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Algal samples were collected from a diverse rznge of aquatic
habitats in the Durham area, with pE values ranging from 3.2 - 9.2,
and their acid tolerance in culture was investigated. The pH ranges
of eccurrence of species in the field were tabulated and their ability
to survive in culture at pH 3.3 recorded. The results reveal that
some species are restricted to low pH environments among the samples
taken, whereas other acid tolerant species can also be found at
normal or high pH sites.

Acid tolerance wzs found not to be specific to any particular
algal division, the only commom division not represented among
acid tolerant species being the Cyanophyta. This is in agreement
with results of investigations in America.

Comparison of species found to be acid tolerant from environments
other than minewater drainages, with the flora of an acid minewater
drainage at Brandon, suggeats that pH is probably the major factor
determining the flora of the latter, rather than pH-independent
factors characteristic of minewater.

Evidence was found showing that tolerance of low pH conditions
is a characteristic of particular species to a considerable extent,
and samples of these species taken from guite alkaline environments
were found to survive at low pH in .culdure. However, there is also
some evidence for the occurrence of adaptation within a species and
this may be important.

No clear patterns emerged from a floral comparison of the Brandon
Acid Streams catchmenht area and the surrounding countryside.

Some experiments on transport of algae by air were carried out,
but limited data were collected. It sppears that the Acid Stream
species are not common among the algae in the air a short distance

from the Stream.
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1  INTHODUCTION




a1 TNTROTUCTION
1.1 Distribution and diswersal of algze.

The factors controlling the distribution of algae are many
and complex and, although algal ecology has been stucied for over
£ifty years, the difficulties inveolved in determining the relative
importance of each cf these factors have greatly impeded advancement
of understanding in this field.

In an early nvaper, STROM (1924) reports that many algae are
cosmopolitan in occurrence, although geographical localization is
noticeable. in some cases, especially for some desmids., Since then,
a great deal of research into the classgification of particular floral
communities typical of particular environments has been carried out
(BUTCHER, 1933; BLUM, 1956). The field is reviewed by LUND (1965).
More r‘ecent work, based mainly on laboratory culture experiments, on
the effects of many ervirommental factors including calcium
concentrations, nitrogen availability, pH and temperature, is
presented in a comprelensive review by MO0S3 (4972, 19732, b, c).

He compares the effects of these factors on eutrophic and oligotrophic
algae. Elucidation of the r8les of these diverse environmental
factors is, and will be, of ever-increasing importance in the field
of water management.

Although great steps forward have been made in the above field,
very little research has been carried cut into the factors influencing
ard controlling the dispersal of algae. These dispersal mechanisms
may well be of great importance in explaining their &istribution
patterns, but of'ten nc obvious patterns emerge from studies of the
colonisation of new water bodies (TALLING, 1951 ). Only over the
last fifteen years has progress veen made in this field.

A paper on the topic in general was published by MAGUIRE

(1963) but most of the available data are concerned with the rOles

v ¥ ’ s
Qii & 9743
g I\ORY



http://caE.es

of specific animals :in the diszersal of algae. Studies on
waterfowl have shown these to ke capable of carrying viable algae
internally for considerable periods (PROCTOR, 1959; SCHLICHTING,
1960) although ATKINSON (41970), in a specific study of a planktonic

diatom Asterionells formosa, finds no evidence for internal transport

of viable cells of this species.

A considerable amount of work done in Tex&as and North
Carolina ha.s. shown that certain insects are capable of carrying
vigble algal cells for considerable distances (REVIIL et al, 1967),
and MILLIGER & SCELICHTING (4963) demonstrate that transport of
algae in the gut of an zquatic weetle may be exceedingly important,
Little research appears to have been carried out on the dispersal
of algae solely by wind current:s. SCHLICHTING (496L4) reviews the

problem and JAWCRSKI % LUND (19",70) studied Asterionella formosa

to try to gain some iaformation om dispersal of planktonic algae
which have been notably absent from many of the studies. The

field is still very young and msny problems await solution.

1.2 Extreme aquatic envircnments,

BROCK (1969) defines an extreme enviromment as one from
which whole taxonomic groups of organisms are absent. It is
important to remember that enviromments which might be considered
extreme by man are not necessarily extreme in this sense, e.g. the
Arctic. In studying many natural environments florally,the
camplexity of envirommental factsrs mentioned abowve, and the
diversity of the flora, make devzlopment of a scientific model of
the system extremely difficult. Extreme environments can often
be florally described completely without too much difficulty, anmd
their study can give information of use in eliigidating the complex
interaction patterns in more normal ecosystems. In addition, an

extreme aquatic envirament provides a habitat in the field vastly
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dif‘fe-rent from surrowding waters but usually similar to other such
extreme habitats in other parts of the world. Comparison of such
systems can give valuable information on factors determining algal
colonisation. The field is reviewed by WHITTON (1972).

In addition to investigetions of & general nature, extreme
environments often justify study where they cause particular pollution
problems. This is especially true in the éase of acid streams caused
by strip mining in America (PARSONS, 1952). This thesis is
particularly concerned with extreme acid environments of this type.
Detailed studies of the flora of such streams in America have been
carried out (LACKEY, 1938, 193S; BENNETT, 1969), although no data
have as yet been published concerming similar streams in Britain,
Other sources of acid water include peat mires where the pH can
approach a value of 2.) or less, and volecanic sources such as
acid thermal springs (which are often dominated by Cyanidium
caldarium), and volcamic lakes. Little data are available on the
flora of the latter, although some work has been done in Japan
(UENO, 1938) where lakes of acidity of both volcanic and humic
origin occur (UENO, 1958).

Problems associsted with studies of acid enviromments are
that these are often associated with high heavy metal levels,
especially iron and 2luminium in the case of minewater.

About 12 photosynthetic organisms are commonly found
growing at pH = 3.0 or below, as well as a large n_mnber of bacteria

and fungi, some of which will swrvive at pH valuesas low as zero.

1.3 Aims of Study.

The main aim of this study is to investigate some aspects
of the tolerance of algae in the Durham area {o low pH conditions,
and to relate the results to the flora of a very acid stream at

Brandon, thus perhaps elucidating the major factors governing its



flora. Acid tolerarces of algae in culture are compared with
their observed distribution over the sampling sites used, in
order to determine wkéther the results show any evidence for the
formstion of ecotypes adapted tn low vH conditicns. Comparisons
are made between the flora of the Acid Stream ard that of its
catchment.

Finally, the results of some investigations carried out
into the aerial transport of acid tolerant algae are considered
in an attempt to clarify further any patterns that emerge from

the study.
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2 DESCRIFPTION OF THE AREA AND SITE SELECTION

2.1 Durham Area Study.

The area studied for this part of the preject was a part of the
River Wear catchment between Witten-le~Wear and Durham, and continuing
north te Waldridge Fell,near Chester-le-Sireet.,

The River Wear is a relatively fast-flewing river subject to rapid
rises and falls at any time of the year, and is moderately hard and
eutrophic by the time it reaches Durham. The area is mainly arable
farmland or urban on a stbstratum of cozal measures, sandstones and shales,
with some peaty moorland areas. The upper part of the River Wear flows
through old lead mining areas and tius receives a small load of heavy
metals which may have some slight effects on the flera. Drainage from
0ld coal workings also affects many of the watercourses in the area,
Several studies of the algal flora of the area have been made in the
past (GRIFFITHS, 1936; DEWDNEY (Ed. ) 1570) especially of the River Wear
(BUTCHER, 1932; FPEABODY & WHITTON, “968; WHITTON & BUCKMASTER, 1570).

For the initial experiment to study the effects of pH on the
occurrence of algae in the area and their acid tolerance, samples were
collected from sites with a wide rarge of pH., 32 sites were selected,
the main criterion being o achieve as wide a pH range as possible
whilst also including a wide range of conditiens with respect to eutrophy,
physical coenditions, subsirate type, hardness etc,, %o reduce the
influence of these parameters on the overall results. Sites chosen
ranged from a peol on bare pezt at pid = 3.2 to a lake outflow stream in
an old gravel pit area at pH = 9.2; from pools and spal 1 streams to the
River Wear; and from unpolluted mocrland waters to sewage works effluent.
About half of the sites were flowing, and half standing water. The
sites were numbered D1 - D32. Posivions are shown on Map 1.

