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About This Series

This booklet is part of a series intended to provide
recommended methods for determining the quality of
water and associated materials. In addition short
reviews of the more important analytical techniques of
interest to the water andsewageindustries are included.

In thepast, the Department of the Environment andits

predecessors, in collaboration with various learned
societies, have issued volumes of methods for the
analysis ofwater and sewageculminating in 'Analysis of
Raw, Potable and Waste Waters'. These volumes
inevitably took some years to prepare, so that they were
oftenpartially out ofdate before theyappeared in print.
Thepresent seriesis published as a series ofbooklets on
single or related topics; thus allowing for the
replacement or addition of methods as quickly as
possible without need of waiting for the next edition.
The rate of publication will also be related to the
urgency of requirement for that particular method.
Although ideally, all methods published should be fully
tested, this is not often possible without delay in
publication. Furthermore, the limit of detection, range,
precision and interference effects applying to
instrumental methods can depend on the actual
instrument used, as well as on sample type, reagent
purity,operatorskill, etc. Even methods tested in many
laboratories have been known to acquire problems when
a new domestic product appeared (introducing a new
substance into effluents), changes in production
methods altered reagent quality, or the method was used
to analyse a new type of sample (despite apparent
similarity to samples already evaluated). As a guide, the
followingcategories have been given to methods: tested,
usually in five or more laboratories
— no grade indicated;
tested in one to three or four laboratories
— Tentative;
evaluated, but not fully tested, but publication is
urgently required
— Note;
tested and found to be satisfactory by several
laboratories, but in the opinion of experts requires a
high degree of skill or has some other difficulty such
that the method would be replaced if a better method
were discovered
— Provisional.

The aim is to provide as complete and up to date a
collection of methods and reviews as is practicable,
which will, as far as possible, take into account the
analytical facilities available in different parts of the
Kingdom, and the quality criteria of interest to those
responsible for the various aspects of the water cycle.
Because both needs and equipment vary widely, where

necessary, a selection of methods may be recommended
for a single determinand. It will be the responsibility of
the users—thesenior technical staff, to decide which of
these methods to use for the determination in hand.
Whilst the attentionof the user is drawn to any special
known hazards which may occur with the use of any
particular method, responsibility for proper supervision
and the provision of safe working conditions must
remain with the user.

The preparation of this series and its continuous
revision is the responsibility of the Standing Committee
of Analysts (to review Standard Methods for Quality
Control of the Water Cycle). The Standing Committee
of Analysts is a committee of the Department of the
Environment set up in 1972. Currentlyit has 9 Working
Groups, each responsible for one section or aspect of
water cycle quality analysis. They are:
1.0 General Principles of Sampling and Accuracy of
Results
2.0 Microbiological Methods
3.0 Empirical and Physical Methods
4.0 Metals and Metalloids
5.0 General Nonmetallic Substances
6.0 Organic Impurities
7.0 Biological Monitoring
8.0 Sewage Works Control Methods
9.0 Radiochemical Methods.

The actual methods and reviews are produced by
smaller panels of experts in the appropriatefield, in cooperation with the working group and the main
committee. The names of those associated with this
method are listed inside the back cover.
Publication of new or revised methods will be notified
to the technical press, whilst a list of Methods in Print
is given in the current HMSO Sectional Publication List
No 5.
Whilst an effort is made to prevent errors from
occurring in the published text, a few errors have been
found in booklets in this series. Correction notes and
minor additions to published booklets not warranting a
new booklet in this series will be issued periodically as
the need arises. Should an error be found affecting the
operation of a method, the true sense not being obvious,
or an error in the printed text be discovered prior to
sale, a separate correction note will be issued for
inclusion in that booklet.

L R PITTWELL
Chairincin andSecretary
1 February 1990

Warning to Users

The analytical procedures given in this booklet should
only be carried out by competent trained persons, with
adequate supervision when necessary.

Local Safety Regulations must be observed.
Laboratory procedures should be carried out only in
properly equipped laboratories.
Field Operations should be conducted with dueregard
to possible local hazards,andportable safety equipment
should be carried.

