in pH from 4.4 to 7*6* Pieroy (1917) 
describes how, on certain soils as grasses die during dry summers 
their plaoe is taken by H , flaooidum which grows rapidly in the 
succeeding wet periods to form a dense mat* The following spring
however, grass seedlings crowd out the growth of the alga*
H* flaooidum is very drought resistant$ as it dries, longitudinal 
folds develop along the filament indicating that the oellwall 
adapts its contours to the shrunken protoplast* Because of the 
close contact between oellwall and protoplasm, a rapid uptake 
of any moisture is ensured* Fritsoh (1922) has demonstrated 
that it is able to take up almost twioe as much water as aii^dry 
Z* erioetorum* He has also shown that H* flaooidum has survived
dessioation in the soil for 36 months*



8* Zygogonium eriot;torum and Hormidium flaooidum - Morphology 
Zygogonium erioetorum (Kutz) Hansg*

The material of Zygogonium erioetorum from the Drakelands 
Corner sandtips was comparable with the so-called "extreme 
terrestrial form" described by FritBch (1916)* The most 
prominent features of the mature oells (Fig 21) were the presenoe 
of a purple va .cuolar pigment and the large Mdurab-bellM shaped 
chloroplast* Cell size was very variable but mature oells from 
sandtip areas were from 15 to 33 p in length and approximately 
22 p . in width* The shorter oells contained a single ohloroplast 
with a single pyrenoid, the longer cells contained two ohloroplasts 
joined by a re L a tiv e J r  narrow bridge, and two pyrenoids* The oells 
contained, numerous fat bodies arranged in a dense peripheral 
layer beneath the walls* These were particularly abundant in 
material oolleoted during the winter months to the extent that the 
ohloroplasts were masked by them (Fig 20)* The ultrastruoture of 
this alga is described in Seotion 111, page 178*

A characteristic feature of the oell contents of Z* erioetorum 
was the presence in the s.> of a purple pigment* The absorption 
spectrum of an aqueous extraot of this pigment was found to be 
similar to that reported by Alston (1958) for this species* He 
described the pigment as an iR>h-taa»in oomplex* It was noted that 
in dense mats of the alga at Drakelands Corner, only those filaments 
at the surface were deep purple whilst those beneath were maorosoo- 
pioally green although some purple colouration was visible in these 
oells on microsjDipic examination*

The Oellwalls in the Drakelands Comer material were up to 
2*5 p in width* Many of the cells appeared to be permanently 
in the akinete condition* In this condition, the protoplast 
beoomes rounded—off and full of fat bodies and produces a now wall 
around itself and inside the existing thick oellwall (Fig 20).
Often, a small oell containing deep purple pigment but little pro
toplasm was noted situated adjaoent to an akinete. This appeared 
to be a pigment cell as described by Fritsoh (1916) who suggested 
that it was formed by the extrusion of purple sap from a developing 
akinete into an adjacent newly formed cell*

The growth of filaments is by the active division of akinetes 
during periods of favourable environmental oonditions followed *
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Fig. 20 Filament of Zygogonium erioetorum from silica sand spoil.

N o te  th ick  ce llw a lls , short cells packed with oil globules

and thickened collar (a ).

Fig. 21 Filament of Zygogonium ericetorum from damp mica a rea.

Note actively divi ding,thin-walled cells, double chiorcplast ( c ) 

each w ith  a pyrenoid ( p ) .



Fig.22 H.R D iag ram s of Z. e rioe to ru m  showing side branches



by the rounding-off of these protoplasts and their formation into 
new akinetec is adverse conditions* Because the formation of 
eaoh akinete requires the production of a new wall inside the 
existing one, this leads to an increasing thickness in the 
oellwalls and this is particularly noticeable in the orosswalls. 
Examination of a filament under the microscope shove the presence 
of strongly thickened collar—like orostwalls at intervals (Figs 
20 and 23), the interval between two such strongly thiokened walls 
representing the products of division of a single akinetes. Henoe, 
by examination it has been possible to learn something of the past
aotlgity of oells within a filament.

Filaments were found to be up to lom. or more in length and 
unbranohed, although short branohes were infrequently noted. A 
oolleotlon from one damp micaceous area yielded a large proportion 
of filaments with side branohes (Fig* 22), and subsequent oolleotions 
showed that these oould also be demonstrated in a small proportion of 
filaments from material colleoted in other damp mioa areas but were 
extremely rare in material from sandtips. Side branohes ranged from 
a simple swelling on one e*.*e of a oell to branohes of two or three 
oells. These have been referred to as rhisoids by Fritsoh (1916), 
and West (1916) mentions that occasionally branches consisting of ten 
or even fifteen oells have been recorded.

Increase in the number of filaments appears to be by fragmentation
with dead oells constituting a potential rupture point in the filament.
Filaments were frequently noted where large numbers of the oells had 
died and filaments were also seen in whioh isol*M^ and apparently 
healthy akinetes were scattered amongst the predominantly dead oells.
The latter was especially noted in material growing in dry conditions 
at the end of the summer.

Sexual reproduction has only rarely been reported for Z. erioetorum 
and these are oonfliotlng reports as to the exaot nature of the 
prooess in ths speoies. Kowever, it seems apparent that conjugation 
is basioally soalariform, as in the genus Spirogyra. Ho evidence of 
sexual reproduction was found in any of the Drakelands Corner material 
examined. However, amongst a collection of material from a moorland 
site on millstone grit at Cown Edge, Derbyshire (Grid Ref. 5K018918) 
a number of filaments Blowing early stages of conjugation were observed. 
These filaments showed protuberances from many of the oells (Fig.23),



Fig 23

Fig 2A

Filam ents o f Z .erice torum showing possible early conjugation. 

Cown Edge, D e rbysh ire  . Oct.'75 

StG ined lactophenol / cotton blue

Dead fila m e n ts  of Z .erice torum attacked by Chloridjum sp with conidia (c). 

D rake lands C orner, Devon



similar to those described by Alston (1958) &U& Hosiaisluoraa 
(1975) in young conjugating material of this species# Ho 
actual conjugation was seen in any of the material examined.
Occurrence of a fungal pathogen on Z. ericctorum

Material of Z. erioetorum oolleoted from Drakelands Oorner 
and eleewhere frequently contained a fungus associated with the 
filaments and within the actual cells. In oertain small areas 
almost every filament showed at least a few infected cells whilst 
in nearby areas it was absent. The fungus appeared to be parasitic 
on the algal cells. In the early stages of infection, the hyphae 
oommonly enveloped the algal oellwall in the region of a orosswall 
(Fig 25)# subsequently penetrating the oellwall and eventually 
filling the oell with hyphae. From this infection point, hyphae 
extended to adjacent oells by passing through the orosswalls or 
along the outside of the filaments (Fig.24). Both dead and living 
oells were attaoked in this manner.

The fungal hyphae were swollen and septate with thiok brownwalls. 
Occasionally, a few detatbhed spherical conidia were noted in the 
material examined (Fig. 24  ̂ and on one occasion, a structure re
sembling a short ohain of conidia associated with the hyphae was 
found (Fig. 27). Mo other reproductive stages were observed at any 
time.

During election raicrdsoopy studies of Z. erioetorum, the fungus 
was observed in some of the material. Fig. 26 shows three hyphae on 
the outer surface of a filament. This material was fixed and 
embedded as outlined on page 173 . It can be seen that the hyphae 
are thick-walled and appressed to the algal cell. It is not known 
whether the smaller structures (a) are associated with the fungus 
or belong to another organism. Similar small bodies were observed 
in the oellwall and on the inner side of the wall, in the absence 
of large fungal hyphae, in other material. These may possibly have 
been small Chytrids.

Material was sent to the Commonwealth Myoologioal Institute for 
identification and a report was received from Dr. Sutton in which 
he was able to link the mycelium to a single fertile oonidiophone 
belonging to Chlorldium LK ex Fr. which was not referable to any 
of the common taxa present in the herbarium at the Institute. 
Chloridium is an imperfeot fungus belonging to the Dematiaoeous 
Hyphomyoetes. Aocording to Ellis (1971)» the genus is characterised
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Fig. 25 Camera luc ida  draw ings of early in fe c tio n  stages of Z. ericetorum, 

by C hlo rid ium  sp . x7O0
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Fig. 26

Fig. 27

\

Section of part of a filament of Z.ericetorum in the region of a crosswall
c h r » A / i n n  ^  h \ / n h n p  n n n r p c q p H  tr> t h p  r ^ l l \ A / nl l

 ~ • 'j r *  rr* * —   — ...................

(a ) small fungal body.
Specimen glutaraldehyde fixed ; permanganate p o s t - fixe d .

H .Pdiagram  of 

?conidia associated 

Chloridium so.



80

by having oonidia which are aggregated in slimy masses and often 
form long columns at the ends of smooth, brown, unbranched 
conidiophones*

The Chloridium sp* was subsequently found in material from 
ttye following Bitesa

Gomm Tip, Cat hew, Cornwall 185M* Old ohimaolay tip (SX006553) 
Gunnislake Clitters, Cornwall 30M* Old oopper/arsenio mine tip 
(S X 4 2 2 7 2 4 )

Axe Edge Moor, Derbyshire 46OH* Met heath (3K 024710)*
No fungal pathogens have, to date, been reported on the genus 

Zygogonium buta number have been recorded from aquatio members of 
the Zygnematales* Sparrow (i960) lists a total of 123 speoies 
of aquatio Phyoomyoetes as parasite% saprophytes or epiphytes on 
Mougeotia spp, Splrogyra spp. and Zygnema spp*, many of whioh 
resulted in death of infected filaments*
Hormidium flaooidum (Kuts) Pott — Morphology

The identification of the alga isolated from ohina olay at 
Drakelands Corner was oonfirmed as belonging to this speoies by 
Lund of the Freshwater Biological Association (personal communication)* 
The oharaoteristios of this isolate are outlined below*

The filaments were unbranohed,frequently of a considerable 
length, and consisted of a single row of oells (Pig* 28)* Their 
width averaged .l. and the length of the oells ranged from one—and— 
a—half to twice their width* Eaoh oell oontained a single, band- 
shaped parietal ohloroplast whioh extended for almo&t the entire 
length of the 0011 and approximately two—thirds of the circumference* 
Each ohloroplast contained a single pyrenoid* Generally, one or 
two large vaouoles were present in the oell and fat bodies were 
frequently seen* Rarely, oells became abnormally wide and subsequently 
divided by a longitudinal *all) two or three adjacent oells were 
sometimes seen to behave in this manner (Pig 29) end this gave the 
appearanoe of oocasional swellings along the length of a filament*
Pilaments were occasionally noted in material growing in liquid 
culture where this phenomenon had developed to the extent th&t 
two parallel filaments, separate from one another except at either 
end, were produced (Fig* 29 a)*

The ultrastruoture of H* flaooidum is described in section 111, 
page 175*
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Fig. 28 Filaments of Horm idium  flacc idum  from silica  sand spoil.

Note parietal ohloroplast ( c ) and pyrenoid (p).

X
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Fig. 29 Camera lucida drawings o f H flaccidum  filam ents showing anomalous growth. 

(qJ specimen from liquid c u ltu re



Growth of filaments on Knop's, agar was followed by 
transferring short lengths of oells onto fresh media and 
watching their growth by microscopic examination. It was 
found that, when grown at 23°C and illuminated at 4300 to 5300 
lux through a twelve hour day, a doubling in length of a filament 
was achieved within 35 hours from transfer. The filaments did 
not extend in a straight line but adopted a oharaoteristic 
sinuously-curving pattern.
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St OoIonisation rates of Zygogonium erioetorum on ohina olay waste. 
Previous work has shown that Z* erioetorum is a pioneer speoies 

on ohina olay waste and that it can ocour with Hormidium flaooidum,
A series of field experiments were set up in order to gain some 
idea of the rate of colonisation of Z. erioetorum over ohina olay 
substrates* For these experiments* permanent tM2. quadrats were 
marked out in suitable areas and the principal algal cover was 
plotted at regular intervals throughout a one year period* A 

variety of situations were ohosen so that different aspects* 
degrees of slope and substrates could be compared*

The position of the quadrats was marked by wooden pegs* 
gently hammered flush with the ground level at eaoh corner* taking 
oare to disturb the miorohabitat as little a s  possible* Recording 
of the area covered by algae within the q^drat was achieved by 
laying a gridded frame divided into 25 squares over the area 
and mapping the position of the algal oover onto gmaph paper* A 

disadvantage of this method is that in situations where only a thin 
cover of the alga is present* this is easily overlooked particularly 
when the ground is dry* In fact it was only possible to mark the 
positions of the most obvious patches* The area of these patches* 
as reoorded on graph paper* wa„ determined in the laboratory*

Fourteen quadrats were set out at sites where the algal oover 
was sparse or at the edge of algal patches* so that the natural 
inorease of existing mat could be charted* At a further thirteen 
sites* the algal mat together with top soil to a depth of lorn, was 
removed from the ares and replaced by heat«sterilised quarts
sand*

The quadrats were marked out in April 1975* The area, covered 
by the algae was reoorded initially and at monthly intervals from this 
time until August after whioh I was obliged to move to Nottingham and 
and was only able to revisit the Bites on a further two occasions.
The results are presented together with meterologioal data for 
Plymouth (Mount Batten) and Lee  Moor for the relevant period*

Results of the permanent quadrat observations have been 
presented in table form (table 13) and graphically (Figs* 30 and 
31)* The firBt fourteen quadrats were marked out in areas where 
there waB an already existing cover and change of percentage area 
covered is reoorded (Fig* 30). In the remaining thirteen quadrats*
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Table

Quadratnumber

13 Rates of colonisation of Zygogonium erioetorum mats on china olay was1

Origi
nal area covered29/4

Change in area oovered

30/5 3 / 6  29/7 26/8 11/ig 30/3

Site Description
As- Degree Sub-, Trem- Otl peot of strakpling ft slope

1 35# 21# 6* 5* CM<"0 Plat Sand2 29# 18# 13* 17* 6* 8# Plat Sand
> • 61# 40# 25* 34* 17* Plat Sand
4 16# 21* 7* 5° Sand
5 15# 28# 38* 41* 61* ♦ MW 55° sand
6 20# 28# 39* 54* 54* ♦ NW 50° Sand
7 14# 16# 29* 48* ♦ - NW 55° Sand
8 11# 10# 13* 23* 33* - MW 6 0 ° Sand
9 17# 33# 40* + 55* 45# SW 35° Sand

10 43# 47# 47* 74* 70* 33# SW 35° Sand
11 20# 20# 30* 64* 62* 31# SW 25° Sand
12 75# 84# 72* 71* 83* 28# JW 32° Sand
13 15# 14# 23# 22* 21* - f  NE 7 0 -9 0 ° Sand
14 r 33# 19# 29# 33* 35* 43* i 4 L- ME 7 5 -9 0 ° Sand
15 ! 0 11# 24* 37* 36* 83# S/BE 15° sand
16 0 1# 13* 23* 34* 30# SW 15° Sand
17 0 12# 18* 25* 46* 90# SW 15° Sand18

19 00 %V * % % %
SE l°o2°

SandSand
20 0 19# 24* 29* 64* 87# 94# Plat Mioa
21 0 35# 33* 52* 84* 100# 100# Plat Mica
22 0 10# 17* 33* 82* 97# 100# Plat Mioa
23 0 9# 20* 36* 76* 94# 100# Plat Mioa
24 0 12# 20* 51* 85* 96#  100# 6° Mica

25 0 5# 10* * ♦ ♦ ♦ ■ NW 33° Sand
26 0 6# 10* ♦ ♦ ♦ ♦ NW 36° Sand
27 0 6# 14* + ♦ + ♦ NW 36° Sand

8
to
Qu

oa
d

ilabl
drop

surro by Ca

♦ oontinous sparse cover 
- site lost by erosion
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.30 Cnange in existing cover o f Z. ericetorum in I^M . quadrats ( Nos.1-14 ) 

over a twelve month period



;
87

100-1

1-d)So
5?

8 0 -

— -  Quadrat 20
6 0 -

22

24

20 -

100 -i

Quadrat 15

8 0 -

60 -

4 0 -

29/4 30/5 25/6 29/7 26/8 30/3
Date

Fig. 31 Rate of colonisation of cleared 1/2 ^ q u a d ra ts  ( N o s . 1 5 - 2 4  ) 
by Z.ericetorum ever a twe^e month period.



the initial algal cover was ole, red so that percentage inorease 
in area has been reoorded (Fig* 31)*

The sites covered ranged from flat, heavily compacted areas 
regularly trampled by livestock (quadrats 1, 2, 3, 4) to steep 
slopes where shoet erosion was a common phenomenon (quadrats 5t 
6, 7, 8, 11, 13, 14)* Most of the sites were on silica sand 
but there were also a few on flat, mioaoeous waste (quadrats 
20-24) •

Rainfall figures for the period concerned end the proceeding 
eleven months have been plotted in Fig 32* These are figures 
for Lee Moor House (Grid Ref* SX 573629) as supplied; by the 
South West Water Authority* Lee Moor House lies £jfCm* to the 
Morthwest of the Drakelands Comer area at a height of 230M*
Potential evapotranspiration has been calculated from average 
data for the Devon mean county hei^it (151 metres) corrected to 
the Drakelands Corner height (198 metres) using the Ministry of 
Agriculture, Fisheries and Foods Tech* Bull* No* 16 (1967).
Potential evapotranspiration does not vary greatly from year to 
year* Temperature readings were not available for Lee Moor House 
and Fig* 33 shows the monthly means together with the extreme 
high and low temperatures for Plymouth (Mount Batten Grid Ref.
SX 485533).

The results of the monthly observations on the. algal oover 
show that in suitable areas the rate of colonisation by 2* erioetorum 
oan be quite rapid* Spread into new areas appears to be largely 
by algal filaments being washed down from surrounding areas so 
that the rate of oover is most rapid where there is a good 
population of the alga in the vicinity and during periods of hmavy 
rainfall* Rate of inorease appears to be greatest between Septem
ber and April, whioh is also a period of high rainfall* On well- 
drained sand heaps (quadrats 25,26 and 27) the algal cover remains 
sparse but in situations where the ground remains moist a more 
extensive oover is able to establish itself. The most rapid rate 
of colonisation was reoorded in flat micaceous areas (quadrats 
20-24) where the ground was almost permanently moist* In well- 
drained, oompacted areas the algal cover appears to be reduced 
during the summer months (quadrats 1, 2, 3). In such areas where 
trampling by livestock is also of importance, the Z* erioetorum
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Cover is frequently lost in dry weather except in the slots or 
depressions of old hoofmarks. It may be that suoh miorohabitats 
retain moisture for longer periods that the surrounding sand.
Pig. 32 shows that it is only for a few weeks during the summer 
that evapotran&piration exoeeds rainfall and the surface layers 
of the soil are liable to dry. However, the summer of 1975 was 
exceptionally hot and dry so that the results may be somewhat 
misleading when applied to a typical summer pattern.

Another feature whioh was shown to be of significance regarding 
the rate of algal colonisation was the extent of sheet erosion 
ooouring on the slopes* It is generally believed that silioa sand 
heaps, once dumped, are relatively stable but whilst this may be 
true for the complete tip, the present results show that a signi
ficant amount of surface sliding of material oocurs. This 
ooours particularly during the winter months, presumably because 
of heavier rainfall. Regarding Z. erioetorum, fresh material 
is continually being brought down onto newly exposed areas but 
a oontinous oover of the alga is never established for long. 
Investigation into possible allelopathlo effeots between algal 
oover and flowering plants.

It has been noted that only rarely does a oontinous sward 
of flowering plants become established on ohina d a y  waste.
Although a oontinous algal oover frequently grows over the 
surface, flowering plants generally ooour isolated from one 
another. Some experiments were carried out to investigate 
whether Zygogonium erioetorum or Hormidium flaooidum produced 
extracellular products whioh oould interfere with the germination 
of flowering plants in the area.

Chemical antogonism between plant speoies is probably an 
underrated process from the eoologioal point of viewf it is 
oonoeivable that many plants produce exudates that oan interfere 
with the growth of other individuals in the immediate vicinity 
under the right oonditions. Moore (1976) has summarised the 
topio to date with regard to flowering plants but there are also 
instances of lower plants producing inhibitory subst&noes. Pyatt 
(1968), for instanoe, demonstrated the presence of a substance
inhibitory to the germination of a number of grasses, in an aqueous 
extract of ?*&*!£*** o&nina. In this instance, the lichen
extract from a heavily polluted area close to a steelworks was 
found to lack this inhibitory power.
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Method
Seeds of Festupa ovinat Alra praeoox, Spergularla rubra.

Rumex aoetosella and Calluna vulgaris were used* With the 
exoeption of Oalluna vulgaris ( drained from Suttons Seeds Ltd) 
all the seeds were oolleoted from the Drakelands Corner area*

The algal extraots were prepared by homogenising lOOg 
(wet weight) of cleaned algal material and 300 mis* of preboiled 
rainwater from the areaf in a Silverson mixed emulsifier for 
several short periods (to minimise temperature Inorease) totalling 
fifteen minutes. The mixture was left to filter overnight* The 
following dayt the extract was divided into two portions, one of 
whioh was boiled*Seeds were given the following treatments*- 

(i) Rainwater (ii) Rainwater ♦ lOOppm 1AA
(H§J Algal extraot (iv) Algal extraot ♦ lOOppm IAA

(▼) Boiled algal extraot (vi) Boiled algal extraot ♦ lOOppm IAA
Rainwater and all solutions oontaining Z* erioetorum extraot 

had pH values of 5.4 ♦ q.1.
Seeds were plated out on filter paper moistened daily with 

4ml* aliquot8 of the appropriate solution. Petri-dishes of 9onw 
diameter were used to hold 25 seeds and four replioates of eaoh 
were set up. The dishes were kept at 23°C and subjected to 12 
hour photoperiods* Numbers of germinating seeds were counted 
at intervals up to two weeks*
1,0 , ults

No significant differences at the 0.001 level were deteoted 
in the germination rates with any of the species looked at.
Table 14 gives the results of experiments using Z* erioetorum 
extract treatments (i) and (ili)* Similar trends were shown 
with the other treatments and using H* flaooidum extracts* Snhanoed 
germination levels were obtained in treatments (ii)9(iv) and(vi) 
due to the addition of I\A*
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Table 14 Effects of aqueous extrc c■.ts of Z. ericetorum on seed germination .