The number of sites that could he studied was limited by

available time and culture space. For this reason 21 sites were
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selected from the original 32 afier preliminary microscopical
examination to give the widest range of floral types. Samples were
then put into culture a&s described in section 3.2 at low pH and

site pH, and the acid tiolerances of the various species investigated.
Results from the acid stream catchment swvey (see next section) and
floral lists for the Branden Acid Streams (pers. comm. HARGREAVES,
1973) were also included in the general results,

2.2 Brandon Acid Streams.

(i) In the second part of the experimental work a series of floral
samples were taken in the catchment of two very acid streams near the
site of Brandon Pithous:s Colliery (see Map 1 for position in relation

to Durham area). The valley of the acid streams leads down to Red
Burn and vltimately to the River Leerness. The whole area has been
extensively mined flor several centuries by means of small adit mines
into the various seams cutcropping down the valley sides. Shaft mining
in the area has been carried out since at least as long ago as1838
(DURHAM DIOCESAN RECORDS, 1838) so it is likely that most of these drifts
have been disused, except for drainage purposes, for over a century, ami
most are not traceable oa the growd.

The main shaft of ‘the modern Pithouse Colliery was sunk in 4926
down to Tilley Seam leve.., and the modern wurkings would interconnect
with the old drifts in the FPive Quarter and Main seams. The colliery
was finally closed in 1966 leaving 2 spoil heap 800 m. acress
(ROBINSON, 1974). The acid streams both spring from near the base of
this tip and both appear to run from old drifts in the Main seam outcrop
- see Map 2. Acid Stream 1 flows from an earthenware pipe near the
site of one of these drifts whereas Acid Stresam 2 seeps from the base
of the tip as shown, However, the latter appears to originate from

the old drift now cevered by the tip, rather than from seepage through




it, since the tip has heen shomm to have no water table of its own,
and creep movements consistent with seepage along its hase have
been recorded. Acid Htream 1 has been shown on approximately its
present course on maps since 1897.

Acid Stream 1 lesves its source with a pH of 2.6 and a remarkably
constant flow ef around 0.3 1.3"1, altheugh this is drastically
increased during rainy weather a few metres downstream by drainage
from the tip. Flowing along the present base of the tip, the stream
passes through a reservoir (built early this century for an unknown
purpose) to its confluence with Acid Stream 2. It then continues
towards the site of Esh Wood, a plantation of some antiquity, at
whose boundary the pH is raised te 6.4 due to dilution by other
streams., In 1970 contrractors started levelling the tip and in 419719
dredged out the stream o prevemt fleceding of farmland, thus the present
flora of the stream is the result of 2 years' colonization and growth.
Since October 1972 regular sampling of the stream, both chemical and
floral, has been carried. out at Durham (pers. comm. HARGREAVES, 1973)
and the sites used have been marked on Map 2. pH values corresponding
to these sites are shown in Table T (numbered S1 - S13).

Acid Stream 2 has 2 source pl of around 3.0 and retains this
until its confluence with a surface water stream, as shown, where the
PH rises and hydrated iron (III) oxides are precipitated. It then
passes through a pipe to join Streesm 1. Two of the sampling sites
listed are on Stream 2.

The cause of the acid contamination of the water is the oxidation
of iren pyrites (FeS;) leading to production of soluble acidic compounds
- mainly sulphuric acid, Acid mins-water appears to be specifically

associated with coal sears containing or adjacent te deposits of pyrites,
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especizlly in cases where there has been a fire in the warkings.

At Pithouse the Main seam has very low sulplmr content so the

pyrites is presumably present in adjacent strata. Formation of acid

can arise either by atmospheric oxidation of pyrites or the action

of sulphur oxidizing and iron oxidizing bacteria, Little is known

concerning the relative importance of these two mechanisms,
Atmospheric oxidation can basically be considered as occurring

by the following steps (JOSEFH, 1953):

2Fe82 + 3% + 250 3 ZFeSO‘Q_ + H2304
also LFeS0, + 2H;S5C, 2 2Fe2(804)3 + 2H, 0
and  Fe, (80,)3 + 4H,0 &  2Fe -(OH)3 + 3Hp 80,

although the actual mechanisms of reaction under the conditions may
be complex and are little understcod. The second two steps are
dependent on concentrations and pHE values, Most of the iron in the
upper few metres of the acid streams will be in the iron (II) state.
At higher pH the iron is precipitated - at pH values greater than
gbout 3.3 in most stream waters,

Bacterial oxidation appears to ‘5e mainly éue to three organisms:

Ferrobacillus ferrooxidzns, Thiobh:scillus thiooxidans and Ferrobacillus

sulfooxidans (BAKER & WILSHIRE, 1970). These are believed to be respons-

ible for a considerable proporticn of the acid production.

(ii) In order to try to determine whether any important patterms
exist in the relation of the flore of the acid streams with thet of
their catclment, a detailed study of other flowing water in the
catchment was carried out. Algal samples were taken from 20 sites in
the area including 211 flowing water in the area as well as one or two
standing water and intermittently f'lowing sites. These sites were

rumbered Wi - W16 and ar: fully described in Tables I and II. Their
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locations are shown on M2ap 3. Where several sites were chosen on
the same stream all were given the same number with suffixes a, b,
Ceeees €tc. starting fran the lower end, Samples were put into
culture as described later and exsrined after 3 weeks., The whole
survey was repeated 7 wecks later.

2.3 Ajr-=flora study.

In studying facters controlling the distribution and spread of
algae in an area it is obviously relevant to investigate the
mechanisms of dispersal of species. Although a certain amount of
work has been done (see .Introducticn), this field is still little
understood. In an attermt to obtain some information as to the
acid tolerant algae present in the air around the catclment, sets
of plastic beakers containing acidified growth medium were left
out at selected sites, 4 directly above the Acid Stream, and 4 elsewhere
in the area. The sites were numbered A1 - A8 and are marked on Map 3.
Thus it was hoped that observation of growth in these beakers would
give some information as to the mobility of species in the area.

It would have been preferable to repeat the experiment at a large

number of sites, but this was not possible due to lack of time.
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3 METHODS

3,4 Collection of Samples.

(1) Algal samples were collected using 20 ml. sterile plastic blood-sample
tubes. Tor rocky substrates growth from an area of 1 cm2 w:as: scraped up
and collected along with samples of any visible filamentous growth in the
vicinity and 10 ml. of water from the site. For mud and clay substrates
the top few millimetres of mud were cellected over the same area. In any
cases where a large diversity in substrate or growth was apparent at a site,
samples from all types were taken. In repsating samples at a later date
care was taken to repeat the originzl sample in as mach detail as possible.
Samples were briefly examined and tlen cultured within 24 hours of
collection.

(ii) Air-flora samples were collecied by leaving out acid-washed plastic
250 ml. beakers each conteining about 30 ml, of modified Chu 10 D medium
for two-week periods. Six beakers were left at each site (site nos. A1

to A8). Two of each set contained growth medium at pH=2.6, two at pH=5.5
(adjustment of pH being carried out by addition of 2.5 M sulpluric acid),
as well as 'l';wo containing nutrient agar at pH=5.5 . One of each pair of
beakers was covered by 1 mm-2 mesh black muslin. Where dilution ocourred
due to the heavy rein experienced dwuring the sampling period, mutrients
and acid were added immediately after collection of the beakers to restore

Chu 10 D nutrient concentratiens and original pH values before incubation

in a 12°G culture room for three weelks.