Careshouldbe takenagainst creating hazardsfor one's
self, one's colleagues, those outside the laboratory or
work place, or subsequently for maintenance or waste
disposal workers. Where the Committee have
considered that a special unusual hazard exists,
attention has been drawn to this in the text, so that
additional care might be taken beyond that which
should be exercised at all times when carrying out
analytical procedures. Reagents ofadequatepurity must
be used, along with properlymaintained apparatusand
equipment of correct specifications. Specifications for
reagents, apparatus and equipment are given in
manufacturers' catalogues and various published
standards.Ifcontamination is suspected, reagent purity
should be checked before use.

The best safeguard is a thorough consideration of
hazards and the consequent safety precautions and
remedies well in advance. Without intending to give a
complete check-list, points that experience has shown
are often forgotten include: laboratory tidiness, stray
radiation leaks (including ultra violet), use of correct
protective clothing andgoggles, removal oftoxicfumes
and wastes, containment in the event of breakage,
access to taps, escape routes, andthe accessibilityofthe

correct andproperly maintained first-aid, fire-fighting,
and rescue equipment. Hazardous reagents and
solutions should always be stored in plain sight and
below face level. Attention should also be given to
potentialvapourandfire risks. If in doubt, it is safer to
assume that the hazard may exist and take reasonable
precautions, rather than to assume that no hazard exists
until proved otherwise.
There are numerous handbooks on first aid and
laboratorysafety. Among such publications are: 'Safe

practices in Chemical Laboratories' and 'Hazardsin the
Chemical Laboratory', issued by the Royal Society of
Chemistry, London: 'Safetyin BiologicalLaboratories'
(Editors Hartree and Booth), Biochemical Society
Special Publication No 5, The BiochemicalSociety,
London, which includesbiological hazards;and 'The
Prevention of Laboratory Acquired Infection', Public
Health Laboratory Services Monograph 6, HMSO,
London.

It cannot be too strongly emphasised that prompt first

aid, decontamination, or administration of the correct
antidotecan save life; but that incorrect treatment can
make matters worse. It is suggested that both supervisors and operators be familiar with emergency pro-

cedures before starting even a slightly hazardous
operation,andthat doctorsconsulted afteranyaccident
involving chemical contamination, ingestion or
inhalation, bemadefamiliar with the chemicalnature of
the injury, as some chemical injuries require specialist
treatment not normally encountered by most doctors.
Similar warning should be given ifa biological or radiochemical injury is suspected. Some very unusual
parasites, viruses and other micro-organisms are
occasionallyencountered in samples andwhen sampling
in the field. In the latter case, all equipment including
footwear should be disinfected by appropriatemethods
if contamination is suspected. Ifan ambulance is called
or a hospital notified of an incoming patient, give
information on the type of injury, especially if
poisoning is suspected, as the patient may be taken
directly to a specialized hospital.
Safety while Sampling
Prior consideration must be given, especially when
sampling in confined spaces or where accessis difficult,
to guard against suffocation, drowning, falls, and
poisoning or infection by ingestion, inhalation, or skin
contact.

Good LaboratoryPractice
The Department of Health issues a booklet entitled:
Good Laboratory Practice; the United Kingdom
Compliance Programme, 1989.

This can be obtained by writing to that Department in
London. It deals chiefly with toxicity studies, but much
can be applied to analytical chemistry.

5

The enumeration of algae, estimation of cell
volume, and use in bioassays 1990

Introduction
are natural constituents of nearly all surface waters, both lotic and lentic. As
such theyplay a vital role and may be responsible for the major part of the primary
production in aquaticecosystems.When nutrientsand light are plentiful large growths
may occur which can give rise to water quality and engineering problems such as
colouration of the water, production of tastes and odours and the clogging of filters.
Somespecies produce toxins, which havebeen associated with fish and other wildlife
mortalities. Thus a knowledge of their abundance, estimated quantity and growth
potentialis ofgreatintereUowater scientists and engineers.The purpose ofthis booklet is to set down the basic methods for counting cells, describe the measurements and
calculations requiredfor determining cellvolume andfinally to describe the procedures
for using certain speciesas bioassay organisms in order to estimatethe nutrient status
or potentialtoxicity of a water body.
Algae

Section A

Algal Cell Counts

Al

In most field studies of algae there is a requirement to determine cell numbers or
biomass. This may be achieved in direct or indirect ways (eg lightmicroscopy counts,

Introduction

dry weight, organic carbon, cell volume, chlorophyll a content). Among these longestablished methods only microscopy allowsthe worker to identify the speciespresent,
although it is likely that other methods for identifying species will soon become
widespread.
By estimating changes in cell numbers in a succession of samples understanding is
gained of the dynamic aspects of species composition in a community. From these
numbers it is also possible to estimate by indirect calculations the amount of algal
biomass present at any given time.
This part of the booklet describes various methods available for estimating algal cell
numbers in sufficient detail to allow the reader to choose those methods most suited
for the populations in their samples.