Specie s Treatment $ germination
5days 6 days 7 days 9 days 10 days 13days 15

day
Festuca ovina Rainwater 

Algal extract
11
9

15
12

32
31

Aira praecox Rainwater 12 31 45 55
Algal extract 11 21 26 54

Spergularia
rubra Rainwater 10 17 36 52 82

Algal extract 14 22 32 43 77

Rumex 
acetosella Rainwater 9 14 15 26

Algal extract 14 16 20 23

Calluna
vulgaris Rainwater 0 0 0 2 6 8

Algal extract 0 0 0 4 10 16
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10* Environmental factors affeotlng the growth of Zygogonium ericetorum and 
Hormidium flaooidum*

Although Hormldlmn flaooldum is considered, much of this 
seotion conoems Z* ericetorum as this was the speoies£  
oonstituting the overall hulk of the algal mats on ohina clay 
waste*

1* Light
2* ericetorum grows in very exposed situations so that 

it is unlikely that high light intensities encountered in the 
field are a limiting factor in its distribution* Material from 
well-illuminated situations is often a darker purple colour than 
that from nore sheltered situations or well-shaded sites* However9 
this is not always the case and the most strongly pigmented material 
is that grc j on flat9 damp mioaoeous residues lrrespeotive of
shading* Where thiok mats of 2* ericetorum occur, the purple
colouration is generally restricted to the surface layers* It has 
been suggested by Fritsoh (1916) and others that the pigment plays 
a photoprotective role against strong illumination* (see also p*116 )

2* Temperature
Growing directly on the surface of silioa sand Z* ericetorum 

is subjected to a wide range of temperature extremes throughout the
year* Being of a dark purplish oolour, the alga is liable to
absorb more heat than the surrounding white ohina clay waste. On 
a hot, sunny day in July, temperatures of up to 38®C were reooxded 
with a soil thermometer at the surfaoe of j.n extensive algal mat 
whereas the maxiravim surfaoe temperature of an adjacent area of bare 
silioa sand was 33®C* At the end of the hot summer of 1975* a large 
proportion of 2* ericetorum examined oonsisted of dead cells, in 
partioular material at the surface of the mats* This was probably 
due as much to the dry oonditions as to high temperatures.

Similar remarks apply to H* flaooidum regarding the temperature 
extremes encountered by it. Pieroy (1917) states that where it 
grows with grass, it is able to tolerate dessioation for a longer 
period than the latter and with the advent of wet weather is able 
to grow over the bare areas formed by dead grass#

Laboratory experiments showed that six hours at 50°C was sufficient 
to kill all cells of 2.erioetorum whether the material was dry or pre
viously moistened with distilled water. The same treatment was also 
lethal for H* flaooidum*



Fig. 34 Z.ericetorum washed onto bare micaceous area. 

D raketands Corner M a rc h '75 

Coin 2 7mm. diam.

Fig.35 Z. e rice to ru m  w ashed down face of a cu tting  from vegetation above. 

Drakelands Cor ner M a rc h '75



3. Humidity
Zygogonium ericetorum has for long been reoognised 

as an alga oapable of surviving in oomparitively adverse 
conditions, and silioa sand must represent one of its most 
extreme^ habitats* Because the ohina clay deposits are all 
situated in the Southwest of England, in areas with oomparitive^r 
high rainfall, the habitat is possibly less extreme than well- 
drained substrates further east* As Fig* 32 shows, the 
calculated evapotranspiration only exoeeds rainfall for a short 
period during the summer* This period may be more extensive 
that is shown as evapotranspiration is oaloulated for normal 
agricultural soils whioh loose water less rapidly than sand* 

Results of the permanent quadrat observations have shown 
that water flooding over the tip surfaoe is important in bringing 
about the dissemination of algal material* In permanently damp 
low-lying mioa areas this process can bring about recovery of 
the algal oover in a cleared area within four or five months 
during the summer (Fig* 31) and probably less time in the winter* 
In suoh areas whioh are subject to periodic flooding it is often 
possible to see where new algal material has been washed onto 
previously bare mioaoeoue areas and has accumulated around any 
permanent objects suoh as stones and small grass plants (Fig*34).

Another illustration of the spread of Z* ericetorum by 
water drainage is to be seen wherever ohina clay waste has been 
exposed beneath a vegetated area as a result of a man-made 
cutting or by natural erosion* Fig 35 shows a cutting exposing 
silica sand over whioh a dosed community of Calluna vulgaris , 
Ulex gallii and Festuca ovina has become established* It is 
apparent that Z* ericetorum has been washed down the bare slope 
from the peaty soil above. It is interesting that in this 
particular oommunity there are few open areas where the alga 
can grow, so that it is confined to a thin though widespread 
oover around the bases of the existing plants* When, however, 
it is spread to the exposed olaywaste surface there is no 
competition from other plants and Z* ericetorum is able to 
grow more luxuriantly*

Although Z* ericetorum is able to tolerate the oomparitively 
arid conditions of ohina clay tips, it is dearly better adapted



to grow in damper situations* The mica areas support a more 
luxuriant deep purple growth of the alga than do the sandtips*
Fig* 13 illustrates part of an exoavated area where the bottom 
of the pit is more or less permanently damp and ooasists of a 
large proportion of mioaoeous residues whilst the pit sides 
are predominantly silioa sand and progressively better drained 
with increasing distance from the pit bottom* The algal oover 
is this fig* is evident as a grey discolouration of the ohina 
olay waste and it can be seen that the oover is most extensive 
at the bottom of the pit and the lower area of the sides*
These are the areas where the water content of the substrate 
is relatively high*

It was apparent that material from these wetter areas was 
growing more actively than material from higher up the slopes*
A similar site to that shown in Fig* 13 was selected in order 
to investigate whether any differenoes were apparent in material 
from different areas of suoh a slope* Sampling points were 
seleoted at intervals along a transect laid down the slope from 
the top, where Calluna heath was established, to the base where 
Z* erioetorum was growing immersed in water* At eaoh point a 
representative sample of the alga w s b collected for miorosoopio 
examination* Thirtyrandom cells were soored from eaoh sample 
and records kept of various parameters* Results are given in 
table 15 from whioh it can be seen that Z* ericetorum varies quite 
considerably from different sites* Figs* 20 and 21 show filaments 
from submerged material and material growing on well-drained silUca 
sand, both at the same magnification* Both appear to be referable 
to Z* erioetorum*

Bearing in mind *ke spread of the alga by rainwater running 
down slopes, it is likely that material is regularly washed from 
the natural population occurring beneath Calluna heath at the top 
of the pit* It is possible that the same filament may be gradually 
washed further down the slope and consequently moves from a well- 
drained substrate to a progressively damper one* If this is the 
oase, than it is likely that as its environment alters, so too 
does the morphology of the oells* As the results of the above 
experiment show (Table 15)» Z* ericetorum collected from damp 
areas has longer oells with thinner oellwalls than doss material 
from drier sites*



98

Table 15 Morphology of Z. ericetorum at different siteson a sand he a]

Site Average filament 
width

Average cell 
length

Average cell- 
wall thickness

$ dead 
cells

A 24 p
(14 ̂ - £ 4 ) 2.5 P 20

B 19 p 24 fi
(22-36)

2.5 p 50

C 24 p 24 H 
(17-36)

2.5 p 25

D 11 p 23 p 
(24-31)

1 P 10*

E IT p 32 fi 
(24-41)

1 P 33

F IT.5 p 43 p
(24-9 3 .5 )

1.5 p 10

G 19 p 43 n 
(26-72)

1 H 5

Cell measurements are averages of 30 random cells (to nearest 
excepting $ dead cells which are estimates. ^
Extreme measurements are included in "brackets, * heavy parasitism

by Chloridium sp.
Site Details

A. Beneath Call.una heath. Different locality to other sites
B. Flat area at top of slope
C. 3M from top. Dry slope
D. 6M from top. Fairly dry slope
E. 9M from top Damp slope
F. 1014 from top. Very damp area
G. 10.5M from top. Permanently waterlogged area.



In order to investigate whether it is possible for the 
thiofc-walled terrestrial form of Z* ericetorum to oh&nge 
morphologically so as to resemble the aquatic form, a simple 
laboratory experiment was instigated* Blocks of silioa sand 
supporting a cover of Z* ericetorum (terrestrial form) were 
out out from a sandtip at Drakelands Corner* The sise of 
these blocks was 20 x 30 x 8om suoh that they covered the 
bottom of a 13 litre perspex tank* In removing the blocks, 
because of the loose nature of the sand, it was necessary to 
spray the sides with a resin, Unisol 511 whioh has the pro* 
perty of forming a non-toxic skin over the soil and helps 
to hold the soil particles together* Eaoh of the blocks 
was carefully placed on a bed of gravel in a perspex tank and 
the sides of the tank were darkened with black polythene to the 
level of the soil surfaoe. Eaoh tank was oovered with a glass 
sheet* Four tanks were set up and treated as follows t

Tank 1* Left dry* No subsequent additions of water
Tank 2* Left dry, but sprayed onoe a week with approxi

mately 10 mis* of distilled water using a hand sprayer*
Tank 3* Approximately 500rols of distilled water added 

to keep the sand moist*
Tank 4* Approximately 1*51* of distilled water added

so that there was standing water at the soil surfaoe*
The tanks were kept in a growth cabinet at 12°C* illuminated 

at 646O to 8600 lux through a 14 hour day* At intervals up to 
39 weeks, algal material was removed from various areas of eaoh 
tank for miorosoopio examination* It was necessary to terminate 
the experiment after 39 weeks* Material in the dry tank had shown 
little or no growth and in fact consisted of dead oells and oells 
in the akinete stage, whilst conditions in the tank containing 
standing water were becoming stagnant*

Results of this experiment are given in table 16 and fig*36* 
Within three weeks, the algae in the two well-watered tanks had 
assumed a different macrosoopio appearance from those in the other 
two tanks. In the well-watered conditions, the algae appeared 
to be growing actively and bundles of filaments were showing the 
sinuous growth habit oharacteristic of many filamentous algae

I contd. p. 10 2
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Table 16 Change in Z. ericetorum morphology when grown under different water 
regimes.

Conditions Time
(weeks)

Cell packets* Average cell Range 
length (p) , (p)

S
(?)

Cellwall
thickness

wDry lOweeks
17

I-2ceIIs
1-2 16 13-18.5 2 4

28 1-2 15.5 11-20.5 2 3
39 1-2 16 11-22 3 3

Humid lOweeks
17

1-2
1-2 21 17-22 2 4

28 (1) —2 19 15-24 2 3
39 (l)-2 21 15-26 2.5 3

Damp lOweeks
17

2-4
(2)-4 24 2 0 .5 - 2 8 2 2

28 4 27 22-33 2.5 2
39 4 (6-8 ) 32 26-39 4 1.5

Flooded lOweeks
17

4
4-6 25 20.5-31.5 3 2

28 4—6(—8) 29 22-37 4 1.5
39 4—6 (—8 ) 27 22-31.5 2.5 1.5

Measurements to nearest 0.5 p.

* Refers to interval between two thick cros .walls(Mcollars") 
representing the products of division of a single akinete.
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growing in moist but not submerged conditions* The material 
in standing water had adopted an outstretched "slime-like” 
appearance over the substrate* Cell measurements at this 
stage were similar under all four oonditlons whioh suggests 
that the differenoes in maorosoopio appearance were due solely 
to different rates of oells division* Subsequent measurements 
showed a trend towards the four treatments splitting into four 
morphologioally distinot populations (Fig, 36), but even after 
39 weeks, due to large standard deviations, the four populations 
were not all distinot font one another* Zt is worth mentioning 
here the large inhert variably between oells in the same filament 
whioh is discussed in the appendix* Nevertheless,the results do 
suggest that under optimum conditions it is likely that the 
terrestrial form of Z* erloetorum will divide aotively suoh that 
the products of division have longer oells with thinner oellwall*. 
This is further substantiated in the observation that filaments 
are occasionally met with in material of the terrestrial form 
where a few oonseoutive oells oan be as much as two or three 
times the usual length of these oells and have considerably 
thinner oellwalls*

On sandtips, Z* ericetorum tends to grow best in more 
sheltered microhabitats* In areas subjected to oooasional 
trampling by sheep and horses the alga is frequently oonfined to 
old slots during dry periods* This was noted during the summer 
months in a number of permanent quadrats* Any depression in the 
sand appears to support a better growth of the alga than do small 
hummooks but although this may be maoroscopioally olear it is 
diffioult to quantify the relative amounts of alga between one 
area and another* The thiokness of the algal oover in smdh areas 
ranges from just a single filament to one millimetre thiokness 
of filaments* In suoh situations the bulk of the organic matter 
at the substrate surfaoe consists of Z* ericetorum filaments* In 
an attempt to quantify its luxuriance of growth, measurements 
were compared of the organio oontent of the surface soil plus 
alga in different samples* Suitable sites were selected and 
the miorotopogrnphy was assessed using a point quadrat frame 
to ascertain the relative positions of eaoh point* At eaoh point, 
a soil plus alga sample 1 cm deep was colleoted using a number 16

[ contd. p. 105
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Table 17 Field water contents for sand samples from bare sites and adjac
sites covered by Zo ericetorum mat.

Site Description j Field water constant
A1 Flat, algal-covered area 2.2#
A 2 Nearby bare sheep tra.ck. pacted Flat.Com- 8.656

B1 Algal-covered slope 16.8556
B2 Nearby bare slope 7.9556
Cl Algal-covered slope close 

burrow
to rabbit 3.15b

G2 Bare slope close to rabbit burro iv 3.55£

D1 Algal-covered flat area 8.2556
D2 Nearby bare flat area 6.2556

El Algal-covered slope 11.356
E2 Nearby bare slope 4.6556

Table 18 Moisture contents of air-dry algae

Sample Air- Dry Moisture Moisture dry weight lost lost
weight (lOO^j) as %

dry wt.

heightafter
exposure 
to air

Permanent Permanent loss loss
as 56 total 

loss

[
K. 1.977s — 1.890g 0.086g 4-6% 1 95 2 g 0 • 0 2 5 g 28-6^

5gAwet^
wt \B * 2.098g 2.0l6g 0.082g 4 1% 2!. 078g 0.020g 24.656
Z.

erice 1.551g 1.482g 0.0.69g 4.6$ 1.537s 0.014g 20.556to rum

0«5s D. 0.079g 0.073g 0.007g 9.5$ 0.078g 0.002g 26.0$

f laccidum
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oorkborer (diameter 2*5ora)* In the laboratory organic oontents 
of these samples were assessed and the results are shown in fig.
37• The correlation between algal oover and organio content 
was not absolute although there was a tendency for slightly 
higher organio oontents to be recorded from small depressions* 
However, the obvious difference between algal oover in old 
sheep slots or any irregular depressions, and the almost complete 
laok of algae Immediately surrounding these areas, although 
visible to the naked eye, was not fully brought out by these 
results*

In places where an algal oover has become established over 
the surfaoe of the soil, this may have the effect of reduoing 
waterless from the soil* To investigate whether this was the 
case, a number of sand samples were oolleoted from the site with 
a good algal oover and adjacent sites with no apparent cover* 
Collections were made during a warm, dry period in July and 20g* 
surfaoe samples were used to estimate the field water contents*
Prom the results given in table 17, it may be seen that higher 
soil water oontents were not consistent with the presence of an 
algal cover although in general, in situations whore the water 
oontent was not higher in the sample beneath the algal mat then 
the two samples showed comparable waterlevels* This is not the 
oase however, with the sheeptraok samples where the water oontent 
of the track was significantly higher than an adjaoent algal* 
covered area*

When subjected to drought, the oells of Z* erioetorum do not 
alter significantly* The filaments show some transverse contrac
tions and irregular longitudinal folds are seen along the walls 
but in most oells the protoplast shows little or no oontr; otion » 
With H* flaooidum* the longitudinal folding of the walls is muoh 
more pronounoed in the dry state but as the oells oontraot, the 
protoplast appears to remain in dose oontaot with the wells • It 
is likely that for these oells to survive periods of drought 
they must retain a proportion of water whilst in the air-dry 
condition* Using field material of Z* erioetorum and H* flaooidum, 
drying experiments were oonduoted to find out the percentage of 
water retained by the air-dry algae* Collections of 5g* (wet 
weight) of Z* erioetorum were used but only 0 *5g* of unoontaminated
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H* flaocidua oould be obtained* Pieces of algal mat were allowed 
to reaoh air-dry oondition In the laboratory and were then heated 
at 100°G to oon8tant weight* This material was then left exposed 
to the air for several days in order to establish* the percentage 
of moisture that oould be reabsorbed from the atmosphere* Eaoh 
sample was run simultaneously* Results are given In table 18*
The £» erioetorum material lost approximately 4%  of its water 
on heating and the H* flaooidum as much as 9*5̂  • In eaoh ease 
about one Quarter of this moisture was permanently lost* this 
presumably representing that part retained by living protoplasts 
and irreplaceable after their death*

s a result of the 1tot» dry summer of 1975 muoh of the 
Z» erioetorum material from eand tips whioh was examined towards 
the end of summer consisted of a large proportion of dead oells* 
Duiring the summer some flat areas on silioa sand were observed 
where there had olearly been sufficient water during the winter 
months for a luxuriant growth to beoome established but whioh 
were now dry* Pig* 3d Illustrates suoh an area and shows the 
distinctive mottled pattern of the algal mat where the dark 
purple colour of the algal mat has beoome increasingly broken 
up by grey areas* As table ohowo, these grey areas correspond
to filaments consisting largely of dead cells* The shrivelled 
oell oontents of these oells will not reabsorb water even after 
long periods of immersion* Hence it appears that during periods 
of droughtf algal mats in suoh areas gradually die off* Closer 
examination later in the summer showed the presence of white 
areas in addition to the purple and grey zones* Examination 
of the oells from each of the zones showed that the poppie sons 
correspond to that of healthy filamenta* in the grey zone the 
oells were predominantly dead but with some f - viable akinetes , 
whilst the white zone consisted of mayy dead filaments together 
with some whioh appeared almost totally unaffected* This sons 
was intermediate as regards oondition of the filament0 between 
the purple and grey zones* Analyses of the field water oontents 
for the algal mate and underlying soil from eaoh of these zones 
did not be-r out the assumption that these filaments were dying 
as a result of drying~out (Table 20) but field water oontents 
vary considerably and® fluctuations in the water oontent are

Icontd. p.109
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Fig.38 Mat of Z .e rice to rum  dry ing  out and showing mottled appearance. 

Still waterlogged in top rig h t-h an d  corner 

Drakelands Corner Ju ly '75 

Coin 27mm. diam.

F ig .3*9 D ried pieces of Z .e rice to ru m  mat on bGre areas between Cclluna bushes. 

Drakelands Corner Ju ly '75  

1/^M. rule scale
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quite likely after suoh am area has started to dry out, not 
a great deal of emphasis oan be plaoed on these results*
Table 20 pH and field water contents from \ ’ zones of
Z* erioetorum mat*

Zone pH Field water content
Purple zone Algal mat 4.3 13.4*

Underlying Soil 4.0 4.6*

Grey zone Algal mat 4.6 30.7*
Underlying Soil 4.2 8.3,

Disooloured sone Algal mat 4.5 12.9*
Underlying Soil 4.4 21.6*

and be in to oraok so that during periods of drought, loose 
brittle patches of Z* erioetorum oocur scattered on the ground 

39)• These mats consist predominantly of dead oells at 
the surface but below the surfaoe of the
mats are a large proportion ofoells in the akknete stage. With 
the advent of wet weather, beoause of their mucilaginous cellwalls, 
the filaments absorb water rapfdly and the patches adhere to 
the ground*

4. JgH
Zygogonium erioetorum ooours on moorland and on ohina olay 

waste in the Drakelands Corner area but in these situations the 
pH of the substrate on whioh it is growing is generally between 
4 and 5. The alga is reported to be of uridespread occurrence 
on acid moorland soils and table 21 lists some localities away 
from ohina olay areas where it was found growing luxuriantly*
Prom the pH values of these soils it may be seen that Z* 
erioetorum appears to be restricted to aoid soils although not 
necessarily to moorland*

As a result of gravel excavations along the Trent Valley 
in IftsHftinghamshire, some areas of sand and gravel have been 
left and beoome oolonised by plants* As this substrate consists 
largely of gravel and ooarse sand and laoks significant levels 
of toxio metals,* it was suspeoted that these areas may show 
similarities to ohina olay sand tips,
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Table 21 Localities for Zygogonium ericetorum together with pH values of the
Soil.

Locality Grid Ref. Site Soil type PH
Blackaton Cross, Devon SX574627 Drainage Channel Peat 4.5
Gunnislake Clitters,Cornwall SX422724 Spoil tip of old Copper mine Sandy 5.0

Birklands, Notts. SK635675 Open area Sherwood 
Forest

Loamy 4.2.

Wollaton Hall,Notts. SK530390 Bareground beneath 
Fagus

Loamy 4.1

Axe Edge Moor, Derbys. SK024710 Boggy moorland Waterlogged
peat

4.0

Goyt Valley, Derbys SK018719 Moorland Peat 4.3
Cown Edge, Derbys. SK018918 Moorland Millstone grit 4.4
Raven1s Low, Derbys. SK017725 Boggy moorland Waterlogged

peat
3.8

Hallam Moors, Derbys. SK234871 Moorland Peat 4.4

and a number of them were visited. It was found that filamentous algae
and Bryophytes (principally Geratodon purpureus and Bry#um argenteum) 
were indeed pioneer plants and occurred principally around the bases of 
small tips where drainage ensured a better water supply* The filamentous 
algae included Hormidium flaccidum in some quantity but Z.ericetorum was 
absent. The pH of this sandwaste averaged 6.0 - 6.2*

Hormidium flaccidum formed a dense green mat over a* small area of 
moorland in the Goyt Valley, Derbyshire where elsewhere Z. ericetorum 
was common. The soil at this site was loamy with a pH of 5*6.