3.2 Culture Methods.

The culture medium used throughout the project was a modification of
Chu's 10 D medium (CHU, 19.'42)*. This was chosen as experience of other
workers has shown it to be a very suitable medium for mixed cultures, being
high enough in nutrient levels for mast species to survive but not se high
as to encourage over-rapid developmert of dominance by eutrophic organisms.
Soil extract was added to facilitate growth of motile organisms having been

first rendered free of viable algae ty repeated boiling and cooling. Cultures

% See Appendix 1.
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of 'D' and W' samples were carried ont in 20 ml. of medium in 25 mm. boiling
tubes in a shake-tank at 15°C with a light intensity at the base of the tubes
of 50 Klux. Air-flora samples were cultured in 400 ml. conical flasks in a
'12°C room on a white tray in a light :intensity of 3'0 klux. All culture
vessels, storage bottles anil pipettes were washed with detergent followed

by 2 M hydreochloric acid, then rinsed in distilled water and dried at 110%
before use on every occasion. Culture tubes were sealed with Morton Closures.
For each batch of medium maie up, samples were kept in tubes, under the
conditions described, as blanks to confirm the algal sterility of the medium
~and glassware. Examination after two weeks showed only bacterial and a little
fungal growth.

The 'D' samples were cultured at pH=3,0 ; pH=3.5 and pH of the site of
origin measured at the time of sampling. In addition, 2 mixed inecuwlum was
prepared from all the samples and cultured at a range of pH values from 2.6 - 4.0.
The 'W' samples were cultured in three series:-

Series X - pH=3.0.

Series Y - pH= that of the acid stream 1) below confluence for 'W' samples
on tributaries, 2) at the nearest point for other 'W' samples.

Series Z - pH= that of the site of origin at the time of sampling,
'A' samples were cultured as already described,
Samples were shaken and allowed to settle and filaments broken up where
necessary. The inoculum was then taken by sterile dropper from the surface

of the sediment and the surf'ace of the liquid, care being taken to include

fragments of any filamentous species present. The amount of liquid included
in each inoculum was insufficient significantly to alter the pH of the
rrepared culture medium., Crltures wers grown for a peried of two tc three
weeks in each case, after which time they were examined microscopically and
the pH measured. During the two or three days taken to examine z set of
cultures, the tubes were stcred in a 5°C culture room which appeared to be
effective at slowing down any changes in pH or floral composition which were
occurring. One d the major problems =ncountered in culturing the samples
was the change in pH brought about by growth of the organisms. Cultures at

an initial pH of 3.5 and above were found to be fairly unstable with respect
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to pH which usually rose to 6 or 7, Cultures at pH=3.0 and pH=2.6 were
found to be very stable., This is further diseussed in later sections.

3.3 pH measurement.

Measurements of site pH were carried out in the field using a Pye
Model 295 portable pH meter, with an Eg7 electrode. This was alse used
for measurement of pH of cultures. The latter were carried out by
withdrawing 2 ml. of medium for the measurement using a sterile pipette
thus avoiding any carry-ever of organisms. In making up culture media
an EIL Model 23A direct reading pB meter was used after careful cleaning
of the electrodes. Lack of algal growth in the blanks confirmed that no

algal contamination had been introduced freom this source.

34 Microscopical examination.

Examination of the cultures was carried out by preparing six 22 x 50 mm.
slides from each culture using a sterile dropping pipette. OCare was taken
to include materizl from the tube walls and liquid surface, as well as from
centre and bottom of the tube. Each slide was then scanned three times
longitudinally under a2 X 10 objective, followed by five scans using a XLO
objective, Lack of time available limited the amount of detailed
investigation on difficult species that could be carried out using higher
magnification and oil immersion techniques. Each living species present
was recorded, as well as i%s conditicn, if this was particularly unhealthy.
Problems arose in some cases in deciding whether an alga was living er not,
especially in the case cf diatoms., These were recorded as living if any
signmificant amount of cellular matter was present.

Lack of time precluded any growing up of unialgal cultures for
identification purposes, thus it was not possible to identif'y some of the
palmelloid green cells present. Some other sm2ll species were not
identified, especially small diatoms. Taxcnomic problems are further

discussed in Appendix II.
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The data collected @i set out in the following pages in tabulated
form. Firstly some details of the sites used are summarized te give an
indication of the range of environments encompassed by the s tudy. The
results of the floral analyses of the culturss are then given and some
comparisons drawn. Finally results of the air-flora study are mentioned.

4.1 Details of sites.

Table I summarizes details of the various sites used in the project.,
Of the 'D' sites, only the 21 selected for the study have been included,
The exact locations of the sites are shown in maps 1 - 3.

Notes to Table I.

Date:~ For 'D' samples this is the date of collection of the sample,
'W' samples were cellected on 2 occasions -~ 30.5.73 and 20.7.73.
Samples from 'S' sites have been collected at regular intervals
since October 1972 (pers. comm. HARGREAVES),
'A' samples A1 - A4 were collected on 2 oceasions - 26.6.73

and 3.8.73.

A5 - A8 were collected on 413.8.73.

PH:- For 'D' samples wvalue is pll at time of collection.
For 'W' samples value is mean of values frem 2 samplings,
For 'S' samples value given is mean of all readings taken under
normal conditions (i.e. not flood or freezing conditions).
Except for W9 aml W10, pH values for '"W' and 'S' sites show
a high degree of comstancy.

Flowing/ F - represents water always flowing.,

Still:-
IF - represents water interinittently flowing.

S - represents standing water,



Shaded/
Open:-

regresents
rexresents
represents

represents
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no flow,

an estimated normal fleow of less than 0,01 cumec;1
(10 1.5” '.)

an estimatied normal flow frem 0,01 - 2.5 cumec.

an estimated normal flow greater than 2.5 cumec.

S - represents heavy shadle.
L - represents light shadle,
0 - represents unshaded, open,

'Yes' in the column marked 'heavy algal growth' represents

readily visible algal growih.

'W!Samples - the following are tributaries of acid stream 1 (i.e. water

'A?' Sites:-

flows directly from the site into the acid stream) -

Wa, Wb, Woa, Wob, Whec, W10, W2, W13, Wik, W5.

The following sre tributaries ef e.cidI stream 2 - W/a, W/b,

The following were abandened due to excessive growth of

bracken by the second sampling - W2, Wi,

Site A1 is directly above site S82.

Site A2 do. S3.

Site A3 do. reserveir,

Site A4 is directly above confluence of acid streams.