The main topics considered are:
Sample preparation
Microscopic enumeration
Electronic enumeration.

No single method for estimating algal numbers is ideal for all species because of the
wide range in cell size (< 1 to >200 .Lm) and the great variety of morphology (single
cell, colony, filament etc). Two groups of methods are available, direct and indirect.
Direct methods
Counting by direct microscopicalexamination provides a quantitative assessment
of the numbers and species. In contrast methods of counting, using electronic
particle counters, provide an estimate ofthe total numberof algal and other particles (isolated cells or colonies) in a known volume of water.
Indirect methods
In these methods the numbers of cells presentmaybe inferred or estimated from
determinations of another variable. These may involve passing light through a
sample (light scattering nephelometry), light attenuation, in vivo fluorescence,
chemical methods etc.

Onlydirect methods are considered in this booklet; indirect methods are described
elsewhere in the SCA series.

A2 Preparation of
samples

A2. 1

Preservation

All samples, with the exception of those used for certain indirect methods such as in
vivo fluorescence (but see A4.3.2) or chlorophyll extraction, should be fixed in a
suitable preservative immediately after collection. The choice of preservative can pose
problems with some of the more delicate forms, especially those with flagella. The
most widely recommended preservative is Lugol's iodine solution. This may be
prepared by dissolving 20 g potassium iodide in 200 ml of distilled water and then
adding 10 g iodine. The solution must not be supersaturated with iodine since this can
result in crystal formationwith consequent interference in counting. Supersaturation
canbe tested by diluting 1 ml ofstock solutionto 100 ml with distilled water. Ifiodine
crystals appear after standing, more potassium iodide (approx 5 g) should be added
7

and the test repeated. If no crystals appear, 20 ml glacial acetic acid is mixed in and
the solution is ready for use. It should be stored in a darkenedbottle out of the light.
Lugol'siodineis used at a concentration of 1—2 ml per 100 ml sample. A note should
always be madeofthe exact volume ofpreservativeusedand the volume ofthe sample,
if counting is to be done later. Iodine has the disadvantage of staining both the algae
and organic detritus, possibly making them difficult to distinguish. It can also distort
or disrupt more delicate cells. When such delicate forms are present it may be
preferable to use an alternative fixative such as formaldehyde neutralised with calcium
carbonate. This can be used as 5 ml 100 ml sample, but must be used with caution,
avoiding inhalation and contact with skin.
Buffered glutaraldehyde (take care!) is required if electron microscopy is to be used
later.
Samplepreservation is best carried out immediatelyafter collection, but,ifsamples are
to be usedfor chlorophyllestimation or certain otherindirect methods, no preservative
should be used.

If identification from fresh material is needed, either take a larger sample
subdivide, or keep a duplicate sample.

and

A2.2 Sample pre-concentration
When algal cell densities are very low, the sample may need to be concentrated.