These field observations suggest that Z. ericetorun} is restricted 
to acid soils whilst H. flaccidum is less restricted by soil pH and may 
be at an ecological advantage on soils of higher pH. The sites at 
which Z. ericetorum was recorded included moorland, woodland, parkland 
and spoil waste of a copper and arsenic mine in the Tamar Valley. At 
this last site it was one of the few plants growing over the tip waste,
the others being Bryophytes. In the Drakelands Corner area, Z.
ericetorum was recorded from the ground layer of Calluna heath, from 
china clay waste, from trackways, and temporarily open areas in Calluna
heath produced by rotting coujdung. These observations seem to suggest
that within the limitations of an acid soil, Z. ericetorum will grow 
on any open areas where competition has been minimised. Its primary 
■habitat appears to be the closed community on ipoorland soil where it 
exists but is unable to grow abundantly.



\
111

Table 22 pH tolerance of Z. ericetorum and flaccidum in buffers

(a) Zygogonium ericetorum

pH Buffer used ^ dead cells (averag es of 3 replicat

After 28 days

3 Kclvaine*s phosphate 25; 30; 25
4.3 5; 5; 5
4 o8 60; 75; 75
6.0 75; 95; ioo
7.0 100; 100; 100

1.6 Citrate 15; 40 After 50 days
5.0 4 5; 35; 40 75; 75; 60
5.5 60; 60; 60 75; 95; 95
6.0 90; 95; 95 100; 100; 100

5.2 Sorensen*s phosphate ioo; 75; 75
5.5 95; 95; 70
6. 0 95; 75; 60
7o0 65; 50; 60
7<>8 100; 90; 100

(*) Hormidium flaccidum

pH Buffer used $ de ad cel's
5.2 Sorensen* s tr , 1 0 ; 5
5.5 Citrate 15; 2 ; 5
5.6 Sorensen* s 2 ; 2 ; 5
6 . 4 Sorensen* s 15; 5; 30
7.0 Kclvaine * s 50; 30; 30
7.0 Sorensen* s 2 0 ; 15; 25
9.5 Czarda* s 25; 2 0 ; 30

11 . 0 Czarda * s 1 0 0 ; 1 0 0 ; 100



Material of Z» erioetorum and H • flaccidum from Drakelands 
Corner was grown in buffers at a range of pH values in order 
to establish the pH tolerance of these Species under laboratory 
conditions* Several different buffers were used in order to 
distinguish between the effeots of the ohemioal constituents of 
the buffers and the effeots of different pH values* Material 
was grown in 20ml* aliquots of buffer in medical flats at 23°C 
and illuminated at 430O «*5300 lux through a 12 hour day. Initially 
the algae were grown in buffered Shop's medium but it was found 
that this encouraged baoterial and fungal contamination to the 
«.jctent that it was impossible to score the oells* In subsequent 
experiments the material was maintained in buffers without the 
addition of culture media* The buffers used were MoXlvaine’s 
phosphate, citrate, Sorensen*s phosphate and Csarda*s phosphate 
(see appendix)* Because the algae did not grow well in these 
buffers, scoring was by assessing the numbers of dead oells 
in the different treatments* Dead oells were assessed after 
28 days as detailed in appendix*

The results in table 22 are averaged oelloounts of five 
separate samples examined from eaoh medical flat and results 
from eaoh of the three flats per treatment are presented* The 
pH values of the buffers were checked at the start and termination 
of the experiment and were found not to have altered* From the 
results, it can be seen that Z* ericetorum shows a tendency to 
die off under the oonditions of the experiment at pH values higher 
than 5* The threshold level would appear to vary with the buffer 
used and Sorensen's buffer, in partioular, did not kill all the 
cells even at high pH values* it these levels, the surviving 
oells were all in the akinete stage* H* flaccidum on the other 
hand, was only killed off signifioantly at higher pH values and 
even at pH 9*5* only about one quarter of the oells were killed*

5* Brosion
Results from the observations of permanent quadrats have 

indioated that erosion is an important prooess in controlling 
the spread of Z* erioetorum over sandheaps* Both sheet and 
gully erosion are operative* As mentioned previously, vasoular 
plants tend to beoome established in the gullies but where sheet 
erosion occurs, the algal cover together with any seedlings are 
soon lost* Sheet erosion appears to be most evident during the
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Fig.AO Small sand heap (approx. 2-5M .high ) showing well-vegetated and sparsely- 

vegetated s lopes. U lex europaeus bushes around base 

D rake lands Corner

Fig.A! Actively eroding slope of sand heap undercut by the  action of sheep.

Drakelands Corner 

Height 2M.
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winter months when rainfall is heaviest* Areas of surfaoe sand 
up to one metre square and held together by algal filaments 
oan be washed lower down a slope or aocumulate at the bottom 
of a tip* It is interesting that the bulk of the tips at 
Drakelands C omer supporting Calluna heath, show cue side whioh 
is actively eroding* Pig 40 shows a typioal small tip about 2*5M* 
in height in whioh one side (on the right in the fig*) is rauoh 
more sparsely vegetated than the opposite side* Pig 41 shows the 
side of h l  aotively eroding tip where one large pieoe of top 
soil has reoently become detatohed* In this oase, a sheep 
traok passes along this side and the passage of these animals, 
together with their habit of sheltering here, has accelerated 
the rate of erosion*

A number of tips of Drakelands Comer were examined in order 
to see whether there was any constancy in the aspeots of the tips 
that showed most erosion* All the larger tips in the area whioh 
carried a Calluna oover were investigated* These amounted to 
twenty-three tips* Table 23 lists the aspeots of eroded slopes 
and shows that there may be a tendenoy for south, southwest and 
west faoing slopes to be more prone to erosion* These are the 
sides that reoeive the predominant winds and rain and are also 
the first to dry out during sunny weather* However, tips ooour 
in whioh north or east are the only ones to show marked erosion*
It is likely that a more important faotor is the staoking of the 
tips as they are dumped* The steepest slope is the one least 
likely to beoome vegetated or to develop only a thin algal oover 
and therefore is less stable and more liable to erosion*
Table 23 Aspects of eroded slopes of old sandtips at Drakelands Comer.

Aspect Ho. of tips
U 1
NE 0
E 1
SE 1
S 5
sw 8
N 6
Htf

.........

1
Total 23 tips
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Fig. 42 Portion of a sheep tra c k  a c ro ss  silica sand showing narrow band o f 
disturbed substra te . Drckelands Corner

F ig .43 Open area of heathland used as a de faeca ting  area fo r rabbits and overgrown 
with Z .erice torum . D rakelands Corner

D istance A -B  equals approximately 1.5M.
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Apart from the agents of wind, and rain, animals are looally 
important in eroding the thin algal oover over shina olay waste.
Rabbits give rise to bare areas of sand by their burrowing, but 
probably of greater importance in the Drakelands Corner area are 
sheep. Because sheep keep to well-defined and narrow tracks, 
the extent of the eroded are&is small, but as large numbers of 
sheep are kept on the moor the area is oovered with narrow 
tracks (Fig. 3) Due to the oontinual use of these traoks, the 
sand is loose and frequently disturbed in many areas but the 
algal oover extends right up to the adge of these tracks (Fig.42) 
which may be only 13 to 20 oms in width. Bee '.use of this, the 
algal-free tracks stand out white against the purple-grey of 
Z. ericetorum over the ground.

In some areas, the substrate becomes heavily compacted due 
to the passage of animals so that the sand is less disturbed and 
in wet weather, Z. ericetorum extends from the sides of the traoks 
and forms a patchy oover over the path. In dry weather, the alge 
tends to die away except in any fairly permanent depressions along 
the track such as old sheep slots. This was the situation in the 
permanent quadrats numbers 1, 2 and 3 in the colonisation experi
ment (Table 13) and in one of the sites where algal oover was 
assefsed as described in the humidity section (Fig. 37 D).

In micaceous areas, the ground becomes very churned up so 
that if a traok is heavily used, reoolonisation by algae is not 
possible.

6. Nitrogenous runoff
Openings in a closed moorland community may be produced 

where horse for oattle dung is deposited or where rabbits defaeoate 
regularly. Generally, vegetation is restricted in these immediate 
areas but it was observed at Drakelands Corner "hit in such situations, 
Z. erioetorum forms a dense oover over the otherwise bare area (Fig. 
43)* Its growth does not appear to be inhibited by the rotting dung, 
in faot it appears to growmore luxuriantly than in surrounding 
areas although this may simply be a reflection of the laok of 
competition by other plants. One feature consistently noted was 
that Z. erioetorum growing in dung-enriched areas laoked the purple 
pigment characteristicof this alga. No purple oolouration wf the 
oells was visible under microscopic examination and the pigment 
oould not be detected speotrophotometrioally in an aqueous extract.
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Table 24 C e l l  measurements of Z .  ericetorum from green and purple zoner; on 
mica substrates.

Purple zone Green zone

Cell length

n x S 

50 21.7 )i 2.4 }i

n x S 

50 38.3 ji 6.1 ji

Cell width (width of filament) 

n x S 

50 21 ji 0.5 ji

n x S 

50 1.7 >1 0.5 ji

Measurements taken from the largest cell of each of 50 filaments

Table 25 Soil and ejgal mat analyses from green and purple '/ones on mica 
substrate

Purple zone Green zone

Site 1 pH Field water constant 

Algal mat 4*5 12®l/£

Underly ing
soil 4.3 2.4$

pH Field w; ter const; nt

4.8 3.8^

4.6 0. %

Site 2
Alga.l mat 7*>3 10o8£ 

Underlyingsoil 7*1 7*3^
7<>2 12. 
7.35 7.7£

Site 1 Flat mice, area v/ith large green zone around rabbit dung .

Site 2 Flat mica area with small purple patch surrounded by 
green zone around rab‘ it d u n g .
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Zn faot such areas are conspicuous by their bright green 
colouration*

Zn mica areas where there is an established deep purple 
oover of Z* ericetorum bright green patches oocur immediately 
around areas where dung has been deposited and green trails 
corresponding to run-off channels radiate outwards from these 
depositions* These green areas were far more extensive during 
the winter months than during the summer and this may be due to 
the heavier rainfall leaohing nutrients from the dung over a 
wider area* On examination* both green and purple areas were 
seen to be composed of Z* ericetorum* Collections were made 
from both zones of one such area and cell measurements taken 
of representative samples* Results of these measurements are 
given in table 24* It oan be seen that both cell length and 
cell width are significantly increased in the material growing 
in the green zone* Table 25 lists pH values and field water 
contents of the algal mats and underlying soil of these two 
zones and also from a second site consisting of bright green 
Z* ericetorum surrounding a small purple patch* Zn this site 
it oan be Been that the pH is uniformly higher in both purple 
and green zones which suggests that the lack of pigmentation 
may not be due solely to a change in pH*

Whilst there is some evidence that dung may stimulate 
growth of Z* ericetorum,urine on the other hand oan be lethal* 
Grey patches appear on the algal mat where animals have been 
urinating and this was simulated by pouring freshly oollected 
sheeps1 urine over an undisturbed area oolonised by the alga* 
Urine in which the urea had broken down* did not have this effect*

Laboratory experiments were carried out to ascertain the 
concentrations of urine necessary to bring about death of the 
algal cells and, as sheep were the predominant large animal 
of the area* their urine was used* A supply was obtained at 
Cattedown abattoir* Plymouth* from freshly slaughtered animals 
that had been grazed on lowland pastures in the area. The urine 
had a pH value of 9*3* Before use, it was centrifuged to remove 
fatty material* In the experiments, the following material was 
used!
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(i) Disos of Z. ericetorum mat from a micaceous area, cut 
out using a number 18 oork borer ( 4  cm diameter)

(ii) H. flaocidum culture isolate on Knopfs agar 
(iii) H* flaocidum growing on moist, sterile silica sand 

under laboratory conditions*
The H« flaocidum was grown in petrx-dishesf disos of 

Z* ericetorum were arranged either three to a petri-dish 
or eight to a 13 litre Bealed perspex tank and ai abed of sterilised 
sand* Algal material was treated with 2 ml aliquots of the 
appropriate test solution daily. For each treatment, petri-dishe® 
were set up in triplicate* Fresh sheep»s urine was used serially 
ailuted with distilled water and dilutions of B.D*H. urea were 
also used. The highest concentration of urea utilised was 2.57g*/ 
100ml; this is equivalent to 1*2$ nitrogen, the average level 
of nitrogen in sheeps urine as recorded by Sears and Newbold 
(1942)* During the course of the experiments, thealgae were 
maintained at 23°C and illuminated at 4300-5300 lux through a 
12 hour day*

In the first experiment, algal material was treated for 
0,1, 2, 3, 4 or 5 days* In each instance, the urine treatmnnts 
when oompleted were followed by treatments with 2mls. of 
distilled water on suooessive days. After eight days, the 
algae were examined microscopically. The Z* ericetorum material 
was found to be dead in all treatments excluding the control*.
All the cells were dead and filaments from both the top and 
bottom of the algal mats were similarly moribund. The
H. flaocidum material was still green although the cells were 
strongly plasmolysed* After eleven days, the treatments were 
notioeably darker green in oolour than the ct trols and within 
twenty-eight days all treatments, apart from the controls, were 
dead. Hence it is evident that a single application of 2mls. 
of undiluted sheeps urine is sufficient to bring about a 100 
per cent kill of cells of both Z* erioetorum and H. flaocidum 
under the conditions of the experiment. The unnatural conditions 
within a petri-dish, namely a small enclosed air space and the 
accumulation of the urine within it, may help to account for the 
results of this experiment.
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A second experiment was set up to partly overcome these 
problems by using 13 litre perspex tanks rather than petri— 
dishes and placing the algal discs on sand to permit drainage 
from them. This experiment was carried out using Z. ericetorum 
only. The discs were each given single 2ml applications followed 
on successive days by distilled water and the treatments were 
dilutions of urine down to a thirty-two fold dilution. Each 
treatment was oarried out in a separate tmk. After 3» 6 and 
12 days, material was examined, and percentages of dead cells 
estimated. Table 26 gives the results of thir experiment from 
whioh it o n be seen that Z. erioetorura was killed even by 16- 
fold dilutions.

It was found that if disos treated with single applications 
of undiluted urine were kept in the same tank as the control 
disos, after six days both oontrols and urine treatments were 
dead and the tank smelt strongly of ammonia. However, if the 
experiment reported above using serial dilutions was repeated 
with decomposed urine no significant difference could be detected 
between treatments and oontrols within twelve days although the 
tanks at the end of this time smelt strongly of ammonia andthe 
pH of the urine used had not altered. It appears that it is a 
component of fresh urine whioh is lethal to the alga and this 
oomponent is still toxic after dilution. This may explain why, 
in wet weather the dead grey patches of Z. ericetorum noted in 
the field are more extensive than in dry weather.

An experiment was oarried out using dilutions of B.D.H, 
urea on Z. ericetorum and H. flacoidum in petri-dishes and the 
reswlts are presented in table 27» It may be seen that concen
trations of urea down to at least 0.64g»/l00ml. will kill both 
algae at about the same level as a dilution of sheeps urine 
of 1 in 16 . If it is assumed that sheeps urine contains 
1*2$ nitrogen, as reported by Sears and Newbold (1942), then 
urea is seen to show similar levels of toxioity to the urine 
used.
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Table 26 Dilut ions of sheep urine required to kill mats of Z. erico

Treatment period of observation ($ dead cells)

3 days 6 days 12 days

Urine 100$ 100$ 100$

Urine/2 100$ 100$ 100$

Urine/4 3 6$ . 100$ 100$

Urine/ 8 455* 80$ 1005;

Urine/l6 20f, 40$ 3 %

Urine/32 \ % 20$ 50^

Control % 2$ 25«

Table 27 Effect of single treatments of urea solutions
1”'"
Uilution urea Period of observation ($ dead cells)

Z. ericetorum H. flaocidum on 
Knop*s agar

H. flaocidum 
silica srnd

on

10 days 10 days 24 days 24 days l6deys 24 day

?- • 5g*/i 100$ 90$ 100$ 100$ 100$ 100$

l„2 8g./l 100$ 80$ 100$ 20$ 100$ 100$

0 o64g/l 100$ 10$ 100$ 3$ cells 100$ 
pia smolysed

0.32g/l 1% 2$ cells
plasmolysed

5$ 11 it cells
plasmo-lyeed

Control % 2$ 2$ 2$ 5$ %
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lit Discussion
It has been shown that soil algae constitute the initial 

suooeseional stage on chine olay spoil. Clearly, they are better 
suited for this role than rooted plants/requiiria^ less water, 
being better able to resist d#«sication and less liable to dis
placement. The algal cover may last for many years until flowering 
plants are able to form an abundant ground cover* In the Brakelands 
Corner area, the sand henps do not develop a oontincus oover of 
flowering plants and the algal oover is able to persist between 
the rooted plants. However, as none of these tips are more than 
onehundred years old, and most are younger than this, it may be 
that insufficient time has elapsed for the climax vegetation of 
the area to develop.

Forest, Willson and England (1959)# from thetir observations 
of algal establishment on eroded prairie soils, have come to the 
conclusion that there are no specific pioneer algae. They main
tain that colonisation is accomplished by the commonest algae in 
the surrounding undisturbed soil. In this country, Zygogonium 
ericetorum is a frequent pioneer species. On china clay waste 
it develops to the almost oomplete exclusion of other species. 
Established mats may have Hormidimm flaocidum filaments growing 
amongst them and locally becoming dominant, but very few other 
algae are found. Lund (1947) says that the algal flora of highly 
acid substrates (pH 3.7 - 4*8), although numerioally large, is 
restricted to a small number of species. The porous nature of 
3ilica sand means that these species are likely to be further 
reduced as cells which are smaller than the pore sise of the 
substrate are liable to be washed into the sand during peiiods 
of heavy rainfall.

Z. ericetorum appears to be littJe affected by the chemistry 
of the underlying substrate provided it is aoid. In the Drake- 
lands Corner area, it will grow wher ever patohes of ground 
remain bare long enough for it to become established. H. 
flaooidum will also grow under these conditions but s ems to be at 
a oompetitive advantage on heavier and less aoid soils.

In order for a pioneer species to grow successfully on sand 
spoil it must be relatively resistant to dessication and both 
Z. erioetorum and H. flaocidum met t this requirement. Because of 
the toleranoe of these algae to extremes of hea+ nd cold, temperature



looses significance as a faotor in determining distribution.
Their growth is more olosely related to available nutrients 
and moisture.

It has been shown that oven-dried material of Z. ericetorum 
and H. flacoidum will increase in weight if left exposed to the 
air. This is due to the absorption of moisture from the atmos
phere and must be a purely physical process. In the case of

isZ. erioefrum, the greater part of the thick wall^ mucilaginous 
so that the dry filaments swell considerably on wetting. Fritsoh 
(l92£a) demonstrated that air-dry material of Zygogonium erioetorure 
and Prasiola orispa (Hormidium form) fluctuate in weight with 
the degree of humidity in the air to a greater extent thar does 
non-living material. The absorption of moisture from the atmos
phere, which is likely to ooour particularly at night and during 
daybreak, may well allow growth to continue even during long 
periods of drought. In situations with an adequate water supply, 
oell division in Z. ericetorum oocurs more frequently and the 
cells are more elongate than when growing on drier sites. For 
this reason, the micaceous areas of old china clay workings 
become oovered with a luxuriant growth of the algae. During dry 
spells, the algae growing on sand spoil are subject to extreme 
dessication and some cells die. After prolonged dry periods, 
dark greyish patohes of dead filaments are evident on Z. erioetorum 
mats. Other filaments consist of dead cells and resistant 
akinetes. It has been suggested by Fritsoh (1916) that the 
accumulation of lipid droplets within the akinetes iB associated 
with dessication. McLean (1967) has shown in the green alga 
Spongioohloris typioa in oulture, high dessication resistance 
is favoured by low nutrient levels in the medium and it may be 
that the low nutrient levels of sand epoil are a factor in the 
dessication resistance of Z. erioetorum and H. flaocidum on this 
substrate.

As Fritsoh (1922c) and Booth (1941) have pointed out, in 
many situations soil losses are greatly reduced as a result 
of algal growth binding the surface particles into a less easily 
eroded layer which is also effective in breaking the foece of 
falling water. During soil formation on sandtips, one of the
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most imp-*-ant aspects of the activity of the algae is their 
participation in the fixation of the substrate surface# The 
tips are prone to sheet and gully erosion by rainwater and to 
erosion by digging and trampling. The degree of erosion of a 
spoil area is related to the degree of slope and several cate
gories may tentatively be recognised on china clay waste from 
the permanent quadrat observations*

(1) Slopes level or nearly level (0-5° approximately)*
»<ater erosion is slight# In damp areas close to the watertable, 
bare areas are soon covered with a luxuriant growth of Z* erioetorum* 
In well-drained areas, spread of the alga is restricted to periods
of high rainfall and during dry weather nruoh of the algal material 
dies*

(2 ) Slopes undulating or rolling (5-16° approximately)* Runoff 
slow to medium* Bare areas become oovered with a fairly luxuriant 
growth of Z* ericetorum*

(3) Slopes moderately steep or hilly (16-36° approximately)# 
Runoff raeaium to rapid* Sheet and gully erosion develops where
a vegetation oover is lacking* Z* ericetorum oover sparse to 
moderate#

(4 ) Steep^ sloping or very hilly (36°+)* Runoff very rapid.
Slopes highly erodible. Algal oover generally thin and frequently 
removed by sheet erosion* tipsThe observation that old spoils show one side which is poorly 
vegetated and eroding has been made by Greenwood (1963) on oonioal 
pit heaps in County Durham# He found that the poorly vegetated 
southwest aBpeot lost solids as a result of rainwater runoff and 
strong wind* It is significant that it was predominantly the 
south, west and southwest aspects of silica sandtips at Drukelande 
Corner that were the least vegetated*

The rate of oolonisation of Z* erioetorum onto a bare area 
appears to be largely governed by the availability of w ter.
Proviso, that there is a good population of the alga in the 
vicinity to be washed onto the bare area and that there is sufficient 
available moisture to allow growth of this fresh material, then an 
algal oover nan be established within a few months* On tips where 
little or no algal material is present, it oan take many yeurs 
for an algal oover to develop# A luxuriant oover is never established 
over wellwdrained sand spoil*



If the algal cover becomes broken for any reason, the bare 
patch formed does not generally constitute a point from whioh 
further erosion will occur* A  oover of Z. erioetorum will, 
for instanoe, grow right up to the edge of a sheeptrack where 
the passage of animals prevents further growth.