Sites A5 - A8 are not directly above the acid stream.
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p1 [Nz297472 [11/5/7318.3| F | 3 |sandstonk L | open woods|Yes | R.Wear, Finchale.
D3 INZ 289457 1144/73 [7.6 | S 0 | md 0 jrough grass| No | Ditch at Brasside,
D6 Nz 270402 |145/73 16,91 F 1 lconcrete | L Jdecid.woods|Yes |F.E. from S.D.W,
p7 Iz 270,02 1/5/73 (7.2 | P | 1 | mud L | " v |Yes |20n. below D6,stream.
D8 Nz 271403 M/5/73 |6.4 |TF | O=1 [ peaty S |coniferwood| No |Slow v.shaded stream.
D10 vz 270403 W/5/73 | = |= | O |s0il 'L _|prass,road |Yes |By stream below SDW.
D11 Nz 27u403 m/5/75 | = | = O [stone | L m_ N L .
D12 Nz 27500 11/5/73 18,01 8 | O lenamel | 0 |srassland [No |01d bath in field,
DL NZ 159315 M/ %/ 73 19.2 | F | 14 [ gravel |0 ass,bush |Yea |Qutflow from lake,
D1S n n " ”" L ” " " " " " "
D16 Nz 163313 [1/5/7318.9| S | O | gravel |0 |grass,bush |Yes | Pool in 0ld road.
D17 Nz 163313 n ] " " " " " " " n n " ‘
D23 N2 25549210/5/75 ko8 |TF | 01| grass |S lgrass,bush | No | Pool on WaldridgeFel..
D2l 254493 12/5/75 3.9 8 O [peat Yoz |0 lgrass,sedge| No | " " " "
D25 Nz 253494 12/5/73 13,21 S | O [bare peatlo | ® " | No |Peat pool, " "
D26 Nz 275445@ /5/736.2| S | © _mood tub {0 | none near |Yes |Tub near laboratory,
D27 " " 6 o 3 " " " n " n " " " n
D29 " n 6.5 n " n " n " n L] ] n
D30 " " 16,6 " Jold sink | * " " lgink " "
D34 243354 W¥5/73 6.8 | F 2 |pebbles | O | grassland |Yes |01d House Beck
D32 Nz 230355 1%/5/75 |7.3 | F | 2 |Pebbles | o | gragsland |Yes |01d Ho. Beck,Page Bank
[ ]
W1a NZ 240405 L,7 |IF | O clay | L | grassland | No | Gragsy ditch,abowe oonf’)
_ym,sz 241405 b6 |TF 1 0-4] elay | S | bushes No | Same ditch 7Qnopsfr'm
NZ 212405 7,0 {IF 10-4| clay | O lgrass,sedga: No | Stream at hase of tip.
'.TSa NZ 213405 7.5 | F 1 clay L yxrass No | Slow moving stream
W5b INZ 213405 7.5 | F g clay 0] none No | Fast séction on tip.
Woe NZ 213405 7.5 |IF | 0~ clay 0 none Yes | 'Sourge! of W5 stream.
W6 INZ 211106 7.7 |TF |0+1| clay | L | woodland |Yes | Ruts in old track, |
W/a NZ 216406 8.0 |F 1 stony 0 |rough grass|Yes | Trib, of acid str. 2.
W/b NZ 246406 8.1 | F? clay 0 " " |Yes | Backwater of W7a,
W8 Nz 216406 84 |S.| C clay 0 [rough grass| No [ Pool near W7,
w9 NZ 217406 7.7 [IF |0-1|~ alay L |grass,badey| No | Ditch along field.
W10 NZ 216409 6.7 | F 1_| concrete| L | grassland |Yes | Pipe 1 outfall,
W11 NZ 216410 7.2 | S 0 sandstmg O | grassland |[Yes | Stone trough.
W12 NZ 216440 72 | F 1 peaty L jclearedwood No | New Cut above conf.
W13 Nz 216410 6.7 I |O-1]| concrete| L | grassland | No | Lined ditch.
WL NZ 2164410 7.0 | F 1 md 0 | grassy bog| No | Pipe 2 outfall,
W5 NZ 216409 6.9 IF |0-1| oclay L |grass;sedge No | Boggy stream,
W16 NZ 213403 6.5 | S 0 olay O | grassland | No | Pools in subsidence
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51 NZ242405 2.6| F 1 clay L grass, bush| Yes |Source of acid stream
52 NZ 212405 2.6 F 1 | clay L erass, bush| Yes [Below Wia .
S3 INZ 213405 2.6 F 1 | pebbles] S wood No _
Sk 214206 2.6| F 1 Jiron pipe{ O barley Yes |[Reservoir in flow
S5 [NZ 214406 2.6| F 1 | concrete| O barley Yes |Reservoir outflow
S6 INZ 214L06 2,71 F 1 pebbles | L Zrass Yes |Above canf.dfacid streams
S7a INZ 214406 5.2 P 1 | clay L grass No |[Acid stream 2
S7b INZ 244405 3.4 F 1 | clay 0 |roughgrass| Yes |Acid stream 2 |
S8 INZ 214406 3.8 F 1 | pebbies| L viood Yes |Below carf. of acid streuns
S9 Nz 215408 3.81 F 1 | rocky L few trees | No (At road bridge
sS40 2415409 3.31 F 1 | mud L few trees | Yes |Near dead tree _
S41 216410 3.8| F 1 | md 0 Iboggygrass | No |Esh Wood boundary
S12 [NZ 216440 6.7 F 1 | mud O |boggygrass | No |Pipe 3 outfall
313 216411 64| F 1 mud 0 clearedwood{ Yes |Below New Cut
A [NZ 242405 L | grass,bush 4:m: above stream
A2 [NZ 213405 S wood do, .
A3 Imz 214406 0 none near % m. above reservoir
Ay lNZ 244406 L | wood + m, above stream
45w 212404 0 | grass near North Wood B¥ary
A6 'NZ 212405 0 Iroughgrass 3 m, east of S1
A7 INp 24340 L | bushes 10 m. somth of S2
A8 Nz 213405 0 none 3 m, south of W5b

L
—
| | |




Table II shows sites in order of pH, Samples D10 and D14, D4 and
D15, D416 and D17, D26 and D27, D29 and D30, were cultured together, so
giving 16 sets of 'D' cultures in &ddition to the mixed cultures at
pH 2.6 - 4.0. 'S' sites 1 - 5 have been grouped together as flara,

pH and most other chemical factors are fairly censtant.



TABLE IT

Table of Sites in omder of pH

Site No.

51-5
S6
S7b
D25
510
S8-9
511
Wb
W1a

S7a
D26/27
D8

S13
W6
D29/30
W13
S12
W10
D31

D6

W45

Wk
D10/14

W
W12
D32
Wsa, b & c

wé
W9
D2
W7a

DA
w8
D6/17
D14/15

Acid stiream 41 dowr: to reservoir

Acid stiream 1 above confluence of Acid Streams
Acid stieam 2 abeve main tributary
Waldridge Fell

Acid Stream 1

Acid Stream 1

Acid Stream 1 Esh Woed boundary

Ditch, tributary of Acid Stream 1

Ditch, tributary of Acid Stream 1

Waldridge Fell

Acid Stream 2 above confluence of Acid Streams
Tubs near laboratory

Conifeer wood stream

Acid Stream 1 below New Cut

Pools in field nearr North Wood

Tubs near laboratery

Lined ditch near Esh Wood

Pipe 3 ocutfall

Pipe 4 outfall

01d Housz Beck (A.590 read bridge)

High School Sewage Works final effluent
Boggy stream, tributary of Acid Stream
Stream at base of {ip

Pipe 2 outfall

Edge of stream belcw Hollingside Lane S.D.W.
Stream below D6 effluent

Stone trough near mipe 3

New Cut above conf'luence

01d House Beck, Page Bank

Stream from tip

Ditch, Brasside

Ruts near wood

Ditch alcng field

014 bath in field

Main tributary of Acid Stream 2

Backwater of main tributary of Acid Stream 2
River Wear, Finchale

Pool reaxr W7

Pools in old gravel road, Witton-le-Wear
Outflow stream from small lake, Witton-le-Wear

pH values given are mean values as in Table 4

g W9 and WA0 were found te have very wariable pH values.

I
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4.2 Culture dates armd pH values.

'D' cultures were set up individually at pH values of pH = 3.0,
PH = 3.5 and pH = site pH as listed in Table II, in addition teo cultures
of a mixed inoculum at pd values of pH = 2.5, 2.8, 3.0, 3.2, 3.4, 3.6,
3.8, 4.0, These were incubated frem 13.5.73 to 2.6.73.

'W' cultures were sef: up as described in 3 series. Initial pH

values of series Y and Z zre given in Table III below,

Site no. pH value P value Series pH value Series
series Y Ze 31.5.73 Z. 21.7.73
- sample. sample,
Wa 2.6 4.8 4.6
Wb 2.6 4.8 Lo
w3 2,6 6.9 71
Woa 2,6 7.2 7.8
W5b 2.6 7.2 7.8
e 2.6 7.2 7.8
wé 2.6 75 7.9
W7a 5.2 €.0 8.0
W7b 5.2 8.0 8.2
w8 3.8 8.3 8.5
w9 3.8 7.2 8.3
w10 3.8 71 6.2
w11 3.8 7.5 6.9
w12 3.8 7.1 ' 73
w13 3.8 6.4 7.0
W1k 3.8 6.8 6.9
W15 3.8 6.9 6.9
W16 2.6 6.3 6.7

Cultures were examined after apmroximately 3 weeks incubation

starting on 21.8.73 and 12,8.73 respeciively.

22



It was found that cul.tures at en initial pH of 3.5 or greater
tended towards a2 pH value of arcund 7.0, whereas pH values of cultures
at pH = 2.6 remained constant, anl values for cultures at initial

PH = 3.0 only rose to a maximum of pH = 3,3.

25
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4.3 Floral analysis of cultures.

(1) Algae found alive on examination of cultures are tabulated in
Table IV. Results from both sets of 'W' samples have been combined,
as have results from sites Wha, Wob, WHe. Algae surviving in any of the
cultures are listed, as this indicates presence of the alga at the site
in some form, even if not actively gruwing. Those surviving only in
cultures at pH = 5.0 or less are distinguished by marking their presence
with a circle rather than a cross.

Results for 'S' sites are a combination of results from all flaral
samples taken since October, 1972 (pers. comm. HARGREAVES), All these
species have been shown to e capable of survivel in the medium used,

Notes to Table IV,

Chlorophyceae.

Many of the palmelloid green forms present could not be identified,

as well as gome of the smaller motile iand non-motile forms. Therefore it

is quite possible that some cells listed as non-motile greens may be of

the same species as some of the motile forms. (M = motile, MM = non-motile).
Measurements given for filamentou: species are the mean widths of the

filaments, For non-filamentous species, either measurements in two

directions are given or, for spherical species, the diameter is listed.

For Oedogonium spp the diameter of the oogonia is given prefixed by o- (inpm).

The algae listed under  ormidium/lUlothrix $m may belong to one or

several species.

Mougeotia has been listed under 3 differeni sizes but this may not
correspond to 3 species, lLack of time prevented study of the reproductive
stages for identification.

Chrysophyceae.

The Chrysophyte fourd in. acid water on Waldridge Fell was provisionally

identified as Chrysocapsa sp (pers. com:. HIBBERD) and is very similar to




the organism found in Brandon Acid Stiream, so these have been listed
together althouéh they may not be the same species.

Bacillariophyceae.

Measurements given ares mean celll lengths along the largest axis.

Musci.

At least two different species of moss protonema were observed,

(ii) Mixed inoculum culturss.

Results of the floral analysis of these cultures are given in

Table V. The same notes apply as far Table IV, and the results are

seen to correlate well with thoese in 1he latter Table. Beo—inorgsee—n

beilormibhdmes R e ot .

(iii) 'Association Table'.

From Table IV it can b2 seen that some species were only found
in cultures from low pH sites, whereas other species, although found
at low pH, appeared to occur ubiquitously. A few species are
confined to the upper half of the pH scale. Representative species
of these types have been selected from the results and arranged in
the form of an 'Association Table' ( SHIMWELL, 1971. ), bet=—ith

25
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Floral results for survival in cultures of mixed inoculum.

Initial pH

.81

H after 3 weeks

.
ON JON

[\ [\S)

8

W R

~ o

°
W I

L]
\n

3
4

6.
2

3
>

.8
0

Chrysocapsa sp./BAS sp.

Eunotia exigua

Euglena mutabilis

Hormidium rivulare

10-15umgreens. M & NM

L N R B

Stichococcus bacillaris

od D4 [ > [Pd |4

6umgreen - tight colony

e R R R R e BRIV O

6 ymnon-motile green

P4 |4 |[Pd |4 | P >4 [Dd | >4

6 MaChlamydomonas sp.(p)

R L N B EE RN NN L )

N L N E ]

Ulothrix monil:iformis

P24 |4 |24 P4 [ [ [ DR O

P[P IPe D P4 [ |4 D [ |4

>

6x3mmgreen NM

>4 |4 {4 >4 |4

15-30 ungreen spores

>

6x3 sChlamydomonas Sp.

>

Pinnularia sp. 204m

>

Ulothrix/Hormidium sp.

Microthamnion strictissimzh

54 [ 34 {54 |54

Cylindrocystis sp.

Mougeotia sp. GpMm

>

Nitzschia palea

P[4 154 | D4 | >4 [ >4 |4

by

Characium sp. iydn

>4 >4 |4 >4 | >4

Stigeoclonium ifienue

Closterium acerosum

Oedogonium sp.4-5im(0l5

>4 |4 |pd |4 |

>4 |4 | >4 |4

Oedugonium sp. 45um
[
Mougeotia sp. c'lMm

>

Nitzschia sigmcidbae

>4 4 24 D4 |4 [

Trachelomonas spe

Cosmarium sp. 30um
I

Closterium sp.

Protococcus viridis .

Oedogonium 3p. :30y{o 49)
Microspora sp. 12 im

Scenedesmus quadricaudd -

> P4 [ P44 |4 |4

Vaucheria sp.

R e A L N B Bt

Oscillatoria spp.

Lyngbya spp.

Anabaena sp.

Pseudanabaena catenata

Nostoc sp.
Calothrix sp.

>4 D44 >4 |4

31




>

 dd's sTuE spoI} S THIFy

*ds maoydedg

32

>

><

<[>
>} >

.m.@d.mwshw.mmﬁvo

ITPTITA msooooon«o.um

X< X< ><j><

>

>

>><

snue} mTWDTo0 SBTIS

>

‘dds wuseqeEuy

<] ><| <[] ><| > =<

<] <l =<

XXX

><| >< | ><| ><}

> X <] <

*dds o03soy

*dds eAqBulT

x| X Paq RaS

x| x|>] .

dds mﬁnoemﬂ”aomo

I><| ><| >=<

>¢] >

>4

> <l >t > <

| >=<>] [><
<l ><| >

> X[ <

X

no mm
H.m._..co {oo 1ydT

> > ><f ><

X[ ><j X<

STUIO JTLTUCH XTA[OTN

>

SE R

Eimv -6 *ds BT}008NOY

><
>

>

ST TIUTW 670 CDOSOUOTES

><

1<

<[ | ><

=<

UWNUUT SS LJOT I8
:oﬁsnw:powoﬁz

>

=

>H><| > <>

eoTed BIYOSZITY

s

>

> .

> ><|I><| ><

>

P o
<

| <

=
<>

>
=<

><) <

<_=H@

(€y<s sexcuoplureryp f

><| ><

X

STTBAO BTUOSZITN |

X

LETLTOE] SO0000IDTIS

Xl << 1< <

> ><><

P>=<p<]q =< >

><I><

> ><]

> >

|

>

>
> 13<] ><| <] ><

x>
x

> < >

=<

ATRTNAT.T IMTRTH ION

ok i |

x| ><[><

>

> X[>} >

XX

> |><1><

>

>

>x<|x

> > > ><

X

STTT(BINW euaTdng

BSN3qO0 ®BAOY

>

><f><|

><f><f>< <] ><

>

sndtxe wLjouNng-

Paq P

*de swvuowoydLin

><

> [><]

>4 > X<

><I><|><t <] <] ><| <] <. ><

> <>
>

pad

>|><[><
<1< >

TSR 7%,

9
8.4
8.3

T-1
T.

T.6

T.2

7.0

649

-t
.
0

3

2.7

h

Ha

13/]8

w8
D1

W7b |18.1

ma 8.0

D12 |8.0

w9

50|75

p32 7.3

M2 .2

Ell 7.2
b7

DIOA] -

Wi4 i7.0
W3

w15 6.9

31 6.8

Wo 6.7

12 6.7
13 6.7

16 K.5

0

D2G2T6 . 3
STa 5,2
D23 H.8

S13 6.4

:

Wia U.7

Wlb U.6

S1l 1,8

s8/93.8
510

D25 B.2

ST 3.1
S6

3 T g

*9Tqeg, UOT3eTo0ssY,

"TA IV




X ﬁﬁaﬁnm.ﬂoﬂhwﬂ .
udTml ey 00Ty

x| >

@1@6 N Useasd

p3

*ds umtoBIRY) |

> >=<

>[I

>
>
i
-8
3
-
—
gl
g
1
|

x| ><

>
> >
> >

+dgé SnanIpiy

SNJNUTVI § TOOCOOLP TS

urgxy'ds SencuopiAeTy) |

>
><| >¢

urlS me.&m

> X > ><

x| <
>

> ><
x| ><

urg W uoeIl

>
| >¢

K| <)< <X <

>
<|><
|| =< [><

AN, ]

>
~
-

>

urG -0\ PP usaxs

>
>
>
>
>
>
><
>
>«

> >< x| x|

=<

X X X BoTed BIUOSZ}IN

BWSUOGOoIE SSOp

><
><|

> ><t > >< > <

><| <]
>

CPUCx9 Wy UsaId

>
<
> <[ ><

urb@ds seuo uopAein

S§TTBAO BTUOSZATN

>
>
>

SIBT[Deq SN0000UPTAS

> |><

> ><_
s<| ><}
>

> <
><| ><
>
x| ><¢

SIETNATI UMT PTULIOY

S <[ >¢

=] <
><
> ><| <
P
=<

STTTIqRINW BUSTANG |

><| ><

| ><| ><| ><

en8TXs BTIOUNY

>
>

‘ds gruUoWoldAx) "’

CEVATCIT WO TS|

9
4

9.2
8.