Soil algae are important in providing a continually renewable
source of humus and c.i sandtips may be the only such source until
a flowering plant cover is established. As previously mentioned, 
the Z. erioetorum oover ranged from sparse on well-drained sites 
to luxuriaat in continously damp areas. This increased luxuriance 
may be due to higherlevels of available water, higher levels of 
nutrients or to a combination of these two factors. Cert; inly,
Z. erioetorum filaments growing within the influenoe of deposited
dung have longer, thinner-walled cells, suggestive of ehhanced 
growth, than do filaments outside this zone of influence. Urine 
on the other hand is fatal to the alga. Sears and Newbold (1942) 
found that 70 per oent of the nitrogen and 80per oent of the 
potassium returned to the soil by sheep excrements was contained ii 
the urine. They6*80 demonstrated thet the urinary nitrogen and 
potassium were in a readily available form for assimilation by 
plants whereas the full utilisation of these nutrients from faeoes 
could only be realised after prolonged action by soil micro
organisms. Their field observations showed that sheep urine 
caused rapid grass growth whilst dung caused a slower but more 
sustained growth mainly of clover. Iwatkin (1957) confirmed the 
observations that urine gave rise to enhanoed growth of grasses 
but was able to demonstrate only a poor response to ever, large 
quantities of dung. It may be that a rapid release of large 
quantities of nutriefcfes caused by the deposition of urine proves 
toxio to Z. erioetorum and H. flacoidum. whilst their slow, long
term release from d«ng is beneficial. The high pH (9#3) of urine 
is unlikely to be an important faotor as decomposed urine of the 
same pH was not fatal to either alga under laboratory conditions. 
It has been demonstrated that urea shows a similar toxio effeot 
to sheep urine so that it may be the urea itself whioh is toxic. 
Urea is rapidly converted to oarbon dioxide and ammonia whioh 
are soon lost from the soil and tnis may explain why decomposed 
urine appears to laok the toxicity effeot.
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Ir. - -ifioal culture, nitrogen is usually supplied to algae 
in the form of ammonia salts or nitrates* Round (1965) points out 
that most algae oan assimilate either hut evidence suggest thAt 
the ammonium salt is preferred. Nitrogen supplied in the form 
of organic compounds in first deaminated. Round describes 
Horaidium sp. as an alga with an excessive capacity for deamination 
resulting in the release of ammonia into the medium. Zygnema sp. 
however has a much lower oapaoity whioh may he a limiting factor 
in nitrogen assimilation. Collyer and Fogg (1955) suggest that 
the accumulation of lipid droplets within algal cells may he a 
response to nitrogen defioienoy.

A feature of Zygogonium erioetorum growing within the 
influence 6 f  deposited dung is that the cells are lacking in the 
purple pigment characteristic of this species. The function, if 
any, of this pigment is not known. Pritsoh (1916) believed that 
it plays a photoprotective role as the most deeply pigment filaments 
are those growing where the illumination is greatest. Alston 
(1958) showed that this pigment is an iron tannin complex whioh 
suggests that it would be formed where ferric ions are freely 
available in the surrounding water. This would be likely in aoid 
bogs and in the Drakelands Corner area, material with the deepest 
pigmentation was thAt growing on waterlogged micaceous waste.
Allen and Alston (1959) report on the development of a similar 
pigment in Spirogyra pratensis under culture conditions and 
oonclude that the ability of the alga to synthesise such a 
pigment is dependent upon its ability to tolerate an ecological 
niche in whioh iron is available in sufficient quantity to inter
act with the precursor. Pearsall (1950) states that a red-brown 
or red-black colour is characteristic of many plants in upland 
flushes and is probably associated with a deficiency in available 
nitrogenous substanoes. It is interesting thwt the pigment is 
lacking in material of Z .  ericetorum growing in a situation where 
levels of nitrogen are not likely to be limiting.

The algal mats on china clay waste form a distinct micro* 
environment. Algal mats of Z .  erioetorum oon; ist almost exclusively 
of this species together with small amounts of Hormidium flaocidum. 
Other plants are only oouasionally found with the exception of 
the Dematiaoeous Hyphomycete, Ohloridium sp. It is likely that the
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algal biomass provides food for a number of animals. In 
sorting field material, large numbers of Nematodes are found 
many of whioh contain partly digested Z. ericetorum in their 
guts. Also frequently found are lavae of oranefliee (Tipulidae) 
whioh appear to be algoph#g oue. Lynne and Brock (1969) record 
a Zygogonium species as being a food Bource for the brine fly, 
Ephydra bruesi, in -she Yellowstone National Park.

In situations where the growth of Z. erioetorum is luxuriant. 
West and West (1897) have suggested that the high water-holding 
capacity of the mats permit seedlings to develop whioh could 
not do so on bare soil. In the Drakelands Corner area, Calluna 
seedlings are sometimes seen growing on the algal mat* No 
allelopathic effeots were demonstrated for Z* ericetorujm and 
H* flaooidum in the limited experiments carried out and it may 
be that any possible competition effects between the algae and 
flowering plants are outweighed by their role in reducing leaching 
and in maintaining a reserve supply of mineral elements and organio 
matter in a semi-available form.

The main value of algal organio matter is that it immedietely 
enters the food ohains where it i s  consumed by heterotrophio mioro- 
organisms and algophagous animals. In doing so, the algal mass is 
renewed* Being a constant factor that acts for many years, the 
algae prepare the unstable, sandy substrate, deficient in organio 
matter, for other plants to establish themselves and continue the 
formation of soils.



SECTION 111 

EFFECTS OF SULPHUR DIOXIDE ON

ZYGOGONIUM ERICETORUM AND HORMIDIUM FLACCIDUM



12t Literature Review
Air and water have Ion# been considered infinite resources 

to be used by man as neededy but more recently it has been 
realised that these resources are finite and that some control 
is neoessary over the produots we discharge. For a long time, 
there has been concern over air pollution in urban areas. As 
early as 1273* during the reign of Edward 1, the first smoke 
abatement law was passed in England in response to a popular 
belief that food cooked over busing coals oould cause illness 
and even death. Zn 1306t concern over air pollution was so 
great that a royal proclamation was is&uedy prohibiting the 
burningof ooal in London. During the period of the Industrial 
Hevolution» air pollution became a significant hasard in many 
areas. Besause particulate air pollution is an obvious and 
visible form of pollutiony great strides have been made to control 
ity and recently concentrations of smoke emissions have deoreased 
considerably.

Howevery this has not been the oase with "invisible air 
pollutants*' whose conoent rat ions have continued to increase and 
whose effeots are often manifest over wide areas. Probably the 
most important of these is sulphur dioxide although it is seldom 
released into the air in isolation but varying conoentrations of 
other pollutants. Sulphur dioxide is liberated into the air by 
prooesacs involving the combustion of fossil fuels and oertain 
industrial processes Involving sulphur oorapounds or impurities.
An estimate of the quantity of sulphur dioxide released into the 
atmosphere on a global basis as a result of mans activity has 
been given by Rasmussen et al (1974) as 130 x lO^Kg. SO 
There are also natural eouroes of the gasf the ohief of these 
being voloamio activityy and although quantities released naturally 
are extremely difficult to quantify, Rasmussen et al consider the 
oonoentrations to be rather less than those from man-made sources.
An important natural, secondary souroe of sulphur dioxide is from 
the oxidation of hydrogen sulphide released from decaying vegetation 
by bacterial notion.

Ground level concentrations of sulphur diodide oan vary from
l.O^vpm in extremely polluted areas to 0.007 vpm or less in remotey 
rural areas with background levels of 0.04 to O.l^vphmy according 
to the Rational Society for Clean Air (1971)* In this oountry9
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levels above 0*2vpm are rarely reoorded now* but although levels 
in urban areas are tending to deoline, those in rural areas are 
gradually increasing (Ferry* B&ddeley and Hawksworth* 1973)*
This is due in part to the discharge of pollutants at higher 
levels above the ground thereby ensuring a more effective means 
of dispersal* The National Society for Clean Air (1971) have 
pointed out that the highest oonoentrations of sulphur dioxide 
today tend to ooour in the industrial north and the Greater 
London areas*

Sulphur dioxide is a heavy* colourless gam with an acrid 
emell* It is very soluble in water (one volume of water dissolves 
45 volumes of the gas at 15°C*)* and ohemioally very reactive 
either acidising*® sulphate or photochemioally reaoting with other 
atmospheric contaminants.Sulphur dioxide is removed from the 
atmosphere by various means involving water or other oorapounds*
In solution* it exists in a number of ionic states whioh are in 
equilibrium depending on the pH of the solution* Hales and 
Sutter (1973) have assumed that dissolution proceeds aocording 
to the following sohemet

St^gas ♦ H 20 SO2 ♦ H2 0
SO 2*7 ♦ H 2 G  ♦ HSO3
HSO3 ♦ H 2 0 H 3 0* ♦ S0$~

Where S0ga«j is undissooiated S02 (i.e* Sulphurous aoid).

Puokett et al (1973) concluded that free sulphurous acid (H^SO^
unchanged) is present at low pH* the bisulphite ion (HS0^~ )
predominates at intermediate pH values and the sulphite/(SO^**) i® 
formed at high pH although this may be a simplification of an 
as yet* imperfectly understood situation*

Great difficulties are experienced in equating levels of 
sulphur dioxide in solution with those in air* The problem arises 
beoause the gas is extremely soluble and will oontinually dissolve 
in thin films of water* building up to a oonoentration much greater 
than that in the immediately surrounding air* Most experimental 
solubility data is not appropriate to the oomparitively low levels 
of atmospherio sulphur dioxide enoountered in the field* Saunders
(1970) suggested thSt 0*035vpm sulphur dioxide in air would give 
rise to a solution of 35PP® in water* Hales and Sutter (1973) 
have shown that 0*04 ppm in air oould result in a oonoentration

j
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as great as 408 ppm in triple diettiled water at 25°C*
Ha8musses et al (1975) estimate the lifetime of a molecule 

of sulphur dioxide to range from between 20 minutes and seven 
days* They consider the major sinks for atmospheric sulphur 
dioxide as being precipitation scavenging, ohemioal conversion 
and absorption by soil, water, stone and plants*

(1) Precipitation scavenging* This is by "rainout", namely 
the absorption of gas and sulphate particles in the oloud, and 
•’washout", the removal of these sulphur compounds from the oloud 
level by precipitation* Hutcheson and Hall (1974) have shown that 
the rate of "washout" is dependent upon the background acidity of 
the rain,the height of tne pollutant souroe and the rate of rain
fall* Meetham (1950) estimates that only 17 per oent of atmospheric 
sulphur dioxide is removed by this method*

(2) Chemical Conversion. The most important atmospheric reaction 
involved here is the photoohemical oxidation of sulphur dioxide 
whioh occurs in heavily polluted atmospheres*

(3) Absorption by soil, water, stone and plants* This is the 
fate of sulphur oogpounds arriving by precipitation scavenging*
The ooeans are assumed to be an important sink and soils are oapable 
of absorbing significant amounts of sulphur dioxide* j&nith,Bremner 
and Tabatabai (1973) report that soils of high water content are 
particularly effective at removing the gas* It is likely that 
sulphur gases adsorbed by soils will be oxidised to sulphate and 
subsequently removed by leaohing or by plant uptake* It has been 
shown by many workers thdt areas which have suffered heavy pollution 
for long periods show increased acidity and sulphate contents of 
the soil and some of these reports are reviewed by Webster (1967)*

Vegetation covers the greater part of the land surface of 
the globe and probably aooounts for muoh of the sulphur dioxide 
absorbed* A.C* Hill (1971)» examining uptake of a number of air 
pollutants by an alfalfa canopy showed that sulphur dioxide was 
removed effioiently by the upper portion of the canopy as well as 
by the immediate subsurface vegetation* Wind velocity above the 
plants, height of the oanopy, and light intensity all affeoted 
the pollutant removal rate and there was a relationship between 
absorption rate and solubility* An average uptake rate of 85jxl»

\ p
sulphur dioxide/min*/M from air containing 5vphm sulphur dioxide 
was obtained*
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An additional important sink le dry deposition as des
cribed by Keetham (1950). This involves the absorption of aerosols 
and subsequent deposition on the ground* but the process is not 
fully understood* Meetham suggests that up to 80 per oent of 
sulphur dioxide oan be removed by this method* Shepherd (1974) 
has shown that the rate of dry deposition is normally limited 
by surfaoe resistance but is independent of wind speed*

Historloally9 there have been a great many reports of effeots 
of sulphur dioxide on flowering plants recorded over the past 
eight deoades* Early work oonoentr&ted upon fairly dramatic 
effeots produced by high concentrations of the gas but more recent 
work has focused on the effeots of muoh lower* more realistic* 
concentrations* Literature relating to effeots of atmospheric 
pollutants on flowering plants has been adequately reviewed by a 
number of authors including Kats (1949)» Thomas (1951) Webster 
(1967)* The study of adverse effeots of sulphur dioxide as an air 
pollutant is oomplloated by the faot that some plants growing on 
soils deficient in sulphur are able to utilise low levels of the 
gas absorbed from the atmosphere and this results in growth 
enhancement* This has been reported by various workers including 
Fried (1948) and Co*ling* Jones and Lookyer (1973)* The ability 
of a plant to utilise this sulphur effectively without damage is 
dependent upon the rate of absorption of sulphur dioxide and the 
rate of production of sulphites* whioh are believed to be toxic* 
Thomas et al (1950) considered that the sap of plants showed a 
limited oapaoity for buffering the absorbed sulphur dioxide thereby 
reducing its toxidfcy* It has been suggested by workers* including 
Syratt and Wanstall (1969) and deCormis (1969)» that tolerant 
plants are able to store excess sulphur in the form of sulphates*
Kats (1949) noted th t the sulphur content of leaves increased 
substantially with duration of exposure and under natural oonditions* 
reflected the degree of sulphur dioxide pollution to whioh they had 
been subjected* Many workers subsequently investigated sulphur 
aooumulation by plants as a means of assessing the degree of 
pollution in an area (g*g* Guderlan* 1970 and Fyatt 1973)*
Although it is an approaohthat is frequently used* as Lasksovirta 
and Silvola (1975) point out* the sulphur contents of plants oan 
vary in unpolluted areas and sulphur* being as essential element 
in the metabolism of plants is obtained from a number of sources*



So me investigators have _.r . studied synergist io effeots 
and found that the effeots of two pollutants are not neoessarily 
additive* Synergistic inhibition of apparent photosynthetio 
rates has been shown for sulphur dioxide and nitrogen dioxide 
at low oonoentrations using alfalfa by White et al (1974)» and 
Bull and Mansfield (in press) have demonstrated a similar 
synergistlo inhibition for dark respiration in Vloia faba*
White et al (1974) report deoreaetid injury threshold oonoentra*- 
tions due to combinations of osona and sulphur dioxide*

Bennett et al (1974) propose that the enhancement of plant 
growth caused by low levels of air pollutants9 as recorded by 
Cowlingt Jones and Loolgrer (1973)t ie only seen when compared with 
growth of oontrols in olean» filtered air* They argue that 
"ole^n air** is an untenable standurd9 however it is defined9 for 
many areas andf beoause low oontentrations of pollutants have 
been present in the air for a long period of timef many plants 
have become adapted and are at a disadvantage when grown in olean 
air* Pollution is an environmental ohange and as suoh might be 
expected to oause evolutionary ohanges in populations* This is 
now well documented for heavy metal tolerance in a number of 
speoies and has V  n reviewed by Antonovios et al (1971)* Bell 
and Mudd (in press) suggest that air pollutant resistant eootypes 
oan also arise* Th^ have shown that natiye9 wild Lollum perenne 
from a polluted rural area of the South Pennines is more redstant 
to ooal smoke pollution in the field and to sulphur dioxide 
fumigations in chamber experiments than isa a commercial strain 
of the same grass* Taylor and Kurdy (1975)» studying populations 
of Oeranium oaroliniartum at sites at varying distances from a 
coal-fired powerstation9 have demonstrated that populations remote 
from the pollution source were more sensitive9 in terms of mean 
leaf area damaged9 than were populations growing in the vicinity 
of the powerstation* The powerstation in this instance had been 
operating for 31 years whioh suggests a rapid selection of 
pollution tolerant populations in this annual plant*

Little work has been oarried out on effects of air pollutants 
on plant communities* Most of the literature oonsists of speoies 
lists from areas of increasing atmospheric pollutions but little 
seems to be known of the competitive ability of two or more speoies 
or of ohanges in suocessional patterns brought about by alterations
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in the air quality. Both direct effeots of the pollutants on 
the vegetation and indirect effeots of pollutants on the soil 
struoture and nitrification ecosystems are likely to be operative* 
Preliminary work of Hajduk and Eusioka (1968) suggests t h t  indirect 
effeots via the soil mioroflora predominate. They demonstrated that 
fumigations of soil by sulphur dioxide resulted in a significant 
decrease in the number of fungi although an increase in the 
numbers of Aotlnomycetes was recorded.

The bioohemical effeots of sulphur dioxide arise from its 
ability to aot either as an oaUdising agent or a reduolng agent,
Generallyy it is more toxio to noiwf lowering plants than to higher
plants and this may in part be explained by the faot that higher
plants generally develop a outiole over their aerial organs which
reduces waterloss and the rate of absorption from the atmosphere.
Sulphur dioxide is more toxio to suoh plants when their stomata
are open and Thomas (1931) was one of the first to show this,
Kon-flowering plants however* are soon exposed to the effeots of
gaseous pollutants by their ability to absorb moisture over their
whole surface.

The extreme sensitivity of liohens to industrialisation 
has long been recog ised. In 1859• Grlndon noted the dlsapperanoe 
of many speoies from Industrial south Lancashire, Theoausative 
factors for suoh declines have been in dispute, Horwood (1907) 
noted that lichens grew most aotively in winter whioh is when 
pollution levels are greatest but Rydsak (1989) and others suggested 
that the relatively drier olimate around olties was responsible 
for the dlsapperanoe of liohens. Although liohens are affeoted 
by the relative humidity of the atmosphere* their scarcity over 
wide areas around oities* particularly where the humidity is high 
suggests that dryness is of only secondary importanoe. Indeed* 
it appears that in the wetter* Aitantla parts of Europe* the areas 
of’liohen de£$rts” (regions around a pollution souroe from whioh 
liohens are exeluded) are larger than those of more continental 
climates (Ahmadjfan and Kale* 1973)* Today* there is much evidence 
that sulphur dioxide is the overriding o use of the destruotion of 
lichen vegetation (Ferry* Baddeley and Hawksworth* 1973) and the 
distribution of liohens around urban and industrial centres has 
been mapped by many workers including Brodo (1966)* Launden (1967), 
Skye (1968) and Pyatt (1970), Sulphur dioxide is also recognised
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to be the principal factor involved in the ^appearance of 
epiphytic Bryophytea around cities and industrial areas as 
shown by workers including Gilbert (1968, 1970) and Syratt 
and WanBtall (1969)* There appears to be no similar work 
involving free-living algae*

Experiments on the toxicity of sulphur dioxide to liohen 
thalli suggest that it is the algal partner whioh is more sus
ceptible* Rao and Le Blanc (1965) exposed liohen thalli to 
5vpm sulphur dioxide for 24 hours at varying humidities and 
were ablt to demonstrate bleaching of the ohlorophyll, permanent 
plasmolysls and the formation of brown spots on the ohloroplasts 
of the algal oells* Subsequent analysis showed that ch lorophyll a 
had been degraded to phaeophytin a. and that this breakdown was 
greatest at higher humidities* However, the concentrations they 
used were muoh higher than would ooour naturally in polluted 
areas, so their results may have little relevance to the disappearance 
of liohens from industrial areas* At suoh high concentrations, 
the observed pigment breakdown may have been a secondary, rather 
than a primary, effect* Showman (1972), in contrast, found that 
gaseous sulphur dioxide damage was not associated with ohlorophyll 
breakdown* He expo^^d some common liohens and their isolated 
phyoobiants to levels of 2, 4 and 6 vpm sulphur dioxide* Some 
of his experiments were conducted in plastic chambers, whioh are 
known to adsorb sulphur dioxide (l*. J* Hill, 1971)» «o the 
effective oonoentrations to whioh the material was exposed may have 
been lower* However, he found that net photosynthesis and respiration 
were reduoed* Ifhe inhibition was greater in the phyoobionts than 
in the intaot thalli*

Sulphur dioxide dissolves in waterfilms on the lichen surface 
before it oan affect the plant and several workers have studied 
the effeots of the gas in solution* For lnstanoe, D* J* Hill
(1971) used buffered sulphate solution on three liohens of known 
differing pollution sensitivities, namely Usnea subfloridana the 
most sensitive, Hypogymnia phyaodes of intermediate sensitivity,
and Leoanora oonigaeoldes the most tolerant* He was able to show

Id _that the incorporation of H C0^ in the light was inhibited by 
lower concentrations of sulphite in Usnea sp* than in Leoanora spj 
with Hypogymnia sp* showing intermediate sensitivity* Sulphite was 
toxic at ppj^and below but not at pH5 or above, at the concentrations



used* As Puckett et al (1973) point out, sulphite in solution 
■ay not necessarily be the form which is active in the field 
and they have used buffered sulphur dioxide solutions in their 
experiments with a number of lichen speoies* They have also 
demonstrated the lnoreaeed toxloity at low pH and tentatively 
suggest that it is in part due to the destruotion of ohlorophyll 
by an Irreversible oxidation process* Hill’s reoent experiments 
(1974) have shown that Hypogymnla physodea if able to recover 
in 24 hours from almost total reduotion in the ability to fix 
H ^ C O  ~ caused by sulphite treatment* This suggests that 
sulphite may be a competitive inhibitor of carbon dioxide uptake 
and at low concentrations subsequent reoovery could occur* A 
similar reoovery was not seen with Usnea subfloridanaf a speoies 
more sensitive to atmospheric pollution* Here it was shown that 
the sulphite becomes bound with protein, a process likely to be 
damaging to plants in the long term with slow rates of protein 
synthesis*