8.3
1.7
1.1
7.6
1.2

/*ds. esdedOSAIU"

211S Jond

><
>
0,7 | <] ><} ><| ><| ><| >< | < ><) <] <

L] L ] L] L )
~— \D \N

e
W8
Dl

W11 (7.2

D14
W7b 18.1
W'{a 800
D12 |8.0
W9
D3
530175
D32 |7.3
2 .2

¢216.3 1<

STa pb.2

510 B.3 <> ><|>=<| =<
s1-5p, 6 | <[ ><]><| ><[ ><|><| <] ><| < | <

D23 U.8{<
la 407

D25 Pe2|><
STb 3.1]<

1b B.6
S11 3.8

12 k.7
. s8/9B.8

13 6.7
16 .5

W15 6.9
S13 K.4

=~ 0
O O
~lo 21!
MERIRRE m S

“MoTeq X0 ¢*C JO HA ®© }€ oAy JO [BATAING

w®

S6

“ITA HIEVEL




S

(iv) Survivel at low ®H.

Algae which survivell in individual site cultures at initial »H
of 3.0 or less are tabulated in Table VII. Since the maximum pH reached
by any of these cultures was 3.3 these organisms can survive in culture
at or below this value. Certain's! sites are omittecd as incubation of
cultures of samples from these sites at low rH was not carried out.
The organisms are listed in basically the same order as in Table VI.
The following were also found hut are not listed in the Table:
Wake Pinmnularia sp. 45}1111. W72  Cosmerium sp.  30um.

S1-5 Pinnularia acoricole "iE}:m. D7 Cylindrocystis sp.

W16 Euglena (viridis?)

In order to discover whether acid tolerance of a species was
related to the pH of the site at which it was found, the variances of
the distributions of pH values of sites at which the species had been
shown to occur (Table IV), and of thcse from which the species survived
at low pH (Table VII), were compared. The variance of the distribution
of pH values was calculatedl in each case from:

= wEE) - ()P

N
where N = number of sites
pH, = pH value of site n.
For each species the larger variance was then divided by tle smaller to
give 'F', the variance retio.
The calculation was carried out for all species found to ocour in

at least 6 cultures in botl: cases, anl results are given below. Algae

of doubtful taxonomic position or unidentified have been omitted.



TABLE VIII
Speci 2 2 F
cies N1 I\T2 S, s,
Tlothrix moniliformis 7 10 1.029 0.734 1,401
Hormidium rivulare 27 28 3.323 5354 1.009
Stichococcus bacillaris 21 23 2,965 2.745 1.080
S. minutus 15 17 0.768 0.704 1,09
Chrysocapsa sp/BAS Chrysphyte 7 7 14565 1.565 1.000
Bunotia exigua 6 7 0.717 0.821 1.146
Nitzschia palea 6 12 34903 2.943 1326
Euglena mutabilis 7 10 3.728 3.807 1.024
N1 = rumber of sites from which species survived in culture at pH 3.3
(omitting S8/9, S41, S7a, S43, S12)
N2 = rumber of sites from which species survived in culture at any pH
(omitting S8/9, S11, S7a, S13, 512)
512 = variance of distribution of pH values of sites from which species
survived n culture at pH 3.3
(omitting S8/9, 311, S7a, S$13, S42)
522 = variance of distribution of pH valuss of sites from which species

survived in culture at any pH
(omitting 38/9, 341, S7a, 813, 512)

The valnes of ¥ obtained from the data were compared with values
from a table of 25% points of the 'F' distribution (MERRINGTON & THOMPSON,
19:3). This correspomds to a probability level in this case of 50%
since by dividing the larger variance by the smaller, differences in both
directions have been considered (BAILEY, 1959). The results from the
data were compared with the tabulated values of F corresponding te
£ 4 = N‘I ~ 1 degrees of freedom in the numerator and £y = N2 -~ 1 degrees
of freedom in the denominator. Variances were compared, rather than
means, since most sites have pH values arcund the centre of the range.

Using this method, any significant differences in the 2c¢id tolerance
of samwples dependent on originzal site pH should show up as a difference in

the variances of the distribuations of the pH values. At the 504 level



none of the 'F' values obtained exceed the tabulated values, so
showing no significant difference in the two distributions at this
level. Tus, from the results obtained, there is no evidence of
adaphition of particular a2lgal cells within a species to tolerate

low pH conditions.

(v) Floral Comparison of Acid Stream 4 and its Catchment.

No species were found to survive in cultures of 'W' samples at
pH = 2.6 (Wa, Wb, W3, %5a, Wob, Wic, W6 cultures o« series Y) that
did not &lso occur in Acid Stream 41 nearby. (Series Y cultures for
other 'W' sites could not be used for this comparison due to changes
of culture pH,) Most of the Acid Btream species were found in these
cultures although the Chrysophyte 2nd Cryptomonas sp. were notable by

their absence,

(vi) Flaral Comparison of the Acid Stream Catchment and the 'Durhsm area'.

The occurrence of some of the species commrising the flore of
Acid Stream 1 in the catclment was compared with their occurrence in
the 'D' samples from Table IV. Few of the acid stream species were
found to occur in more than a small number off 'W' or 'D' sites.

Homidium rivulare was found to occur in 11 out of 15 'D' sites and

13 out of 16 'W' sites listed, showing no apparent difference in

distribution with respect to pH in thae 2 areas. Similarly Stichococcus

bacillaris and Chlamydomoras sp.(p?) épm were present in most sites of

both series although absent from 'L' sites at pH = 3.2 and 4.8. However,

these differences can hardly be rega:ded as significant. Tads—is-
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(vii) TFlorsl amalysis of 'Air-Mora' study Cultures.

Species found 2live in the floral analysis of the
‘air-flora' cultures are shown in Table IX.

Samples from sites A1 - Ji4 were collected on two
occasions, 29.6.73 and 13.8.73, =nd the results have been
combinesd, Samples from sites £5 - A8 were collzcted on
13.8.73 only, and results for A5 at pH = 5.5, amd A7, are missing,
as the collecting vessels were damaged by animals or vandals in
these cases,

Results for open beakers and those covered with

muslin, were not signif'icantly different, so these have been

combined in each case,



TABLE IX

Floral fnalysis of Cultures

from Air-Flora Exneriment.