The available evidence suggests that mosses are at least 
as sensitive to air pollutants as Helens and Gilbert (1968) 
has shown that protsnema are generally more sensitive than 
g&metophytes* He examined the effects of aqueous solutions of 
sulphate, sulphite, bisulphite and sulphurous aoid on moss 
protonema and mature gametophytes* Unfortunately, although 
epiphytes are exposed to these forms of sulphur dioxide in the 
field, it . is very diffioult to equate these with gas concen
trations* Mash and Mash (1974) demonstrated that protonema of 
Polytrichum shtoense were killed by levels of 0*2 vpo sulphur 
dioxide whilst mature gametophytes were resistant to levels of 
2-4 vpm* These results suggest that the absenoe of many moss 
species from industrial areas is due to levels of sulphur dioxide 
toxio to protonema but not neoessarily affecting the mature 
gametophytef in other words there is a blook in the reproductive 
oyole*

It appears that effeots of sulphur dioxide on the oells are 
similar for mosses and the phyoobionts of lichens* Syratt and 
Wanstall (1969) found, as Rao and he Blano (1965) found with 
liohens, that sulphur dioxide causes breakdown of ohlorophyll 
to phaaphytin in moss gametophytes* Using rather high levels 
of gaseous sulphur dioxide on three epiphytic Bryophytes they



were able to show that 2vpm caused a breakdown of up to two- 
thirds of the ohlorophyll at high humidities# Gilbert (1968) 
found that sulphite in aoid conditions killed mosses more readily 
than sulphite under more neutral conditions# Inglis and Hill 
(1974) have shown that, as with liohens, uptake of H in the
light was inhibited at low pH and in the mosses studied, no 
reoovery was noted after treatment# This suggests that these 
mosses may have sustained irreversible damage#

Sulphur dioxide can act either as an oxidising or a reduoing 
agent in the oell and Malhotra and Hooking (1976) summarise some 
of the important metabolio effects as being direct interference
with photosynthetic oarbon dioxide fixation (competitive inhibition

o —of ribulose diphosphate carboxylase by 80 ) and direct interference3
with energy metabolism (inhibition of mitoohondrial ATP produced 
by SO^ "* )• Many indirect effeots result from the formation of 
sulphites and organio sulphonates with other oell constituents#

The extent to whioh effeots of pollutants on moss protonema 
and on the algal oomponent of liohens oan be extrapolated to give 
an idea of effeots on free-living terrestrial algae is unoertain# 
Although in fumigation experiments with liohens, visible damage 
is most obvious in the alga, free—living alage may respond differently# 
Moreover, as Hill and Ahamadjian (1972) ha ve shown, aspects of algal 
physiology oan ohange markedly when the alga is grown in oulture# 
Field observations of Barkman et al (1968) have indicated that 
Prasiola orispa occurs in large industrial areas suoh as Rotterdam 
but may be absent from very heavily polluted areas, and that absence 
of Trentep ohJi-aumbrina from towns may be due to low humidities# 
Pleurooous viridis on trees extends further into oities than even 
the most pollution tolerant liohens, as reoorded by Hawksworth 
and Rose (1970)# Smith (1973) found no oorrelation between numbers 
and viability of airborne algae oolleoted and the total sulphur 
and hydrocarbon oonoentrations in the air throughout a twelve 
month period# In this oase the average total sulphur content 
reoorded was low throughout the year, averaging 0#016vpm# All these 
observations may possibly suggest that terrestrial algae are 
perhaps more resistant to atmpspherio pollutants than those whioh 
have entered into a symbiotic association with fungi#
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13t Methods available for monitoring sulphur dioxide
A major problem in the investigation of effeots of sulphur 

dioxide on Zygogonium erioetorum and Hormidium flaooidum was 
that of oontinously and aoourately monitoring levels of the 
pollutant* This was particularly the oase with laboratory 
experiments and this is one of the reasons why many of these 
experiments were oarried out using sulphur dioxide in solution 
prepared by dilution of a known oonoentration of stook solution*
The following teohniques were utilised for monitoring atmospheric 
levels of the pollutant*
1* Lead peroxide oandle

Ambient sulphur dioxide concentrations in the field have 
often been monitored by this method (e*g* de Tur ville, 1970)*
A coating of gel oontaining lead peroxide is applied to a fabrio 
binder on a oylindrioal support and the reactive surface is edtposed 
to the atmosphere for a period of timef generally four weeks* At 
the end of thistime9 the degree of sulphation expressed as mg* 
SO^/lOOom /day is determined by a turbidimetric barium sulphate 
procedure* Henoet this method gives a crude assessment of the 
level of sulphur dioxide pollution over a oomparitively long period 
of time in arbitarji units*
2* Warren Springs sulphur dioxide sampler

Air pollution in Britain is currently reoorded by standard 
daily smoke and sulphur dioxide sampling gauges supervised by the 
Ministry of Technology* The oonoentration of sulphur dioxide in 
the air is estimated by bubbling a measured sample of filtered air 
through a dilute «u*«i*i.on of hydrogen peroxide in a Dreschel 
bottle* The sulphur dioxide is oonverted to sulphuric aoid and 
the amount of aoid is determined by titration with a standard alkali 
solution* The estimation is affected by other strong aoids or 
alkalies in the air although these are usually assumed to be 
present at muo.h lower concentrations than sulphur diodide* Results 
are expressed in )&g/M^* Unfortunately# there is no generally 
applicable calibration for relating results using this method with 
those obtained using the lead peroxide method* A disadvantage 
of the Warren Springs sampler is that its aoouracy is much reduoed 
at levels of 0*01vpm sulphur dioxide and belovp whioh are 
frequently the levels of inter est in the field in rural areas*
It is also usually neoessary to run the pump on mains electricity 
which restriots its use in rural areas*
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3, Qaaella miniature sulphur dioxide sampler
This portable9 battery-operated sampler works on the same

prinoipal as the Warren Springs sampler but gives more aoourate
readings over a short period of time* A known volume of filtered
air is bubbled through an electrolyte containing hydrogen peroxidLe
and the increase in acidity caused by the sulphur dioxide is
measured as a change in oonditivity of the electrolyte9 this
varying directly with the sulphur dioxide present and the sampling
time* Air is sampled from a height of 25 om above the ground9
if the apparatus is operated at ground level* The method gives
reasonably reliable readings for oonoentrations of sulphur dioxide
down to 0*005vpm and has been used in the field experiments described
in this section* It has the disadvantage of only indicating ambient
sulphur dioxide levels at the time of operation and henoe may give
quite different results from a single site depending upon the day
and the time of day ohosen*
4* Drager deteotor tubes*

DragwerK manufacture air pollutant detector tubes which are
used as a rapid means for the deteotlon of a high levels of
pollutants* The Drager gas deteotor consists of a bellows pump
operated by hand9 whioh supplies 100 om^ of air with eaoh stroke9
and a deteotor tube filled with coloured crystals specific for
eaoh pollutant* A known volume of air is drawn through the
deteotor tube and the extent of disoolouratlon of the crystals
in the tube corresponds to the relative amount of the pollutant
in the air sample. Phis technique is rapid but only gives a crude
estimate of the levels of the gas* The sulphur dioxide tube records
levels dowm to 0*lvpm and is consequently of little use for measuring
ambient levels of thegas in the field*
5* Bioassay method*

One approaoh to estimating concentrations of sulphur dioxide
in rural areas9 where oontinous monitoring devices are expensive
to set up and difficult to maintain9 is to deduce the degree of
air pollution from effeots on vegetation* Many liohens have been
shown to be extremely sensitive to air pollution and it is generally
accepted that they are largely affected by sulphur dioxide*

Hawksworth and Rose (1970) proposed a qualitative soale for
estimating sulphur dioxide pollution in England and Wales using
epiphytic lichens* They recognised ten sones based on liohen
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species and their frequency whioh shoved a continuum along an 
air pollution gradient. These cones have been equated with 
mean winter values of sulphur dioxide* winter being the tine 
when pollutant levels are likely to be highest and the liohens 
are moot aotively metabolising* Henoe it is oonoelvable that an 
isolated pollution episode in the pact may alter the liohen 
flora so that the area would be assigned to a more heavily 
polluted cone than levels of sulphur dioxide ourrently experlenoed 
in the area* She Hawksworth and Rose (1970) scheme has been used 
in the field investigations described in this section*

Rone of the methods outlined above are suitable in laboratory 
investigations* Continuous monitoring devloes used in many 
laboratories today9 particularly in Horth America* are flame 
photometric deteotors* whioh determine levels of total sulphur* 
and infra-red gas analysers* whioh oan reoord accurately very low 
ooncentrations of sulphur dioxide*



H2

14* The Field Situation
Air Pollution in the Plymouth area
The Southwest of England is a predominantly rural area with

generally low levels of air pollution* Warren Springs Laboratory 
suggest conoentrations of sulphur dioxide of 0*01vpm or less in 
rural areas* The prevailing winds are from off the sea and con
sequently are almost free of pollutants* The inland areas are 
predominantly agricultural and the coastal areas, particularly 
the south coast9 oater for the tourist industry* There are few 
conurbations, the prinoipal ones being Plymouth9 Exeter and 
Torbay and these are all situated around the southern coast*

Plymouth is the largest city in the Southwest peninsular 
with a population of approximately 250900Q* It is a oity with 
important dockyards and is a centre for light industry* The 
bulk of the city is composed of large housing estates ' i n t e r s p e r s e d  

with open spaces* Industry is primary located around the docks9 
on the northwest edge of the oity and to the east9 in and around 
Plymouth* Data on the air quality of the area is supplied by 
Warren Springs Laboratory who operate three sulphur dioxide and 
partioulate monitoring stations within the oity boundaries* In
addition9 a Warren Springs sulphur dioxide sampler has been
operating on the Plymouth Polyteohnio Campus9 in the centre 
of the oity9 since January 1973* Levels of smoke and sulphur 
dioxide reoorded at these sites are less than expected levels 
for large urban areas (Fig* 44 ) and between the yeura 1961
and 1971 neither pollutant showed any significant ohanges in 
oonoentration from year to year (Warren Springs Laboratory 9 
1972).

There is a single powerstation in the Plymouth area9 sit* 
uated at Cattedown (Fig 43) and this is the most important point 
source of sulphur dioxide* The original ooal-fired powerstation 
has been in operation since 1899 and has a stack 46M. in height9 
but an additional and much larger unit was completed in I960 
and this is oil-fired and has two stacks one of 91N* and one of 
105M* (Plymouth Power Station publicity handout9 1972)* The Central 
Electricity Generating Board oarried out a survey of sulphur dioxide 
and particulate levels in the vicinity of the powerstation five 
years prior to the opening of the oil-fired station in I960 and 
during the subsequent eight years* A report of the findings was
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prepared by de Tur ville (1970)* Ten sampling sites in the Plymouth
area were used and monthly levels of partioulatee were recorded 
using deposit gauges and sulphur dioxide using lead dioxide oandles.
It was ooncluded that there was no significant oorrelation between 
the lead dioxide oandle results and the tonnage of sulphur burnt at 
the powerstation and also that the levels of sulphur dioxide were 
not significantly lower prior to the oil-fired station becoming 
operational in I960.

The Cattedown powerstation consumes approximately 168 tonnes 
of coal and 624 tonnes of oil per day with a mean combined sulphur 
content of 20 tonnes per day (Plymouth Power Station publicity 
handout, 1972). In 1973* the Government gave its consent to the 
building of a new £120 million powerstation at Insworke Point 
(Grid Ref. SX 435534) on the banks of the River Tamar just to the 
west of Plymouth. The proposed powerstation, which is to be oil- 
fired, will have a stack 206M. It will burn oil containing^more 
than three per cent sulphur and it has been estimated that it will 
release 426 tonnes of sulphur oxides per day (Hawksvorth, 1971)*
The site of the powerstation is backed by the 121M. Maker Ridge 
to the west with Plymouth rising to a height of 90*5 to the east.
The aerodynamics of plume dispersal from a point source over such 
terrain are complex (Geiger, 1961). With southwest prevailing 
winds, the pollutants would be oarried towards Plymouth and aoross 
the southern half of the Dartmoor Rational Park. Hawksworth (1971,
1 9 7 3 ) and others have expressed oonoern over the effects of such 
a major pollutant source on the lichen flora whioh, it is felt, 
oould be significantly depleted over a large area of Dartmoor 
and the South Hams. These areas at present are subjeot to extremely 
low concentrations of sulphur dioxide and frequently support 
luxuriant growths of pollution-sensitive species. The area likely 
to be affected by significantly increased sulphur dioxide levels 
inoludes the china clay workings at Lee Moor and Drake lands Comer.
Due to the present climate of economic restraint, the future of 
the powerstation seems unoertain and in 1976, the C.^.G.B announced 
that the start of the work would be deferred.

It has been shown by Gilbertson (1975) that pollution from 
Plymouth has a deteotable effeot on the aoidity of r infall over 
and downwind of the city. In early February 1974 he demonstrated 
an inorease in rainfall aoidity particularly to the northwest of

contd. p. 147
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Plymouth and area to the east showing field tria l
sites.

a. Cattedown

b. Laira Bridge

c. Chelson. Meadows

d. Plympton by-pass

e. Stert Runs

Windrose for Cattedown power-station 1964-67

Overlay: Hawksworth and Rose (1970 ) pollution 
scale. Values for sites in the Plymouth 

region. .
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the oitj up to 18Kra* from the city centre, although these results 
were based upon a rather small number of samples* It is likely 
that these effects, if real, are comparatively local* Dougall 
(1973) showed that at Seale-Hayne Agricultural College, Newton 
Abbott, 41 Km to the northwest of Plymouth, levels of sulphur 
in the rainwater were not elevated in rainfall with southwesterly 
winds* However, north and north-east winds, the latter from the 
general direction of Exeter 20Km away, oarried higher oonoentrations 
of sulphur in the preoipitation*

Field Trials
At present, the Cattedown powerstation is the most important 

point source of sulphur dioxide in the Plymouth area* It is surrounded 
by a number of limestone quarries* With the predominant west and 
southwest winds, pollutants from these souroes are liable to be
oarried towards the lower slopes of Dartmoor* Under certain weather
conditions, pollutants may be oarried some distanoe up the deep valley 
formed by the River Plym (Fig 43)* In order to gain an idea of the
extent of sulphur dioxide pollution to the north and east of Plymouth
the air pollution soale of Hawksworth and Rose (1970) was adopted*

Field trials were oarried out to assess the performanoe of 
Zygogonium erioetorum when growing under suoh conditions of varying 
atmospheric pollution as found in the Plymouth area* A transeot 
was taken in a northeasterly direotion from the powerstation (Fig*
43)* It was felt that beoause levels of sulphur dioxide were not 
expected to be high and the alga was likely to be fairly tolerant 
of air pollution, that it was unnoessary to use a large number of 
sites along the transeot and four sites were ohosen whioh, it was 
hoped, would be subjeot to differing degrees of air pollution*
These sites were as followst

(a) Cattedown* Shed roof in a small baokgarden* High density, 
urban residential area* 100M west of the powerstation* This site 
was not of ready aooess so that sulphur dioxide monitoring was
oarried out at (b) by the Plym Estuary, 750M northwest of the
powerstation* No suitable trees were present in either area to 
ascribe a sone on the Hawksworth and Rose (1970) pollution soale*

(o) Chelson Meadows,Old, flattened area of Plymouth rubbish tip,
now open grassland* 2*4Km northeast of the powerstation* Zone 5 on
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the Hawksworth and Hose (1970) pollution scale*
(d) Plympton bypass* Steep, grassy embankment well above the 

level of the traffic* 4 Km northeast of the powerstation and at a 
height above that of the highest stack. Zone 5 on the Hawksworth 
and Rose (1970) pollution scale*

(e) Stert Runs* Southwest edge of ooppioe with standards 
type woodland recently planted with oonifers* ll*5Km northeast 
of the powerstation* Zone 10 on the Hawksworth and Rose (1970) 
pollution soale * This site served as a control*

At eaoh site, three 15 x 21 x 8om plastio trays containing silioa 
sand and a 5 om diso of Z« erioetorum mat from Drakelands Corner, were 
set out and left for a twelve month period, July 1974 to July 1975*
A9 monthly intervals, the trays were examined and, where necessary, 
vegetation was cleared from around them* It was found that during 
the summer months, the growth of vegetation at site C was so rapid 
that for muoh of the time the trays were sheltered from the prevailing 
winds* It was not possible to install oontinous sulphur dioxide 
monitoring equipment at eaoh site and, as a compromise, at eaoh visit 
a Casella portable sulphur dioxide analyser was used to reoord con
centrations over a 30 minute period and readings were also taken of 
temperature, relative humidity and wind direotion (Fig* 46)*

At the end of the twelve month period, the trays were taken baok
to the laboratory* Two of those at site (d) had been lost through
interference* The trays were examined for algal growth and pH, 
field water contents,organis matter and sulphate levels of the top 
lorn of silioa sand were assessed (Table 29)•
oulphur accumulation experiments Estimates of the levels of sulphur 
in plant tissues are frequently used to assess the degree of pollution 
of an area* To determine whether algal mats of Z* erioetorum aooumulate 
sulphur and oan thereby be used as an indioator of sulphur dioxide 
pollution, lg* (dry weight) portions of algal mat whioh had been 
killed by heating to 50°C for 5 hours, were placed in flat, nylonp
packets 5 om* square (mesh 0*5mm ) and fixed to the ground by pegs
at the corners* Similar packets were made and filled with absorbent
oottonwool* These packets were plaoed out in open areas at Drake- 
lands Corner and also on a more heavily polluted area of moorland,
Hallam Moors (Grid Ref* SK 234871) Derbyshire* They were left 
in the field over the four winter months (Deoember to Maroh) and

I contd.p.152
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Fig. 47 S u lpha te  ca lib ra tion  curve.

Table 28 Sulphate contents of a lga l material and cottonwool.

T es t m a te ria l Loca lity SO^ level (pgSO / 100mg d .w t.)

In it ia l After Amonths exposure

Zygogonium 1
Drakelands Corner 37

ericetorium  2 . do. 29

m at. 3. do. 37
4 . do. 31

Absorbent 1. do. 12

c o tto n  2 . do. 5
wool. 3. do. 34

4. do. 26

5. Hallam Moors 6 8

6 . do. 54

[ frth'd itadlm I: o ̂ L cĵ U j
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Table 29 Results of air pollution field trials
Sites: a Cattledov.nJ c. Chelson T'eadousJ d. Plyrnpton by—pass: 
e e Stert Runs.

Site Tray No. Soil analyses (Top 1cm)
pH Fieldwater Organic ■XSulphate

content matter 
C/o °/°

O.D.

Change inalgal cov^
Predominantsp. $ living cells
rZ.ericetorum Z. ericetorum
H. flaccidum filaments

Initial 5.1 lo8 y 8o£
a 1. 6.5 7.2 2.2 0 . 0 5 - y 00rO

2 . 5.1 1.1 2.2 0 . 0 2 y 6£
3. 5.7 1.7 2.2 0 . 0 2 y 20£

c 1. 6.3 3.0 2.6 0. 0 2 V / 90^
2 . 5.8 2.2 1.4 0.04 y 77#
3. 6.4 4.2 2.5 0. 0 2 - y -

d„ I.
O

- - - - - - -
C- O 

*>
J  o 5o7 2.0 2.6 ' 0. 0 4 / o£

e 1. 5.0 8.7 2.7 - - —

2 . 5.2 10.6 3.0 0 . 0 0 n/ 73/c
3. 4.9 6. 8 1.0 0. 0 3 y - 85^

* hater soluble sulphate from 12g. silica sand
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then taken back to the laboratory for sulphate analysis* The 
method used was modified from that of Toennies and Bakay (1953)•

0*5g. (dry weight) of algal material was ground in a 
Griffiths* tube with 10ml of 80 per oent aoetone. The liquid was 
deoanted and centrifuged at 3t000r*p*m* for 15 minutes* The 
supernatant was washed in a separating funnel with 15ml of 60t80 
petroleum e ther to remove the chlorophyll, and the lower 2*3 
ml* of aoetone*water stored in a stoppered vial at room temperature 
with a small amount of aotivated charcoal. After allowing to stand 
for 4 hours, the oharooal was removed by oentrifuging and the 
aoetone-water made up to 2*5ml with deionised water, if necessary* 
0*5ml of 3 per oent hydrogen peroxide was added to the decolourised 
aoetone water extract and shaken well* Immediately, the following 
were addedt 2*5nl 40 per oent ethanol glyool, 0*.2ml. 6N* hydrochloric 
aoid, and 5ml of barium ohloride reagent*(l*34M barium chloride in 
deionised water)* After mixing well, eaoh tube was allowed to stand 
for 15 minutes before its turbidity was measured using an EEL
nephelometer head ooupled to an EEL unigalvo, type 200* Good mixing 
was essential in order to obtain a steady reading* Zero and full- 
soale defleotion were set on the galvanometer by using a sulphate* 
free blank (2*5 ml deionised water in plaoe of the aoetone*water 
extraot) and a sulphate standard respectively* In order to draw 
a ealibration graph (Fig* 47)» sulphate standards were made up 
from analar ammonium sulphate in deionised water and used in plaoe 
of the extraot* Full-soale deflaotion was set using a standard of 
0*5 mg* Ammonium sulphate in 2*5ml deionised water (i*e* 370 figJ) —  p
30^ )* Results (Table 28) were expressed as pg SO^ ~ /lOOmg.
d* wt*

A laboratory experiment was carried out to demonstrate 
sulphur uptake by dead and living Z* ericetorum mats* Algal material 
was plaoed at the bottom of a number of Dreschel bottles and subjeoted 
daily to 15 minute fumigations from a gas oylinder of 5vpm sulphur 
dioxide over a period of two weeks* The bottles were kept under 
oonstant light conditions* At the end of the period, sulphate 
estimations were oarried out on the algal mats* None of the living 
material appeared to have been affected by the fumig ations, and no 
differences in sulphate levels could be shown between oontrol and 
test material or between living and dead mats* It was suspected that
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the gas oyllnder was delivering levels of sulphur dioxide con
siderably lower than 5vpm*

S
Fig* 45 illustrates the area to the east of Plymouth and shows 

the principal sources of atmospheric pollution namely the urban 
areasy which contribute particularly during the winter months9 and 
the powerstation whioh is a point souroe throughout the year* The 
windrose shows that the winds are predominantly from the west and 
southwest although with a significant minority coming from the east. 
The Hawksworth and Rose (1970) pollution soale indicated, that the 
areas experiencing the highest oonoentrations of sulphur dioxide 
pollution corresponded to the urban areas although the epiphytie 
lichen floras suggested zones of atmospheric pollution to die east 
and northeast of Plymouth* Concentrations of sulphur dioxiie 
within Plymouth city boundaries (Fig* 44) low compared with other 
urban areas* The most polluted station is Plymouth 11 situated in 
the oity oentre and surrounded by oommeroial buildings* The other 
two stations are situated in residential areas with Plymouth 12 
at an open suburban site receiving very little atmospherio pollution*

The sulphur dioxide readings taken at the sites of the field 
trials (Fig* 46) were all low with the Plymouth by-pass site (d) 
yielding the highest oonoentrations* The ridge of hills to the 
south of Plymouth (Fig* 45) is the first high ground northeast of 
the powerstation and it may be that much of the sulphur dioxide is 
deposited here* Ceiger (1961) has diaoussed the shape of smoke 
plumes emanating from staoks and shows that the best dispersal is 
obtained under unstable conditions whioh normally prevail on bright 
summer afternoons* Fig 46 also records sulphur aioxide readings 
taken at Plymouth Polytechnic using a Warren Springs sampler on the 
same days as the field measurements were taken* The Polyteohnio 
lies to tie north-west of the powerstation and it is evident that 
the highest oonoentrations were recorded on days with an easterly 
or southeasterly wind* However, these days oocurred during the 
winter months when levels would be expected to be higher.

Results of the field trials are given in table 29* At the 
Cattedown site (a) the Z* ericetorum had beoome largely overgrown 
by a luxuriant growth of a Hormidium sp. with thickened oellwalls*
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The former alga was at 111 f-powing wall in two of the three trays 
at the Chelaon Meadows site (o) hut here the trays were sheltered 
during the summer months by the rapid growth of grasses around them.
At the slightly more polluted Plympton by-pass site (d)t the Z* 
erioetorum was dead in one of the trays but the other two trays had 
been destroyed by the activity of rabbits* At the sheltered and 
little polluted 3tert Huns site (e)» Z* erioetorum was growing 
luxuriantly in two of the trays whilst the reminding tray had 
beoone overgrown by mosses* These results tentatively suggest a 
possible correlation between growth of Z* erioetorum and levels of 
sulphur dioxide pollution but no suoh trend was detected in pH and 
sulphate values of the silioa sand and it lsnot possible to interpret 
the resultsy involving a small number of samplest in terms of air 
pollutant effeots*

The use of sulphate measurements (Fig 47 and Table 28) proved 
to be of limited value in assessing sulphur dioxide pollution levels 
using Z* erioetorum* Three samples of Z* erioetorum mats from 
different sites on sandtlps at Drakelands Corner gave value of 13#
59 and 62 pg sulphate/lOOmg d* wt* The material used in the field 
experiments had a sulphate level of approximately 33 and this had 
not altered slgnifleantly after 4  months exposure in the field 
at Drakelands Corner* However» absorbent ootton wool plaoed at 
the same site had inoreased in sulphate level approximately three 
fold so that its final sulphate level was oomparable with that 
of the Z. erioetorum material* Absorbent ootton wool exposed for 
the same period of time at the more polluted Hallam Moors in 
Derbyshire was found to have inoreased in sulphate level by 
approximately six times that of the Initial material* It is likely 
that much of this sulphate was originally deposited as sulphur 
dioxide. Absorbent ootton wool may be a better indioator of sulphate 
deposition at ground level than is Z* erioetorum whioh appears to 
vary rather widely in sulphate in content in the field*

Zygogonium erioetorum was found growing in mat form in many
ft Ore

places on the Derbyshire moorstwhioh areA polluted than anywhere on 
Dartmoor* Hwwksworth (1974) estimates that the winter levels of 
sulphur dioxide in the Peak district are within the range 0 .0 0 2  

to 0*03ppm* Z.erloetorum was found growing in one site corresponding 
to sone 2—3 (0*04-0*03 ppm sulphur dioxide winter levels) of the Hawks-



worth and Rose (1970) pollution soale (Cown Edge Rooks, Grid 
Ref* SK019920)* This site was a millstone grit outerop just 
east of the Greater M&nohester conurbation. The alga was
only growing in mat form along a sunken path in fairly sheltered
situations although this may have been because of the limitation 
of suitable habitat* Z* erioetorum was also found growing on
bare ground at Wollatsn Park (Table 21) in a suburban area of
Hottinghan* These observations suggest that the alga is tolerant 
of moderate levels of air pollution*
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15* Laboratory Kxperiments
Methods

In these experiments9 the algal Material was Maintained at 2 3 0 q ^  
and illuainated at 4 » 3 0 0 to 5 * 3 0 0  lux by white fluorescent strip 
lights over a twelve hour photoperiod* All fumigations invdjving 
gaseous sulphur dioxide and ehort-duration Immersions in sulphurous 
sold were oarried out at the same time of (hy9 namely as olose to 
midday as possible* Initial experiments were oarried out using 
gaseous sulphur dioxide but these proved unsatisfactory as it was 
not possible to determine the aotual levels of the gas to whioh the 
plant material was subjected* Subsequent experiments involved the 
us*v of stook solutions of sulphur dioxide diluted to the desired 
oonoentration*

A. a»p«rlmcnt» using *a»«ovi» relphur dloxida 
The following techniques were used;
(a) Sulphur dioxide was ohemleally generated by reacting 

dilute sulphuric sold with sodium metabisulphite within an air» 
tight oontainer according to the equation

**2S2 05  ♦ H2 S04^  * » 2 804 ♦ ZS02 ♦ HjO.
A Mounts of the reactants were adjusted so as to give an estimated 
oonoentration of lOvpm sulphur dioxide within eaoh sealed 13 litre 
perspex tank oontalning the test Material* The relative humidity 
within eaoh tank was maintained by exposure to saturated solutions 
of appropriate salts* Potassium aoetate9 potassium nitrite and 
sodium oarbonate were used to give relative humidities of 209 4 5  

and 92% respectively after the method used by £ao and Le Blano 
(1965)* After 24 hours exposure9 the test material was removed 
and examined mlorosoopioally*

Treatments of lOvpm caused strong plasmolysis in at least 
50 per oent of the oells of Zygogonlum erioetorum and Hormidlum 
flaooldum* Results indicated a higher percentage of plasmolysed 
oells in those treatments at lower humidities but this difference 
was not statistically significant*

An obvious criticism of this method is thafc an unknown 
quantity of the sulphur dioxide generated would have been adsorbed 
onto the perspex tank walls and dissolved in the saturated solutions* 
Although lOvpm is an excessively high level of the gas9 the aotual
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oonoentrations to whioh the material was exposed is likely to have 
heen considerably lower than this*

(b) Sulphur dioxide from British Oxygen Company compressed gas 
cylinders was used*

(i) Dilution of the gas within an enolosed container* A volume 
of lOOvpm sulphur dioxide was oolleoted and by means of a graduated 
hypodermic syringe * 2 ml* were injected into a sealed 4 0 0ml glass 
container through the lid* The container was left in thedark in a 
refrigerator for a few hours for the gas to equilibrists at a con
centration of 5ppm sulphur dioxide* Samples of the gas were with - 
drawn and lnjeoted into disposable petrl-dlshes containing H. : 
flaooldum cultures so as to give theoretical oonoentrations of 
0*25# 0*5 and lvpm sulphur dioxide* The petrl-disb lids and 
injection points were sealed with sllioone greats* Znjeotions of 
the gas were oarried out daily at midday over a two-week period 
after whioh the material was examined microscopically*

(ll) Dilution of the gas by bleeding into an air stream*
Using a lOOOvpm sulphur dioxide supply* the gas was passed at a known 
rate into a stream of sorubbed air from a seoond oylindsr at a 
known flow rate* Flow rates were determined by passing the gaseg 
through flow—meters* The mixed air stream was then passed into 
13 litre plastio tanks coated with aold-resistant laocuer (Canning 
hot laoquer, medium gold) oontaining the test material* Fumigations 
of 1 and 5vpm sulphur dioxide were given for one hour eaoh day over 
a two-week period*

(ill) Direct use of sulphur dioxide from cylinders containing 
low oonoent rat ions of the gas. Cylinders of 0*3* 1 and 5vpa sulphur 
dioxide were used and the gas was passed through sealed perspex 
tanks lined with aold-resistant laoquer and oontaining the experi
mental material* The fumigation periods lasted for 15 minutes*

Eaoh of the above techniques had a number of disadvantages 
that help to explain why* in the experiments oarried out no signi
ficant differences were reeorded between test and control material 
in terms of peroentafes of dead oells* growth rates and ohlorophyll 
breakdown* The prinoipal drawback was that muoh of thegas had been 
taken up between leaving the gas cylinder and reaching the test 
material so that the algae were subjeot to very low levels of 
sulphur dioxide* According to BOC (personal oommunloation)* due



to uptake of the gas by the cylinder walls9 gas cylinders filled 
with oonoentrations of sulphur dioxide below lOOvpra generally 
release levels of the gas whioh are below the stated value*
These levels also vary from day to day. In cylinders containing 
less than lOvpm sulphur dioxide, almost all the gas disappears.
B. experiments using, sulphur dioxide in solution

As mentioned previously9 the use of sulphur dioxide in the 
gaseous phase presents difficulties as it adsorbs readily onto 
surfaoes* However9 it is likely that the gas dissolves in water- 
films on the plant surface before it is able to affeot the plant9 
and for this reason studies using solutions of sulphur dioxide 
nay give more realistio responses in laboratory experiments*
Aqueous solutions have the advantage of being easy to prepare 
and enable the interaoting effects of pH and oonoentration of 
the toxioant to be studied* A drawback is that it is not olear 
to what concentration levels of sulphur dioxide may build up in 
waterfilms on plant surfaces although it is generally accepted 
that these levels oan be oonsiderably higher than those in the 
surrounding air*

The stook solution used in the experiments wae concentrated 
sulphurous acid (approximately 7 per oent sulphur dioxide)* This 
solution was assayed by the iodine-thiosulphate standardisation 
procedure aooording to Vogel (1961) in whioh sulphur dioxide as 
sulphite is oxidised by iodi ne to sulphurio aold and the exoess 
iodine is back titrated with sodium thiosulphate solution* All 
assays gave results of the order of 5 per oent sulphur dioxide * 
Appropriate dilutions of the stook solution were made in either 
distilled water or Mollvames buffer* Test material was treated 
in one of two waysi-

(a) Generally9 filaments were submerged in 5»1 of the appro
priate solution in a covered watohglass and after an appropriate 
length of time aooording to the experiment they were scored for 
dead and living oells (see appendix)* kaoh treatment was set up 
in triplicate and controls of the alga in the bathing solution 
only (distilled water or buffer) were also set up*

(b) In some experiments Hormidium flaocidum growing on Knop's 
agar was flooded with appropriate solutions for 15 minutes periods 
and then the surplus fluid was drained off* Again9 these experiments 
were oarried out in triplicate together with the controls*
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Effects of sulphur dioxide which were examined were changes 
in growth patternf change in ultrastructure, membrane damage, 
changes in pigment complement, and peroentage kill of oells.

Changes in growth pattern were recorded by camera lucida#
It was possible to follow the course of development of filaments 
growing on solid media in petri-dishes, theme cultures being flooded 
daily with sulphur dioxide solutions#

Methods and results of eleotron miorosoopNare described under 
subseotion (c), page 172

An MC-1, Mark V conductivity bridge was used to determine 
whether sulphur dioxide in solution produced any damage to cell 
membranes Buoh that leakage of the ?all contents occurred* Con
ductivity readings were taken at short intervals over a twenty-four hour 
period in order to detect any ohanges in conductivity over this 
period#

Chlorophyll extraotions were carried out on treated and control 
material# Up to lg of weighed algal material was ground in a mortar 
with 10ml 80 per oent acetone together with small quantities of quarts 
sand and 150 mg* of sodium carbonate# The homogenate was centri
fuged for 15 minutes at 10,000r*p#m# and the supernatant extraoted 
in a separatory funnel with 10 ml 40t 60 petroleum ether# The upper 
petroleum ether layer oontaining the chlorophyll was washed twioe in 
distilled water and concentrated under reduced pressure# The absorp
tion speotrum of the extraot was determined using a Pye Unicam 
speotrophotometer, SPI800*

Separation of the pigments was carried out by thin layer chro
matography on plates coated with a 1mm thick layer of silioa gel 
Q developed in 60 parts 60s 80 petroleum ether, 33 parts acetone,
5 parts methanol# The separate pigments were eluted with 90 per 
oent aoetone or with ether for speotrophotometerio characterisation 
but, in the experimental material, the amounts of the individual 
pigments were too small to be detected an the spectrophotometer#
Similarly, they could not be satisfactorily deteoted using a Joyoe 
Loe bl ohromosoan# pigments*®1*® eluted far oharaoterisation after 
a oonoentrated extract of Z* erioetorum had been applied to the 
plates but this involved using several grams of alga and this 
quantity of test material was not available#

The methods used for sooring oells and assessing dead oells are 
given in the appendix#
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Results
The results reported below, refer to those experiments in 

whioh the algae were exposed to sulphur dioxide in aqueous 
solution*

The higher oonoentrations of sulphur dioxide solution were 
found to kill all oells of Hormidlum flaocidum and Zygogonlum 
erioetorum* A single 15 minute application of 200ppm sulphur 
dioxide was sufficient to kill H* flaooldum growing on Knop,s 
agar. Pig 48 shows ths percentage of JI. flaocidum oells killed 
by daily 15 minute doses of 50, 75 and lOOppm sulphur dioxide 
solutions* The pH of these solutions ranged from 3*4 (50ppm 
sulphur dioxide) to 3*0 (200ppm sulphur dioxide)* Daily treatments 
of lOOppm sulphur dioxide solution killed all oells within three 
days but 75PP® had only killed approximately 50 per oent of the 
oells in the material examined after eight days*

Hormidlum flaocidum was less tolerant when grown on an orbital 
shaker in flasks oontaining 25ml 0*5 per cent Knop's broth to whioh 
sulphur dioxide solution had been added* When cultures growing 
in Knop's broth were transferred to media containing 50ppm sulphur 
dioxide eolation, the algae were dead within two days* Similar 
results were obtained when grown in media oontaining 25ppm sulphur 
dioxide solution* H* flaocidum oultures in Knop's broth oontaining 
5 and lOppm sulphur dioxide were dead within four days. Levels of 
0*5 and Ippm did not appear to be fatal to the alga and H* flaocidum 
was still growing after six days under these oonditions* At six 
days, and at subsequent two-daily intervals, the levels of sulphur 
dioxide in these flasks were replenished by sceptically removing 
2*5 ml of the culture medium and replacing with 2*5ml of sulphur 
dioxide solution at the appropriate dilution* This was to allow 
for any breakdown of the existing sulphur dioxide which may have 
occurred* Despite these additions, the algae continued to grow 
in these flasks oontaining 0*5 and lppm sulphur dioxide for 18 
days after whioh the experiment was terminated*

As it was not possible to grow 2* erioetorum successfully 
under laboratory conditions, experiments using this alga were 
oarried out by floating filaments in appropriate sulphur dioxide 
solutions in covered watohglasses* The solutions were
made up in Mollvaine's buffer pH4 (see appendix)* Levels of 
sulphur dioxide in solution from lOppm to 50ppm killed all oells
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within two days hut difficulties were experienced in aoourately 
assessing percentages of dead oells in treatments of less than 
lOppm* This problem is considered under "Scoring cells" in the 
appendix* , The problem was partly overcome by assessing healthy 
(i*e* unstained and unplasmolysed) oells and the results of this 
experiment (Fig 49) have been expressed in these terms* Conoen- 
trations of 5PP® sulphur dioxide solution were found to be fatal 
to almost all oells within 7 days, but 2*5pp™ killed only about 
50 per oent of the oells, whilst filaments in lppm sulphur dioxide 
solution were largely not killed within 7 days with only about 
20 per oent dead cells*
Growth patterns Alterations in morphology of H* flaooidum were 
noted when exposed to  low oonoentrations of sulphur dioxide solution*
A distinctive ohange in the growth pattern was recorded whioh was 
related to the level of sulphur dioxide and the pH of the solution* 
Because of the difficulties of growing Z* erioetorum in culture, 
it was not possible to carry out these experiments using this species* 

The filaments of H* flaooidum normally grow in a sinumb curving 
fashion on solid media* Generally, orosswalls are produoed perpen
dicular to the axis but in material affeoted by sulphur dioxide in 
solution, oblique orosswalls are produoed and this gives the filaments 
a contorted appexranoe (Fig* 5°)*

Four-day old cultures of H» flaooidum on Knop’s agar were daily 
flooded for 15 minutes over an 8 day period with sulphur dioxide 
solutions made up in Hollvaine's buffer and examined the following 
day* Table 30 shows the growth pattern of the cultures, all 
replioates at each treatment behaving similarly* In cultures showing 
the oontorted growth pattern, all the newly-produoed growth was of 
this type* In all the treatments listed in table 30, the buffer 
controls grew normally but at pH3 and 4 some of the felane itts showed 
the oontorted growth pattern* Fig 50 shows low pov*r oamera luoida 
drawings of a few typical filaments from the edge of cultures treated 
with 30ppm sulphur dioxide solution at different pH values * At 
pH3, the cultures had produoed some new growth of straight filaments 
before dying* The combination of low pH and sulphur dioxide in solution 
was fatal to H* flaooidum in these experiments*

The oontorted growth pattern of filaments oould be induced to 
a limited extent by the application of MoIlvaine*s buffer at pH3

contd. p. 166



Fig 50 Camera lu c id a  draw ings of H .flaocidum fila m e n ts  trea ted  w ith  

s o lu t io n s  of 30ppm. sulphur dioxide at pH 3 ,£and  7 .
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Table 30 Growth pattern of Hormidlum flaocidum filaments after da iiy 
washings with buffered sulphur dioyide solutions over eight days. t

(Results of 3 replicates and controls at 
each treatment.j

SO^conc 
(acf* )

pH 3 pH4 pH 5 pH 6 pH 7

5 Op pm Dead Con
torted
poor
growth

Con
torted

Con
torted

Normal

30ppm Dead Con
torted

Con
torted

Norma.1 Normal

20ppm Dead - Con
torted

- -

lOppm Dead Con
torted
poor
growth

Normal Normal Normal

lppm Normal Con
torted

Normal Normal Normal

"Normal" growth refers to the typical sinuous growth pattern 
exhibited by the alga.
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and 4} this effect was enhanced by low oonoentrations of sulphur 
dioxide in solution* A single application of sulphur dioxide 
solution for 15 minutes was found to induoe theoontorted growth 
pattern* At concentrations up to 50ppm sulphur dioxide solution, 
the oontorted growth pattern was produoed over a wider pH range, 
from pH3 to pH6.

Fig 50 also shows high power oaraera luoida drawings of 
representative seotions of normal and oontorted filaments in whioh 
oblique orosswalls of the latter oan be seen* These oells are 
considerably swollen* Cells of filaments from cultures treated 
over 8 days with 30ppra sulphur dioxide solution at several pH 
values were measured* At eaoh pH valuey 10 oonseoutive cells from 
eaoh of 10 separate filaments were examined and the greatest and 
least width of eaoh of these oells was reoorded* Fig* 51 shows 
the results obtained from whioh it oan be seen that these widths 
varied very little with treatments at pH3 and 7* The filaments 
at these treatments appeared similar to oontrol material* At 
intermediate pH values the oells were measurably swollen and this 
was most marked in treatments at pH5 where oells were on average 
4ji wider at the greatest width than at the least width*

When oontorted filaments were transferred to fresh media, the 
subsequent growth was of the normal, sinuous type*

Figments Chlorophyll extraotions were oarried out on eaoh of the 
treatments of H* flaooidum with 1, 10, 30 and 50ppm sulphur dioxide 
solutions listed in table 30* The absorption speotra of the majority 
of the treatments and of all the controls was that of chlorophyll 
a in petroleum ether, w-th peaks at 431 and 662m u* Extracts from 
the dead oultures treated with 10, 30 and 50ppm sulphur dioxide 
solutions at pH3 showed the absorption speotru m characteristic of 
phaeophytin a with peaks at 411 and 66?m ju as also did the oontorted 
but poorly-growing oultures treated with 10, 30 and 50ppm sulphur 
dioxide solutions at pH4*

Insufficient experimental material was available for chlorophyll 
extractions of Z* erioetorum but a oonoentrated extraot of lg*
(wet weight) of field material of the alga was prepared and separated 
by thin layer chromatography* Fig* 52 shows the pigments whioh were 
separated together with their identity from their absorption speotra*

Plasmolysis Percentages of plasmolysed oells at the end of a twenty- 
four hour period were assessed when filaments of the two algae were

contd. p. 169



pH 5 pH 6 pH 7

M axim um  and mininimum cell w id th  of H.flaccidum cells trea te d 'w ith  
so lu tions o f30ppm . sulphur dioxide at pH 3.4.5,6and7.