. Site [ E R HRRHF 22222
Chlamydomonzs so.(o) G | X | x| [ | x

green NI 6 pm X2 1X| Xt X X| X
Chlamydomonas sp.'oxar':l X[ x[x XXl | X X[ X -
green Mbx3 pm L xl % XX XX
Chlamydammsas s OxBum XXl |L X
gresn MAI 10-15 pm xxlxx] xlxx XX
green M 15-30 pm X|X|x he

green M 3 pm X\ X

green MM 3 P X [ XX X X X

e o XX X[ X| X X X
Characium sp. XX

Ulothrix sp. 7-8 pm X X

U. moniliformis XXX [ XX X|X

Hormidium rivulare TXIX X [ XXX |X
Stichococcusbecillaris { X (X (X (X (X | X| XX

S. minutus XX |X X XX XX
Protococcus viridis X LIXIX|X XX (XX X
Mougeotie sg. 10}1m XX

BAS Chrysovhyte X

Eunotia exigua LI1x] |z [x[X] [X

Nitzschia ovalis X X

Pinmularia sp. 20 pm X K

Pimularia sp. 35’ pm X X X

P. acoricola X

Buglena mutabilis (X | XXX |X XX

Buglena sp, 10 pm X

Moss protonema XXX X XX X X
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DISCUSSION

Firstly the limitations of the experimental methods used
are discussed and within the restrictions imposed by these limjitations,

the results are then considered and conclusions drawn.

5.1 Discussion of Experimental Methods.

All the foregoing data sre based on examination of organisms
in culture, so care mst be dtaken in applying the results to 2lgae in
the field. In examination of cultures wvarious factors prevented
identification of all species yresent. Some smaller diatoms and green
algae were disregarded, and many green species could not be identified
although these are mostly listed descriptively. Further discussion of
taxonomic problems is given in Appendix IT.

All samples were cultursd at fisld pH values under the same
conditions as the acid aultures. Thus comparisons carried out
between survivel of s species at low pH and at field pH were based on
the same conditions except for presence of sulphuric acid, and
differences in composition of the algal population. Few organisms
were fourd which did nct survive :in the medium used.

The major problem encountered in culturing arganisms at low
pH was the change in pH brought awout by their growth in cultures at
initial pH values above PE = 3.0, Other workers have used buffers
to stabilize pH but it was thought that this would introduce other
factors affecting growth, aml for 2 comparison with the Brandon Acid
Streams it was considered best to use only sulphuric acid. Cultures
at lower pH were extremely stable. Practical difficulties
precluded regular adjustaent of pH, Therefore, results from
cultures at pH = 3.5 or above were combined with fisld BE results.

Competition may also have occurred in culbtures to some extent
- evidence for this being that a few species were only recorded in

culture at pH = 3.0 or below, but not in cultures at higher pH,
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although other evidence indicates that these species are not
obligate acidotrophs. (These are marked with a circle on Table IV).
However, this will be noticed not to be widespread except in the
case of some unidentified green algae where the forms recorded at
low pH may be non-motile stages of other species recorded at

higher pH. Ulothrix/Hormidium sp. ani Stichococcus minutus appeared

to fare particularly badly, especially where large growths of

blue-green algae or 3tigeoclonium tenue occurred. Observations

from all cultures have therefore been included in Table IV to
minimise errors. Formation of microhabitats at different pH from
the main body of a cwlture is another possible source of error
(YONGUE & CAIRNS, 1571), and this was minimised by growth in a
shake~tank,
Limitations are imposed on all the results in that the

ta were collected cnly a2t one time of one year, and site pH
values were only measured once or twice. The experiments need
to be repeated over several years to obtain relizble data. Also
the data were based on presence and absence of living cells only.

5.2 Acid tolerance of algae.

The results set out in Tables IV amd VI indicate the pH
ranges of occurrence of species from the sampling sites used. It
is interesting to note that few appear to be obligate acidotrophs
on the basis of these data, Those that do appear to be limited
to low pH sites only :nclude Chrysocapsa sp./ BAS Chrysophyte,

Cryptomonas sp., Eunotia exigua and Roya obtusa , the latter

showing a very narrow range of occurrence. Other species occur
over a larger range of pH but ar:z less common at higher oH., e.g.

Buglena mutabilis. Nany species, however, appear to be ubiguitous

in occurrence, e.g. Hcrmidium rivulare, Stichococcus bacillaris, and

Chlamydomonas so.(p), 2nd able to tolerate very low pH conditions,
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However, it must be remembered that these data are based entirely
on survival in culture and give no indication of cover in the field,
or of growth and comzetitive zbility. For instance, although in

the results Buglena ;mutabilis coes not appear to be specific to acid

flowing waters, it iz in fact cne of the most reliable indiecator
organisms for this type of environment, often growing profusely and
forming a green coating obscuring the stream bed. It has been
found in all acid streams so far studied in Britain (pers. comm.
HARGREAVES, 1973) andl is reported to ocour similarly in the U.S.A.
(LACKEY, 1938).

In general, studies carried out in the U.S.A. show similar
results (LACKEY, 4193¢; BEMNETT, 1969) for acid tolerant species.
MOSS (1973) investigating the effects of pH on various species in
culture gives results whichcorrelate well with those given above
for most species appnearing in most cases. He reworts Eunotia sp.

and Fuglena gracilis as being the most tolerant of acid conditions

of the species he has studied. Under his classification, most
acid tolerant species weuld be regarded as oligotrophs.

From the results it is cobvious that 2 high degree of acid
tolerance does not seem tobe specific to any particular division of
algae. Members of the Chlorophyta, Chrysovhyta, Bacillariophyta,
Cryptorhyta and BEuglenophyta have been found in the field at sites
of pH below 3.0. Divisions not represented are in general fairly
rare or have relatively few freshwater representatives. The only
commeon freshwater division not reported from acid waters is the

division Cyanophyta. In these results, Oscillatoria spp., I-ni/_n:g,bza SPPes

Pseudanabaena catenata and Nostoc spp. are all absent from sites

of pH below 6.3, and inabaena spp. are absent from sites below pH = 6.6.

All occur widely at all pH values above these up to pH = 8.3.



This absence is discussed by BROCK (1573) who ascribes
the inability of members of this division to survive in acid waters,
to the fact of their being preccaryotic algae and suggests that
acid enviromnments were possibly of great importance in allowing
the evolution of eucaryotic organisms. It is interesting to'
consider why procaryotic algae are unable to survive while many
species of bacteria are able to thrive in acid waters (JOSEFH,
1953). Brock suggests the possibility of using mild artificial
acidification of reservoirs in order to prevent Cyanophycean
blooms, and improvem=nt of nitrogen fixation by liming to increase
soil water pH in the cultivaetion of certain crops. MOSS (1973)
reports minimum pH values for growth of between 6.2 and 6.9 for
a Gloeotrichia sp. and a_Gloeocapsa sp. which is in agreement with
the above observatiomns.

From the restlts a very high degree of correlation is
aprarent between species surviving at pH = 2.6 in the cultures of
a mixed inoculation prepared from the 'D' samples (Table V) and
the florz of the Branion Acid Sitream for sites 31 - 5 as represented
in Table IV, Tone o the samples used in preparation of the mixed
inoculum were from minewater drainages, Most of the positively
identified species linted in Table VII as surviving at low pH occur
in the Acid Streams at the same pH, and several of the unidentified
organisms may a2lso occur. Taking intc sccount the result (Section
4,3 {v)) that all algae from the catchment of the Stream which
survived in culture at pH = 2.6 are found in the ugper part of the
Stream, these results throughout suggest that »H and associated
factors are the main controlling influences in délirmiring the flora
of Brandon Acid Streamy, 2s opposed to non-pH-linked factors

characteristic of minevater.
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5.3 Relation bebwesn acid tolerance and field pH.

If Table VII is examined it will be seen that many algae
surviving in culture ati pH < 3.5 were found in samples from environments
of normal pH in the field, althouzh the number may fall off slightly
towards the extreme upzer end of the pH range. From 'F' values listed
in Table VIII, no significant diff’erences between the two distributions
compared are apparent even at 50% probability level, for the eight
species considered. Tae only species surviving at low ©EH solely when
taken from low p»H environments in the field are those whose occurrence

is confined to these acid sites, i.e. Bunotia exigua, Cryptomonas sp.,

Chrysocapsa sp./BAS Chrysophyte, and Roya cbtusa. No cultures of these
organisms at higher pH were attempted. Thtus there is no evidence here
for the formation within a species of ecotypes adapted to tolerate acid
conditions. However, these data z1e based simply on survival in culture,
and may not be remresentative of behaviour in the field.