Means and standard  deviations plotted.
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immersed in aqueous solutions of sulphur dioxide of 19 29 3f 49
5 and 6ppm (Fig* 53)* It was not possible to detect dying cells 
within the twenty-four hour period at these oonoentrations* The 
controls of deionised water were taken to represent Oppm sulphur 
dioxide* A large percentage (around 50 per cent) of the cells of 
the H* flaocidua controls were plasmolysed but results suggest 
that cells of Z* erioetorum were more resistant to plasmolysis 
at levels up to 4ppm than were cells of H* flaocidunu Previous 
experiments showed that levels of 5PP® were eventually fatal to all 
oells of both speoies^ whilst it is likely that they were able to 
tolerate levels of lppm sulphur dioxide solution*

Conductivity The conductivity of 10ml aliquots of sulphur dioxide 
solutions up to 50ppm in the presenoe of 0*5g (wet weight) of H* 
flaooidum was measured over a 24 hour period* Readings were taken 
at 13 minute intervals over the first 2 hours and then at subsequent 
convenient intervals9 and the results expressed in terms of per
centages of the initial readings (Fig* 34)*

Treatments of 209 30 and 30ppm sulphur dioxide solutions 
resulted in oells which were yellow-brown and appeared dead after 
24 hours* The oonduotivity readings showed a similar trend in 
these treatments* There was an initial lowering in the conductivity 
over the first 4 hours in sulphur dioxide solutions both with 
and without the alga* At the end of the 24 hour period9 the con
ductivity of the solutions containing the alga had risen to around 
the Initial value whilst those of the sulphur dioxide controls had 
remained more or less constant* The treatments at 5PP® behaved 
similarly although the initial lowering of oonduotivity lasted for 
a shorter time* The treatments of alga in deionised water showed 
an Initial increase in oonduotivity* The increase in conductivity 
reoorded in the deionised water and 3PP* sulphur dioxide oontrols 
was believed to have been due to contamination*

As no rapid rise in oonduotivity was reoorded in the solutions 
in the presenoe of H* flaooidum* these results suggest that even 
though the cells may have been killed by the treatmentsf there was 
no extensive leaching of the cell fluids into the solutions* In 
other words9 if the cell membran- es had been destroyed they were still 
able to restrict the free movement of solutes*
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16l Electron Miorosoopy 
Very little work has been published on the ultrastruotural 

injury caused by air pollutants* Thomson et al (1965* 1966) 
have looked at effects of peroxyacetyl nitrate and osone on 
palisade cells of Phaseolus vulgaris and have demonstrated an 
abundanoe of eleotron-dense granules within the ohloroplast 
stroma and9 in some cells9 a disruption of the organisation of 
the grana within the choloroplast* Wei and Miller (1972) demon
strated somewhat similar effects together with other ultrastruotural 
changes in Glycine max mesophyll oells brought about by fumigations 
with 40 and 50ppb of hydrogen fluoride* Wellbura et al (1972) 
found that short duration fumigations of up to lppm sulphur dioxide 
or 3ppm nitrogen dioxide on 25 day old Viola faba plants in the 
laboratory causedswelling of the thylakoids within the ohloroplasts 
although no damage outside the chloroplasts was detected* The most 
reoent report of effects of air pollutants on plant ultrastruoture 
is by Malhotra (1976) who examined effects of up to 500ppm aqueous 
sulphur dioxide on leaves of Pinus oontorta var. latifolia. He 
showed swelling of the thylakoid discs and dislnte gration of other 
intraohloroplast membranes resulting in the formation of small 
vesioles in older tissues* There have been no reports of effects 
of air pollutants on the ultrastruoture of nonflowering plants*

There appear to be no reports of the ultrastruoture of Hormidium 
flaccidum although Floyd et al (1972)9 amongst others9 have desoribed 
Ulothrix fimbriata and StigeooIonium helvetioum.two olosely related 
algae in the same family* Similarly9 there is no published acoount 
of the ultrastruoture of Zygogonium erioetorum although there are 
a number of reports of the olosely related Zygnema spp* Chardard 
(1967) produced the first aooount of the ultrastruoture of a species 
of lygnema* Oparina (1971) examined the ohloroplast structure of a 
Zygnema sp* and McLean and Pessoney (1971) looked at the akinetes 
produced by a Zygnema sp9 using light and electron microscopy* The 
latter authors have also reported (1970) the existenoe of a "quasi- 
crystalline lamellar lattioe” in the chloroplasts of Zygnema sp* 
in oulture at the end of its log phase* This lattioe consisted 
of a multilayered sandwich of membranes and matrix bounded by a 
single thylakoid membrane*



Methods
Control material and material treated with sulphur dioxide 

solutions were used* Control material consisted of Hormidium 
flaooidum growing on Knop's agar and thin-walled Zygogonium 
erioetorum oollooted from damp mioaoeous areas at Drakelands 
Corner*

Fixation of material was oarried out using glutaraldehyde with 
osmium tetroxide as a postfixative, glutaraldehyde with potassium 
permanganate as a postfixative and Lufts' permanganate fixative*
The two most satisfactory methods used were as follows!

1* The filaments were fixed for l£ hours in Lufts' permanganate 
fixative (see appendix) at 0*5°C in a refrigerator* After fixation, 
the material was washed three times with the buffer (30 minutes 
eaoh time) and then dehydrated through a graded series of aoetone 
in buffer (20, 30, 70, 95* 100) with two ohanges in absolute aoetone* 
The material was left in eaoh for 30 minutes and then the oells were 
gradually infiltrated with Epon-Araldite* The material was placed 
in an ovsrv at 48°C for 8 hours and then at 60°C for 12 hours to 
promote polymerisation* This method was suitable for Hormidium 
flaooidum but poor impregnation of Z» erioetorum oellwalls was 
obtained and on sectioning, only collapsed oells oould be seen*

2* This method proved more satisfactory for Z* erioetorum*
The filaments were fixed under vacuum for 2 hours in 6£ glutaraldehyde 
in 0*03M sodium oaoodylate buffer (Bee appendix) at pH5* After 
fixation, the material was washed twioe in buffer (13 minutes eaoh 
time) and then postfixed under vaouum for 1 hour in 2 per oent 
potassium permanganate in buffer* The material was then washed in 
buffer and dehydrated and embodied in resin as described above*

Seotions were out on either a Porter-Blum MT-2 ultramiorotome 
or a Reichert 0MU2 ultramiorotome and thin seotions were picked 
up with unooated or oarbon-ooated 200-mesh grids* The sections 
were stained on the grids at room temperature with either Reynold's 
lead oitrate (see appendix) for 10 minutes or with uranyl aoetate 
solution for 1 minute followed by lead oitrate solution for 1$ 
minutes (see appendix)* The seotions were examined under a 
Phillips 300 electron microscope at 80Kv or an AE1 802A electron 
miorosoope*



Fig.55 Median L.S. H .flacc idum  cell. Electron micrograph.
c Chloroplast . e Electron-dense bodies ; n Nucleus ;W Cellwall.

Fig. 56 Section o f a portion of H. flaccidum  cell. Electron micrograph.

c Chloroplast; p Plasma lemma; py Pyrenoid ; s S tarch plate ; t  Thy lako id ;
w Cellwall.
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tefialift
(l) Hormidium flaooidum
Cells averaged 8 to 14 p in length and ^ to 6 in width.Fig*

55 shows a typical median longitudinal section through a oell of
H* flaooidum* The oellwalls were oomparitively thin (up to 0*5
p). The nuoleus oooupied the centre of the oell* The oytoplasm 
oontained many mitochondria and round or oval eleotron—dense bodies 
of the order of 0*3 to 0*6 p in diameter* The bodies were situated 
in the oytoplasm and in the vaouoles and were particularly large 
and abundant in senescent oells* They were too deeply stained to be 
lipid bodies and appeared to oorrespond to structures whioh Chardard 
(1967) noted in Zygnema sp* and believed to be tannin globules*
The ohloroplast was parietal and band-shaped and was bounded by a 
double membrane* The thylakoids ware distributed throughout the 
ohloroplast but in many instanoes were arranged in short stacks or
grana as in higher plants* These are generally referred to as
pseudo-grana as the staoks generally consist of fewer thlakoids than 
grana of higher plants and have a less regular appearance due to the 
variable length of the thylakoids* The arrangement of the pseudo- 
grana was irregular and the number of thylakoids adhering together 
in one plaoe normally varied from 2 to 8* Staroh plates were frequently 
interpolated between the lamellae and particularly occurred in a 
sheath around the pyrenoids (Fig* 56)* Eaoh oell oontained a single 
pyrenoid traversed by thylakoids* The ohloroplast lamellae splayed 
out into single thylakoids at the end of the pyrenoid matrix (Fig*
56) and ran through it9 often with a sinuous oourse* Oooasional 
stacking of thylakoids ooourred within the pyrenoid (Fig* 57)* The 
pyrenoids in H* flaooidum were of the type described by Dodge (1973) 
as a single oentral pyrenoid with a staroh-oontaining plastid* Fig
56 shows part of the outer edge of a oell* From left to right9 the 
oellwall9 the plasmalemma9 the ohloroplast limiting membrane9 thylakoids 
stacked into pseudo-grana9 the staroh sheath and pyrenoid traversed
by single thylakoids are apparent*

Filaments of H* flaooidum growing on Knop's agar in petri-dishes 
were given dally treatments of 209 30 and 50ppm sulphur dioxide
solutions in NoIlvaine*s buffer pH4 over a period of 16 days and
then if prepared for eleotron microscopy. All the newly—produoed
filaments from these treatments showed the contorted growth already
described* The oontrols9 treated with buffer solution only,

contd . p. 178
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Fig.57 Median L.S. swollen cell of H. fla cc id u m  treated w ith 50ppm SQ^solution at 
pH U fo r 16 days. Electron m icrograph, 
p fyrenoid  ; v V e s ic le s

Fig. 58 As above showing abundant ve s ic le s  (v ) in the ch loroplast.
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/

F ig .59 Portion of ch loroplast o f H .f la c c id u m  cell treated with S02 so lu t ion pH U, 

for 2days showing stroma and grana thy lako ids  and vesicles.

Fig.60 As above.
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exhibited normal growth*
Figs 57 and 38 show typioal median longitu dinal seotions of 

two swollen oells* Excepting oell size, most of the features 
were similar in the treated oells and the controls* Mitoohondria 
were abundant and of a similar sise9 the eleotron«-denee bodies were 
present and so too were the nucleus and pyrenoid* The somewhat 
diffuse pyrenoid seen in fig 57 was not a oonstant feature of the 
oells* However» a difference was noticeable within the ohloroplastf 
namely the apparent breakdown of the stroma lamellae resulting in 
the pseudo^grana appearing more distinot* This was a oonstant feature 
in almost all the oells examined and in all the treatments from 20 
ppm to 50 ppm sulphur dioxide solution* It was not seen in the 
control oells treated with buffer onlyf or in untreated oells* The 
appearanoe was not the same as that of the senesoing oells in both 
treated and oontrol material* Chloroplasts of senesoing oells showed 
an almost total disorganisation of lamellae with most of the thylakoids 
forming tubular structures and was aooompanied by a considerable 
lnorease in the eleotron-dense bodies in the oytoplasm and vaouoles*

Fi«s 59 and. 60 show some thylakoids from sulphur dioxide treated 
material) under higher magnification* The presenoe of small vesioles 
of the order of 0*06 u in diameter andbounded by a single unit membrane 
may be seen* These vesioles appear to be budded-off from the stroma 
thylakoids whilst the grana thylakoids remain unaltered* Malhotra 
(1976) demonstrated the formation of numerous vesioular bodies in 
the chloroplasts of leaves of Plnus oontorta var. letifolla when 
treated with lOOppm aqueous sulphur dioxide, although theme vesioular 
bodies were considerably larger than the vesioles seen in 5* flaccidum 
material* Both Malhotra (1976) and Wellborn et al (1972) report the 
swe lling of thylakoids as a response to sulphur dioxide treatment*
The diameter of the majority of the thylakoidB in sulphur dioxide 
treated H» flaooidum was little changed from the oontrol but the 
vesioles present may constitute the swollen portion of the thylakoids*

(li) ZygQgonlmn erioetorum 
Cells were very variable in sise ranging from 15 p to 33 ja in 

length and about 22 p in width* The oells were thiokwalled (up to 
ai least 3 u in thickness) and the cytoplasm oontained large numbexs 
of oil droplets* These features led to difficulties in finding 
suitable methods of impregnation and fixation* In the seotions obtained) 
much of the oell lumen was oooupied by lipid bodies as has been demonstrated
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in electron micrographs of the akinetes of Zygnema sp* by XoLean 
and Pessoney (1971) and akinetee of Spongioohloris typioa by 
XoLean (1968)* Fig* 61 shows part of a longitudinal section 
through a oell of 2* erioetorum* The oellwalls were about 1*8 
]i in thioknesa (see Fig* 26) although material examined was "thin— 
walled” and growing on a damp mioaoeoua area* There was a single9 
large durabell—shpped ohloroplast with many thylakoida in pseudo- 
grana of up to ten thylakoida* The grana lamellae tended to be 
oomparitively short (approximately 0*8 \x ) whilst the stroma lamellae 
were generally longer (approximately 1*2 |i) Staroh grains were 
interpolated amongst the lamellae and around the two pyrenoids (Fi& 
62)* The pyrenoids were traversed by a few, small, tubular 
structures which may have been thylakoids*

XoLean and Pessoney (1970) have reported the presenoe of a large 
quasi-crystalline lamellar lattioe within the ohloroplasts of some 
oells of Zygnemasp* This lattioe, whioh did not appear in the oells 
until cultures were at the end of the log phase of growth, resembled 
aligned rings and rippled lines in a regularly repeating pattern*
It was believed to be initiated by one or two thylakoids sliding 
between two neighbouring thylakoids, these then assuming a three- 
dimensional configuration* In the present work, seotions of some 
oells showed the presenoe of a large number of coiled thylakoids 
in a localised area of the ohloroplast around the pyrenoids (Fig*
62)* The appearanoe of these was very similar to the initiation 
and early stages of lattioe formation in Zygenma sp* published 
by XoLean and Pessoney (1970) and presents the possibility that 
^ g o g onium erioetorum is capable of forming lattices.

In addition to oontrol material, Z* erioetorum that hdd been 
immersed in a buffered solution of lppm sulphur dioxide (pH4) 
for seven days was examined under the electron microscope* Mo 
differences were detected in the ultrastruoture* There appeared 
to be no change in the sise of the organelles and the ohloroplast 
structure remained unaltered*
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Fig. 62

/ •
61 L .S . of Z e ric e to ru m  cell showing large bilobed chloroplast and cytoplasm  

fu ll of inc lus ions, probably lip id  droplets.
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Portion of ch lo rop last of Z.ericetorum  showing pyrenoid { p ) and s ta rch - 
p la te (s ) ,  and  th y lako ids  in an arrangem ent s im ila r to e a rly  stage of 
M cLean  and Pessoneys (1 9 70  ) q u a s i-c ry s ta ll ine lamellar la ttice .
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17$PlBQUBslon 
The Plymouth area, supporting only light industry and being 

affected by predominantly southwest and west winds off the sea, 
is an area experlenoing oomparitively low levels of atmospheric 
pollution. The oonoentrations of sulphur dioxide and partioulates 
reoorded from the pollution monitoring sites within the oity 
boundaries are relatively low oompared with other urban areas and 
have shown little ohange from year to year over the last 14 years* 
Gilbertson (1975) has presented some evidence to suggest that 
sulphur dioxide is dispersed in a north-easterly direction from 
Plymouth across the lower slopes of Dartmoor* The results obtained, 
applying the Hawksworth and Rose (1970) pollution soale, support 
these conclusions but suggest that the sulphur dioxide is more 
rapidly diluted, its effeots not extending as far as the lower 
slopes of Dartmoor* The isolated, short-duration sulphur dioxide 
readings taken at ground level using the portable meter suggest 
that levels of the pollutant are higher on the west slopes of 
Amados Hill ( piymptor-by-pass site) than at the lower elevation 
sites closer to the oity* This would indioate that sulphur dioxide 
from the powerstation is largely deposited on land at a similar 
height to the staoks*

The abundanoe of lichens on degenerate Gallun- ̂ urn at Drake lands 
Corner, including such pollution sensitive speoies as Psnea subfloridana, 
suggests that only low levels of sulphur dioxide ocour in this area* 
However, as Geiger (1961) points out, the climate immediately above 
the ground can be substantially different from that recorded by 
meteorological stations and as the lichens referred to ire n11 either 
terricolous or growing at ground level they are sheltered to a 
large extent from the prevailing winds* Gilbert (1968) showed that 
shelter can have a significant effect on modifying sulphur dioxide 
levels in urban areas* In an exposed situation he found that 
conoentrations of the pollutant were reduoed in a layer of up to 
15cm over short turf*

Barkman et al (19&8) report the presenoe of Praseiola crispa. 
whioh may be synonomous with Hormidium flaooidum, from the centre 
of Rotterdam and the present work reoords Zygogonlum erioetorum 
from a polluted area of moorland on the western slopes of the Pennines 
in Derbyshire* Pleurooooous viridis is a common epiphyte of tree- 
trunks in urban and industrial areas and it may be that terrestrial
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algae as a group are oomparitively pollution tolerant* Gilbert 
(personal oommunioation) mentioning the greater toleranoe of terri- 
colous Bryophytes and lichens (as compared with epiphytic forms) 
to air pollution, suggests that 2* erioetorum may be able to exploit 
the more sheltered habitats olose to the ground in moderately 
polluted areas*

There is no satisfactory method of equating concentrations of 
sulphur dioxide in solution with those in the air and consequently 
it is difficult to interpret the results of the laboratory experiments 
in terms of the field situation9 ewen allowing for the very artifioal 
conditions of the laboratory experiments* Saunders (1 9 6 6) and Puokett 
et al (1973)9 on the basis of limited experimental evldenoe9 have 
proposed that aqueous solutions of sulphur dioxide are equivalent 
to 100-»fold lower ooneentrations in air but strongly dependent 
upon temperature. If this relationship is accepted, then levels of 
50ppm aqueous sulphur dioxide, at which effects on Hormidium flacoldum 
were demonstrated, may represent realistic atmospherio levels of the 
pollutant in industrial areas* Zygogonium erioetorum proved less 
suitable experimental material but the results suggest that it 
shows a somewhat similar sensitivity to that of H* flaooidum.
Both were killed by oontinous immersion in solutions of 5PP<* sulphur 
dioxide and both were morphologically little altered by oontinous 
immersion in solutions of lppm* However, other workers using sulphur 
dioxide solutions to treat plants have demonstrated a greater toleranoe 
in their experimental material to the pollutant* Gilbert (1968) 
treated cultures of a number of Bryophytes with solutions of sulphur 
dioxide for 4 8 hours and showed that even at concentrations of 6G0ppm, 
at pH 6.6 neither the gametophytes nor the protonema were killed* 
However, sensitive species could only survive concentrations below 
about 20ppm at pH 3*2* Gilbert also records the presenoe of a 
Chlorophyoeae contaminant which was able to tolerate levels of 
600ppm sulphur dioxide solution* In the present work a contaminant 
of the Chloroooooales type was noted in some cultures and was able 
to tolerate levels of 200ppm aqueous sulphur dioxide* Halhotra 
(1973) found that pine needles inbubated in aqueous sulphur dioxide 
solutions were little affected by concentrations up to lOOppm and 
Puckett et al (1973) showed that some lichens could tolerate 
incubation for 6 hours in oonoentrations of 7*5 ppm sulphur dioxide 
solution without their carbon fixation rates being reduced*
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The degree of ionisation and the ionio forms constituting 
sulphur dioxide solutione are strongly dependent upon pH*
Puckett et al (1973) has shown that all forms of dissolved 
sulphur dioxide beoome increasingly better oxidising agents 
as the pH of the medium is lowered* The present results indioate 
that sulphur dioxide is most toxio to the algae investigated at 
low pH. These solutions are likely to consist predominantly of 
sulphurous acid and bisulphite ionsv and oell membranes arc likely 
to be more permeable to these forms than to the more highly oharged 
sulphite ions (Hales and Sutter, 1973)* A high pH reduced the 
effeote of the pollutants and this may be beoauce the sulphur is 
converted to sulphate, which is lees toxio*

The algal material was subjeoted to two types of sulphur 
dioxide solution treatments namely oontinous immersion over a 
period of several days and daily, short duration immersions. The 
latter may be more representative of the field situation although 
in these experiments some of the sulphur dioxide solution was taken 
up into the agar medium so that thpalgae were continually exposed 
to some sulphur dioxide* Hill (1974) has sho*n that in the lichen 
Hygogymnia physodes there is a reoovery from the short term effects 
of sulphite on photosynthesis*

The alteration in the growth pattern of filaments of H» flaooidum 
oaused by short, daily doses of up to 50ppm aqueous sulphur dioxide 
at low pH was a result of irregular divisions of the cells* Pieroy 
(1917) has reported that filaments of this species may show bends at 
points where splitting of filaments is oocurlng and that this oan 
lead to the filament assuming a sigt-sag form* However, the contorted 
appearance as seen in filaments treated with sulphur dioxide solutions9 
is not recorded* Bleasdale (1973) points out that cell division is 
controlled by a balance between partially oxidised sulphur radicals, 
such as sulphites which inhibit oell division, and reduced sulphur 
radioals, sulphydryl compounds whloh promote oell division* Henoe 
an imbalance of these radicals as a result of sulphur dioxide 
treatment may be expeoted to affect oell division in H* flaooidum*
This alteration in growth pattern was aooompanied by a swelling of
the oells and an alteration in the ultrastruoture of the ohloroplasts*
The formation of vesioles from the thylakoids in the ohloroplast
waB comparable to the ultrastruotural alterations oaused by sulphur 
dlodixe in higher plants as noted by Wellbum et al (1972) a nd



184
Malhotra (1976)* Chlorophyll breakdown was detected in some of 
the cultures of contorted filaments* Even a slight degradation 
of chlorophyll or rearrangement of thylakoids is likely to 
impair metabolic process and investigations of carbon dioxide 
assimilation rates in the alga would prove profitable* It 
is unlikely that the observed ohanges in ohloroplast ultra
struoture were indicative of senesoenoe because If contorted 
filaments were transferred to fresh media they oontinued to 
grow giving rise to 'normal', unswollen cells* Senescent oells 
in both oontrol and sulphur dioxide treated material had a 
rather different appearance under the electron microscope.

All the experiments were oonduoted at 23°CV a considerably 
higher temperature than would be present in the natural habitat 
of the algae during the winter months when highest levels of 
pollution usually occur* It may be that the toxioity of sulphur 
dioxide is affected by temperature* Kill (1974) found that the 
concentration of sulphite required to affect photosynthesis in 
the liohen Usnea sp* was similar at 5®C and 15°C but most experiments 
on toxioity effeots o f sulphur dioxide on lichens and Bryophytes 
have been oarried out at temperatures of 18°C or above*

This work has oonsidered sulphur dioxide as an air pollutant 
in Isolation whereas9 although it isthe most widespread air 
pollutant that can oause severe damage to plantsf it seldom ooours 
on its own but is usually associated with generally smaller amounts 
of other pollutants* The biologioal effeots of more than one 
pollutant simultaneously are likely to be additive or even synergistio 
as has been demonstrated by White et al (1974) and Bull and Mansfied 
(in press)* Because the algae are terrioolous they are most likely 
to be affected by pollutants reaohing them by "washout"f and in 
fact sulphur dioxide is likely to be the most important of these*
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IBs D i s c u s s i o n  ; n d  C o n c l u s i o n s

B o t h  Z . y g o g o n i u m  e r i c e t o r u m  a n d  H o r n i d i u m  f l a c c i d u m  a r e  v e i l

a d a p t e d  f o r  a t e r r e s t r i a l  e n v i r o n m e n t .  B o t h  a r e  a b l e  t o  w i t h s t a n d

l o n g  p e r i o d s  o f  d e s s i c a t i o n  w i t h o u t  s e r i o u s  d a m a g e ,  a l t h o u g h  t h e

c o m b i n a t i o n  o f  l o n g ^ s p e l l s  a n d  h o t  s u n n y  w e a t h e r  m a y  k i l l  l a r g e  n u m b e r s
growth

o f  c e l l s .  D e s p i t e  t h e  f a s t e r ^ r a t e  o f  H. f l a c c i d u m , t h e  i m p o r t a n t  

s p e c i e s  i n  t h e  c o l o n i s a t i o n  o f  c h i n a  c l a y  w a s t e  i s  Z. e r i c e t o r u m .  T h e  

f o r m e r  g r o w s  w i t h  Z. e r i c e t o r u m  i n  s m a l l e r  a m o u n t s  b u t  b e c o m e s  l o c a l l y  

d o m i n a n t  w h e r e  t h e  s o i l  i s  l e s s  a c i d .

B i l i c a  s n d  w a s t e  i s  v e r y  p o r o u s  s u b s t r a t e  a n d  f l o w e r i n g  p l a n t s  

g r o w i n g  o n  it t e n d  t o  b e  r e s t r i c t e d ,  e s p e c i a l l y  i n  t h e  e; r l y  s e r a i  

s t a g e s ,  t o  g u l l i e s  a n d  o t h e r  d e p r e s s i o n s  w h e r e  r u n o f f  w a t e r  p r o v i d e s  

a  m o r e  r e g u l a r  s u p p l y  o f  w a t e r  a n d  n u t r i e n t s .  T e r r e s t r i a l  a l g a e ,  

h o w e v e r ,  a r e  l e s s  d e m a n d i n g ;  Z. e r i c e t o r u m  f o r m s  a n  a l m o s t  o o n t i n o u s  

c o v e r  o v e r  c h i n a  c l a y  w a s t e  w h i c h ,  i n  p i e c e s  w h e r e  t h e  s u b s t r a t e  i s  

p a - r t i c u l a r l y  u n s t a b l e ,  m a y  b e  a b s e n t  o r  p r e s e n t  a s  a  f i n e  w e f t  o f  

f i l a m e n t s  a n d  i s  b e s t  d e v e l o p e d  i n  d a m p  a r e a s .  T h e  c o v e r  h a s  t h e  

e f f e c t  o f  c o n s o l i d a t i n g  t h e  s u r f a c e  a n d  c o n t r i b u t i n g  t o  t h e  o r g a n i c  

c o n t e n t  o f  t h e  s u b s t r a t e .  H o w e v e r ,  s h e e t  e r o s i o n  o c c u r s  o n  t h e  t i p s  

a n d  o n  s t e e p  s l o p e s ,  a n d  d u r i n g  p e r i o d s  o f  he; v y  r a i n f a l l  t h e  s u r f a c e  

l a y e r  o f  a l g a  p l u s  s a n d  i s  f r e q u e n t l y  w a s h e d  a w a y  o n l y  t o  b e  r e p l a c e d  

b y  f u r t h e r  a l g a l  m a t e r i a l  b e i n g  w a s h e d  o n t o  t h e  n e w l y — e x p o s e d  a r e a s .

T h e  r e s p o n s e  o f  b o t h  a l g a e  t o  e n v i r o n m e n t a l  c h a n g e s  c a n  v a r y  

f r o m  f i l a m e n t  t o  f i l a m e n t  a n d  e v e n  f r o m  c e l l  t o  c e l l  w i t h i n  a  f i l a m e n t ,  

a  f e a t u r e  p a r t i c u l a r l y  m a r k e d  i n  Z. e r i c e t o r u m . T h i s  c a n ,  i n  p a r t ,  

b e  e x p l a i n e d  b y  t h e  d i f f e r e n t  a g e s  o f  c e l l s  w i t h i n  a  f i l a m e n t  a n d  t h e i r  

d i f f e r e n t  p h y s i o l o g i c a l  s t a t e s .  I t  w o u l d  b e  e x p e c t e d  t h a t  r e s i s t a n t  

c e l l s  s u c h  a s  a k i n e t e s  s h o w  a g r e a t e r  t o l e r a n c e  a n d  t h i s  i s  t h e  c a s e  

w i t h  r e g a r d  ;to r e s p o n s e  t o  d r y i n g  a n d  t o  t e m p e r a t u r e  e x t r e m e s .  H o w e v e r ,  

t h e r e  r e m a i n  a  s m a l l  p e r c e n t - g e  o f  c e l l s  w h i c h  a r e  t o l e r a n t  o f  h i g h  

p H  a n d  o f  c o n c e n t r a t i o n s  o f  s h e e p  u r i n e  a n d  s u l p h u r  d i o x i d e  s o l u t i o n s  

w h i c h  a r e  f a t a l  t o  m o s t  o f  t h e  c e l l s .  T h i s  s u g g e s t s  t h a t ,  i n  t h e  

f i e l d ,  a p r o p o r t i o n  o f  c e l l s  a r e  a b l e  t o  s u r v i v e  p e r i o d s  o f  a d v e r s e  

e n v i r o n m e n t a l  c o n d i t i o n s  s o  t h a t  r e c o v e r y  o f  t h e  p o p u l a t i o n  i s  p o s s i b l e .

A  s i g n i f i c a n t  i n c r e a s e  i n  t h e  a m b i e n t  s u l p h u r  d i o x i d e  c o n c e n t r a t i o n s  

i n  t h e  . L e e  M o o r  a r e a  m a y  i n i t i a l l y  a f f e c t  t h e  a l g a l  p o p u l a t i o n  

o n  t h e  c h i n a  c l a y  w a s t e  b u t  it i s  l i k e l y  t h a t  r e c o v e r y  w o u l d  f o l l o w .

A  d e s t r u c t i o n  o f  t h e  a l g a l  m a t  c o v e r  i n  s u c h  a r e a s  w o u l d  s e r i o u s l y  h i n d e r  

t h e  s e r a i  d * v e l o p m e n t  o f  v e g e t e i o n .  I f  t h e  p r o p o s e d  p o w e r s t ;  t i o n  a t
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P l y m o u t h  i s  ‘b u i l t ,  it i s  u n l i k e l y  t h a t  s u l p h u r  d i o x i d e  c o n c e n t r e t i o n s  

i n  t h e  a r e a  w o u l d  i n c r e a s e  s u f f i c i e n t l y  t o  a f f e c t  e i t h e r  Z. e r i c e t o r u m  

o r  H .  f l a c c i d u m  a l t h o u g h  t h e  l i c h e n  c o m  u n i t i e s  o f  t h e  d e g e n e r a t e  

C a l l u n e t u m  m a y  w e l l  b e  a f f e c t e d .  M o r e o v e r ,  b e c a u s e  o f  t h e  u n e v e n  

n a t u r e  o f  t h e  t e r r a i n ,  s h e l t e r  w o u l d  b e  a n  i m p o r t a n t  f a c t o r  i n  

r e d u c i n g  t h e  c o n c e n t r a t i o n s  o f  p o l l u t a n t s  o v e r  m u c h  o f  t h e  a r e a .

A n y  e f f e c t s  o n  t h e  a l g a l  c o v e r  would p r o b a b l y  f i r s t  b e  n o t i c e d  o n  t h e  

e x p o s e d  s o u t h  e s t  f a c i n g  s l o p e s  o f  t h e  t i p s .  C o n t i n u o u s  m o n i t o r i n g  

o f  t h e  a l g a l  c o v e r  w h e n  t h e  p o w e r s t e t i o n  b e c o m e s  o p e r a t i v e  w o u l d  b e  

p r o f i t a b l e  a n d  t h e  c h i n a  cla.y w o r k i n g s  a t  S t .  A u s t e l l  w o u l d  s e r v e  a s  a  

s u i t a b l e  c o n t r o l  a r e a .

I t  i s  l i k e l y  t h a t  a i r  p o l l u t i o n  t o l e r a n t  s t r a i n s  o f  b o t h  Z. e r i c e t o r u m  

a n d  H .  f l a c c i d u m  o c c u r  i n  d i f f e r e n t  a r e a s ,  a s  h a s  b e t n  r e c o r d e d  f o r  

h i g h e r  p l a n t s .  I t  w o u l d  b e  i n t e r e s t i n g  t o  compare p o p u l  t i o n s  o f  Z. 

e r i c e t o r u m  f r o m  D r a k e l a n d s  C o r n e r  w i t h  t h o s e  f r o m  t h e  D e r b y s h i r e  m o o r s  

t o  s e e  whether they s h o w  a d i f  r e r e n t  t o l e r a n c e  t o  l e v e l s  o f  a i r  

p o l l u t i o n .  P o p u l a t i o n s

o f  H .  flnccidu.'ri from the c e n t r e  o f  P l y m o u t h  m a y  s h o w  a. d i f f e r e n t  

r e s p o n s e  t o  t h o s e  a t  D r a k e l a n d s  C o r n e r ,

M o r p h o l o g i c a l l y ,  m a t e r i a l  o f  Z. e r i c e t o r u m  f r o m  d i f f e r e n t  a r e a s  

c a n  ■vary i n  c e l l  s i z e ,  p i g m e n t a t i o n , t h e  p r e s e n c e  o f  s i d e  b r a n c h e s  a n d  

c e l l w a l l  t h i c k n e s s .  I t  s e e m s  t h a t  t h e s e  p o p u l a t i o n s  a r e  a l l  r e f e r a b l e  

t o  t h e  s a m e  s p e c i e s  ; n d  t h : t  t h e  m o r p h o l o g y  i s  d e t e r m i n e d  b y  t h e  

e n v i r o n m e n t a l  c o n d i t i o n s  u n d e r  w h i c h  t h e y  a r e  g r o w i n g .

T h e  c h i n a  cl^.y i n d u s t r y  o c c u p i e s  a c o n s i d e r a b l e  a r e a  o f  l a n d  i n  

S o u t h w e s t  E n g l a n d  . n d  t h i s  a r e a  i s  l i k e l y  t o  i n c r e a s e  w i t h  e x t e n s i v e  

r e s e r v e s  a n d  a c o n t i n u i n g  d e m a n d  o n  t h e  W o r l d  M a r k e t  f o r  c h i n a  c l a y .  

A l t h o u g h  e f f o r t s  a r e  b e i n g  m a d e  b y  E G O  t o  f i n d  o u t l e t s  f o r  t h  s i l i c a  

s a n d  w a s t e  a n d  t o  r e v e g e t a t e  t i p s ,  it i s  l i k e l y  th-.t t h i s  w i l l  

p r i m a r i l y  a f f e c t  t h e  l a r g e  t i p s  s o  t h a t  t h e  n a t u r a l  c o l o n i s a t i o n  o f  

c l a y  w a s t e  w i l l  c o n t i n u e  t o  b e  o f  i m p o r t a n c e  i n  s o m e  a r e a s .
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A  c k  n o v .T1 e d  g  e m  c n t  s 

I s h o u l d  l i k e  t o  t h a n k  m y  s u p e r v i s o r ,  D r .  F .  B. P y a t t , f o r  h i s  

e n c o u r a g e m e n t  e n d  h i s  c o m m e n t s  o n  t h e  m a n u s c r i p t ,

I a m  g r a t e f u l  t o  P l y m o i  t h  C o r p o r a t i o n  f o r  p e r m i s s i o n  t o  u s e
i

s i t e s  w i t h i n  P l y m o u t h  a n d  t h e  S o u t h  W e s t  W a t e r  A u t h o r i t y  f o r  t h e  

p r o v i s i o n  o f  m o n t h l y  r a i n f a l l  f i g u r e s  f o r  L e e  K o o r  H o u s e ,

I s h o u l d  a l s o  l i k e  t o  t h a n k  t h e  I n t e r n a t i o n a l  S y n t h e t i c  R u b b e r  
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APPENDIX 

Isolation and oulture techniques

Bormidium flaooiduni was isolated and maintained in unialgal 
culture on 0.5 per oent Knop's agar slants at 23°C and illuminated 
at 4>300 to 5»300 lux By white fluvrsoent strip lights over a twelve 
hour photoperiod. It was also grown in 25ml aliquots of Knop's broth 
in 50 ml flasks on an orbital shaker and on moist sterilised silioa 
sand in pekri-dishes. Experiments using this species were oonduoted 
using Either field material (where stated) or oulture material on 
Knop's agar in petri—dishes in the majority of instances.

Despite persistent attempts, no success was aohieved in oulturing 
Zygogonium erioetorum. This was suspected to be partly due to the slow 
growth of this alga and partly due to its thick, mucilaginous walls 
whioh made surfaoe sterilisation diffioult. It was however, possible 
to maintain the alga in mixed oulture on moist silioa sand in petri-dishes 
and in liquid media. In laboratory experiments using this alga, fresh 
material from china olay wastes was used after as much extraneous 
material as possible had been removed by micromanipulation under a 
bionoular mlorosoope.

Media used in attempts to isolate H. flacoidum and Z. erioetorum

Medium H. flacoidum Z. erioetorum
0*5% Knop's agar ♦ ♦
0.05$ Knop's agar ♦ -
0*5$ Knop's agar ♦ 0.06$ iron seques-

trene ♦ ♦ -
Steam-sterilised china olay ♦ plain agar

(50150) ♦ ♦ -
Steam-sterilised china clay ♦ 0.5$ Knop's

agari-
50t50 ♦ ♦ -
50i50 ♦ CaCO^ ♦ -
50 50+ (hb4)2so4 ♦

75i 25 ♦ ♦ •»
Qodward's (1942) agar Not tried •
Csurda's (1932) agar Not tried — 1
0.5$ Knop's broth ♦ ♦ ♦

Key ♦♦ good growth, ♦ poor growth, — No growth



Media

Knop's agar 0.5$
Calcium nitrate lg
Potassium dihydrogen phosphate 0*25g 
Potassium nitrate 0*25g
Ferrio chloride ,1$ aqueous (l drop)
Magnesium sulphate 0*25g
Distilled water 350 ml
Agar 6.3g

Dissolve each separately in a little water, mix and make up to 350mU

Oodward's medium (1942)
Potassium nitrate 250rag
Sodium sulphate 58mg
Magnesium sulphate.7H20 80mg

di-Potasslum hydrogen orthophosphate 28mg 
Calcium nitrate 20mg
Calcium carbonate lOmg
Potassium silicate 3mg
Distilled water 11

Csurda's medium (1932)
Potassium nitrate lOOmg
Magnesium sulphate. 7 ^ 0  lOmg

di-Potassiura hydrogen orthophosphate lOmg
Calcium sulphate 5mg
Ferrous sulphate. 7BLQ 5mg

Distilled water 11



Buffers
MoIlvaine*s phosphate
pH Solution (A ml) Solution B (ml)
3*0 39*8 10*2
4.0 30.7 19.3
5*0 24.3 25.7
6*0 17.9 32.1
7.0 6.5 43.6

Solution A 0.1M oitrio acid
Solution B 0.2M di-Sodium hydrogen phosphate

Sorensen*s phosphate
pH Solution C (ml) Solution D(ral)
5.29 2.5 97.5
5.59 5.0 95.0
5.91 10.0 90.0
6.98 60.0 40.0
8.04 95.0 5.0

Solution C 0*15)1 di-Sodium hydrogen phosphate 
Solution D 0.15M potassium dihydrogen Orthophosphate

Citrate buffer
pH Solution £ (ml) Solution F (ml)
3.0 82 18
4.0 59 41
5.0 35 65
6.0 11.5 88.5

Solution £ 0.1M oitrio aoid 
Solution F 0»1M sodium citrate

K.B. Csarda's phosphate, see under 'Media
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Staining for dead cells
Dead and plasmolysed cells were detected by the use of stains 

and also by examination at daily intervale to observe progressive 
discolouration of cell oontents. In some instances filaments 
which were believed to be dying as shown by the above methods 
were transferred to fresh media in order to see whether new 
growth oould be stimulated and it was found that these cells 
invariably died*

Various stains have been tried in the past to distinguish 
dead and plasmolysed cells* Bobrov (1955) found thionin in weak 
aqueous solution, Sudan 111 and Sudan Blaok were all suitable 
for differenting between normal oells and cells damaged by smog 
pollution in handout seotionB of Foa annua* Damaged oells 
were Btained whilst normal oells remained unstained* Fritsoh 
(1922b) investigated the permeability of a number of algae 
including Z. erioetorum and H* flacoidum to various stains in 
dilute aqueous solution and conoluded that the oells of the two 
algae were permeable to different stains and that the degree of 
permeability varied considerably from one stain to another*

Stains used in the present investigations were 1 per cent 
thionin, 0*01 per oent neutral red, 0*02 per cent nile blue, 1 
per oent methylene blue and 0*05 per oent toluidine blue, all 
in aqueous solutions* In some experiments thionin was 
utilised but it was fou*d that results using this stain oould be 
misleading as there was a relationship between the number of oells 
stained and the duration of staining. This was moat marked when 
the period of immersion in the stain exoeeded twenty minutes^ when 
increasingly large numbers of oells beoame stained. Although it w<as 
not general praotioe to leave material in the stain for this 
length of time and although all results were obtained from using 
at least two different stains, it was decided to seleot another 
stain as the prinoipal one* Of these tried, neutral red gave 
most unsatisfactory results whilst the others all differentiated 
between dead and living oells, some more clearly than others*
Dilute methylene blue was found to give the best results with 
both algae* After staining, dead oells appeared blue, plasmolysed 
oells were blue-green whilst unplasmolysed oells remained green*
The oell types retained their identity after thirty minutes immersion.
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Scoring oells

Standard methods for counting single oells under the miorosoope 
were not appropriate for oounting filamentous organisms. Methods 
devised for estimating numbers of filamentous baoteria and blue- 
green algae suoh as that of Burham et al (1973) were also unsuitable 
for the larger filaments of green algae.

The method used for scoring oells in the present investigation 
has disadvantages but proved to be the most practioable when oounting 
large numbers of oells* To ascertain percentages of dead cells, three 
slide preparations were made from eaoh replicate, random fields were 
viewed under the miorosoope and one hundred conseoutive cells scored 
from eaoh of five filaments*Xn addition, percentages of dead oells 
were assessed by soanning many fields of view* Generally, results of 
cell counts and visual estimates were comparable* When enaming 
oultures of H* flaocidum attention was paid to filaments at the 
periphery of the oulture (i*e* the new growth produoed after 
subculturing)•

The disadvantage of the material used was the inherent variability 
among the filaments* The response to treatments varied not only from 
filament to filament but from cell to oell within one filament and was 
particularly marked in Z* erioetorum* Filaments selected from different 
partb of an area of a few square oentimetmes in the field oould be 
very variable so that it was necessary to examine filaments representing 
the oondition of the patoh as a whole* Because of this variety in 
response of different oells, the standard deviations in the results of 
some of the experiments are large.
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E l e c t r o n  m i c r o s c o p y  f o r m u l a e  

L u f t f s p e r m a n g a n a t e  f i x a t i v e

S o l u t i o n  A  2 0 m l

0 . 1  N  h y d r o c h l o r i c
a c i d  2 2 m l

P o t a s s i u m  p e r m a n g a n a t e  2g
F r e s h l y  d i s t i l l e d

w a t e r  6 0 m l

S o l u t i o n  A 14»7g S o d i u m  b a r b i t o n e ;  9»7g S o d i u m  a c e t a t e . 3 ^ 0 ;  5 0 0 m l  

d i s t i l l e d  w a t e r .

S o d i u m  C a c o d y l a t e  b u f f e r

S o l u t i o n  A  0 . 2 M  s o d i u m  c a c o d y l a t e . 3 H ^ 0

S o l u t i o n  B  0 . 2 M  h y d r o c h l o r i c  a c i d

T o  e a c h  lOOrnl o f  s o l u t i o n  A  a d d  9 4 ^ 1  of s o l u t i o n  B. 

D i l u t e  w i t h  w a t e r  t o  4 0 0 m l .

R e . y n o l d t s l e a d  c i t r a t e  s t a i n

T o  m a k e  1 0 m l  s o l u t i o n ,  d i s s o l v e  0 . 0 1  -  0 . 0 4 g  l e a d  c i t r a t e  i n  

1 0 m l .  s i n g l y  d i s t i l l e d  w a t e r  i n  a  s c r e w - t o p p e d  v i a l .  A d d  0 . 1 m l  I O N  

s o d i u m  h y d r o x i d e  s o l u t i o n  a n d  s h a k e  v i g o r o u s l y .

U r a n y l  a c e t a t e / l e a d  c i t r a t e  s t a i n

U r a n y l  a c e t a t e  S a t u r a t e d  s o l u t i o n  o f  5 0  p e r  c e n t  e t h a n o l  

L e a d  c i t r a t e  l O p e r  c e n t  a c u e o u s  s o l u t i o n .  N  s o d i u m  h y d r o x i d e  

a d d e d  d r o p - w i s e  t o  r e m o v e  a n y  c l o u d i n e s s .