If such adaptetion did ogcur then it would be expected,
assuming that the orgeniums are readily transported short distances,
that members of an acid tolerant spscies within the vicinity of an acid
stream, i.e. in its catchment, wouli be more acid tolerant than the
same species from elsewhere. Comparison of the number of 'W' sites
from which algal spp. found in the icid Stream survived, with the
number of such 'D' sites, shows in most cases that the number of such
'W' sites is the larger, although in no cases is the difference

significant. However, if: is worth noting that Euglena mutabilis from

the two 'D' sites at which it was f'ound, did not survive low pH, whereas
cells of the same species did survive when taken from all L catchment
sites at which it occurred. Thus, although no significant evidence
for ecotype formation was obitained, further study is necessary.

| The evidence preseated above suggests that acid tolerance is

typical of a species to a great extent, although the behaviour of Euglena




matabilis suggests thet adaptation to acid enviromments may also be
a controlling facteor.

5. Air-Flora Experiment.

Little can be concluded From the air-flora experiments
conducted since only a limited mumber of collecting veisels could be
set out, ard of these, a considerrable proportion at sites away from
the Acid Streams were Jdamaged by animals or vandals. From the
results collected it is seen thzi no algas were found in the cultures
that did not occur in the catchment, except one Ulothrix sp.

However, this is not surprising as the catchment does not appear to
have:a-sibstantially dif’ferent flcra from that of the surrournding area.
Very few Acid Stream species were found in the cultures at short
distancesaway from the Stream, although many of these species appeared
in the beakers 0,5 m. zbove the 3tream - some possibly due to
splashing during flood periods in the case of 3ite A1,

One can conclude from these data that the Acid Stream species
are not very abundant in the air & few metres away from the Stream.

Remarkably little difference was observed between collections
at pH = 2,6 and those at pH = 5.5, but no blue-green algae were found
in any samples, (8n expezted result)., The absence of difference between
results for beakers covered with nmslin and those left open suggests
that contact between insects and the growth medium was not an important
factor in the colonisation of the cultures. TFurther investigations
would prove most interesting.

5.5 Recommendations for further research.

Further work of the type described above but cn a quantitative
basis is needed to elucidate the ozcurrence ard extent of formation

within & species of ecotypes especially tolerant to low pH enviranments.
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Repeating the experiments carried out buf using cultures at a
range of pH values below pH = 3.0 might show ecotypic variation
in the lower pH limit for survival within species.

A great deal more work using a large number of sampling
sites to investigate fully the air-floras of the Acid Stream

catchment, might yield some very enlightening results.



SUMMARY
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STMMARY,

Algal samples were collected fram habitats with a wide
range of pE values and their tolerance to low pH was investigated,
The observed pH rangss of occurrence of species in the field ares
tabulated, and the ability of the species to survive at low pH,

recorded,

The results indicate that some species are apparently
confined to sites of low pH enviromments, whereas other
tolerant species alse occur in normal or high pH environments.
It appears from the results that pH is probably the major factor
determining the flora of the Brundon Acid Streams., Evidence
found suggests that tolerance of low pH conditions is to some
extent characteristic of the species concerned, irrespective of
the enviromment from which it hzs been taken. However, there
is also evidence suggpsting the occurrence of adaptation within

a species.

Some experiments on transport of algse by air were carried

out, but limited data were collezted.
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AFPENDIX 1

The medium used throughout for cultures was basically Chu's

10D medium modified by the addition of microelements and soil

extract.

water:
KHZPOL 7.80 ng.
MgSOL‘_.THZO 25,0 mgz.

Ca(N03)2 40.0 my.

l\TaHCOB 15.8 mg.
Na23i03 10.9 mg.
E.D.T.A. Na salt .20 ng.
FeClB.6H20 1.21 mg.

This gives concentrations of the verious el=ments of:

(0, )P 1.80 mg.I'.
Mg 2,56 ag.1” 1.
Ca 950 pg. 17,
(Mo )N 6.85 mg.1 .
c 2.25 ng.17.
si 2.46 ng.1”t.

H,BO3
MnCl, . 4H,0
S0, . 7H,0
Cus0, . 5H,0
CaS0), . 7H,0

I\'Ia.zlﬂliooh_.ZHzO

Fe

B

Co

Ko

The medium contained the following in a litre of distilled

715 pg.
15.0 pg.
55.6 ng.
20.0 pg.
20.5 pg.

68.5 ')lg.

250 pgd L

127 pg.1"t.

12.7 pg.l-1.

12.5 pg.1"t.

51.2 ].1g.l-‘l .
43.0 pg.l_1.

27.2 ng.17,

1 ml. of s0il extract was also added to every litre of medium. This

was prepared by repeated boiling amd cooling of 25 cm”. of soil with

100 ml. of water, followed by centrifuging to clear the liquid.
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AFPENDIX 2

Taxonomic problems.

As mentioned, the detailed study of unialgal cultures in
order to investigate reproductive processes was not possible, so
many species could not be identified, e.g. Mougeotia spp., Zygnema
spp., Spirogyra spp., Oedogonium spp., Vaucheria spp.

However, the major area of difficulty was the identification

of some green algae. Only motile forms of Chlamydomonas observed

are listed under this generic name although many of the palmelloid
green algae with pyrenoids may he of this genus. Eye spots were
not apparent but of'tem the adverse environment in the cultures
caused excessive accumuletion cf storage products, niasking many
morphoelogical claracteristics, Thus it was not pozsible to assign
such algae a generic name with any certainty. The 6 pm non-mnotile
greens listed may be CHamydomonas sp.(p) or Chlorella sp.(p) ard

the larger non-motile gresns may elso include Chlorococcum spp.

The smaller green algae observed may in some cases be forms of

Stichococcus sp. affected by the adverse conditions, and the smaller

motile biflagellate greens, perhaps including some algae listed as

by

Chlamydomonzs sp. may be Zoospores of Hormidium sp. Therefore it

should be bome in mind that some of the descriptive classifications
may encompass more than one species, and conversely that saveral of
these organisms mzy be of the rame species in some cases.

An especially interesting problem arises in the identification
of Ulot‘r'ichales found, particularly in acid cultures. This is
complicated by the morphological changes caused by the acid
environment,added to which the generic classification of this order
is under a certain amnount of dispute. The minor nature of readily

observable differences between the genera Hormidium and Ulothrix and
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the wide range aof morphology within each gems, makes assignment to

a genus difficult. RAMANATHAN (4964) distinguishes them on the
basis of differentiation of th: base and apex of a filament which is
present in Ulothrix but absent in Hormidium, as well as Hormidium
having, in general, shorter filaments. BOURELLY (1966) also points
out that Hormidium yroduces mainly biflagellate zoospores in @ ntrast
to Ulothrix. A certain amount of confusion also exists in

distinguishing Hormidium and Stichococcus and FOREST (1954) includes

Ulothrix, Hormidium and Stichococcus in the same gemms Ulothrix.

Most workers seem to distinguish between Hormidium and Stichdcoccus by

including a1l spp. with a pyremwid and motile spores in the genus

Hormidium. Also Stichococcus is not usually fourd :|.n the form of

filaments of more than a few c:lls, although in the cultures observed
here, filaments of up to 4O cells have been noted.
The caonfusion is also added to by the fact that Hormidium Lindley

is an orchid genus and Fott proposes ile name Chlorhormidium whichis

used by Bourelly.

The species listed in theie results have been identified using
Ramanathan's keys, giving the acid tolerant Hormidium species found as

Hormidium rivulare Kiitz. (Syn. Ulothrix rivulare Katz; Stichococcus

rivalare (Kutz.) Gay). The species is very similar to Hormidium
fluitans but dces not break uv so easily.,

The common Stichococcus species observed was listed as

Stichococcus bacillaris Naegli, although the long filaments fit the

description for Hormidium pseudostichococcus Heering. Stichococgus

minutus listed is distinguished from the very similar Stichococcus

chlorelloides by its slightly “erminally shifted chloroplast.
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