A2.2.1 Concentration by sedimentation
Concentration by sedimentation is slower than other methods, but is gentler and,
according to Lund et a!. (1958), is quantitative. All speciescan be sedimented if conditions are right. Difficultiesmay be experienced, however, with certain buoyant species
such as Microcystis, Aphanizornenon andAnabaena.If preliminary observations indicate the presence of suchbuoyant species, collapse of the gas vacuoles prior to preservation is recommended. This may be achieved by filling completely a soft-walled
polythene bottle with the sample and firmly screwing on the cap. The bottle is then
dropped from a height oLabout 1 m on to a hard surface. The impact suddenly
increasesthe pressure inside the vesselthus collapsingthe gas vacuoles in the algae. The
algae should then sink. If enough algae are present a change in colour may also be
noteddueto changes in light refraction, although no visible difference will be apparent
if cell densities are low. The process may need to be repeated several times.
Sedimentation ofcells is enhanced if they are preservedin Lugol'siodine. Algae absorb
iodine to a greater or lesser extent with the formationof polyiodine species within the
cells (Teitelbaum et a!. 1978) and this increases cell density, aiding sedimentation.
Convectioncurrents can be generated and cause problems ifcounting chambers are too
tall (Nauwerk 1963): a height: diameter ratio of not more than 5 is advised. The time
allowed for settling is also critical because different species settle at different rates.
Furet and Benson-Evans (1982) suggest that a settling time of 48 h in a 16-cmvertical
column at 20°C is acceptable for phytoplankton fixed in Lugol's iodine. If small
diatoms are present, however, a settling period of 96 h is recommended. Once settlement has occurred the supernatant is siphoned off carefully. A minimum of 10¾ of
the liquid should be left in the cylinder to avoid disturbance of the sedimented algae.
Siphoningis carriedout gently by placing the siphonend (Fig.Al) justbelow the liquid
surfaceand moving it downcarefullyas the liquid is removed until 10¾ is left. The
siphon is then broken by lifting the tip above the liquid surface. A modification to
reduce further the chances of entrainment of sedimented cells is to use a pipette tip
which has been bent into a U-shape, so that the orifice points upwards (Fig. Al). The
orifice is againplaced just belowthe surfaceduringsiphoning, but it ensures that liquid
is drawn from above, not directly below the siphon tip.
A2.2.2 Concentration by centrifugation
Centrifugation is a rapid and convenient method ofconcentrating a sample, espcciaUy
if the species present are largeand robust. A speed of 1,500 rpm (360 g) with a minimum time of 15 mm for sample volumes of 10—20 ml is recommended (Ballantine

Figure Al Concentration by sedimentation
Following sedimentation the supernatant is carefully siphoned off.

waste

Upturned siphon tip

Sedimented algae

1953). Errors can arise if the centrifuge is slowed too rapidly. It is thus essential to
allow a gradual slowing down. Once stopped the top 90% is removed using an upturned pipette (A2.2. 1) and a siphon action, taking great care not to disturb the
deposited algae. The remaining liquidmust be mixed very thoroughly to resuspend the
cells evenly and avoid clumping. Care must be taken, however, during the resuspension to avoid damage to cells, filaments or colonies. Centrifugation may be
aided by the addition of a precipitating agent, such as potassium aluminium sulphate
(1% solution), which is added at a concentration of 0.05 ml per 10 ml sample. Buoyant
cells cannot be centrifuged. Although centrifugation can sometimes be used to concentrate living flagellate forms, damage is almost inevitable with the more delicate
species.
Continuous centrifugation has been described for separating seston from largevolumes
of water (Vollenweider 1974) although an efficiency of only 80—90% removal is
quoted.

A3 Enumeration

A3.l Direct methods
Membrane filtration
This method does not require pre-concentration, because the required concentration
can be obtained by adjusting the volume of sample filtered.
A3.1.1

A suitable volume of sample (1 to 200 ml per cm2 of filter surface (Vollenweider
1974) is passed through a filter of 0.2 or 0.45 jim pore size. Either cellulose-basedor
polycarbonate membranes can be used. Care must be taken when adding the sample
to the filter holder to prevent watercurrents leading to an uneven distribution of cells
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on the filter. To ensure that this does not occur, allow the sample to stand for 2—5 miii
in the filter holder before applying the vacuum. Only gentle suctionshould be used.
The sample may be preserved before filtration or stained subsequently. If an iodine
preserved sample is used, the filter should be washed with a small amount of distilled
water to remove excess iodine, with care taken not to affect the distribution of cells
on the filter. If thereis a risk that the introduction of the distilled watercoulddisturb
the filtered cells this stage should be omitted. Washing is essential for sea water samples
in order to remove any residual salt.
When all the sample and wash water have passed through, gently draw air through
filter for a further minute. One of the following three procedures may then be
followed:

(i) The algal cells are now dehydrated by passing volumes of 10—l5 ml of
progressivelymore concentrated ethanol through the filter. If this procedure is
followed, it is essential to use afilterpad which is unaffected by ethanol. After
dehydration the cells are stained with alcoholic fast green (0.1% in 95°lo ethanol)
by allowing the solution to stand over the filter for 20 mm before drawing
through. The filter is finally washed in ethanol (Vollenweider 1974).
(ii) A drop of either immersion oil or goodquality cedarwood oil is placed on
a microscope slidet. The membrane filter is then placed, face up, on the drop
of oil on the slide, which may then be stood in a dust free atmosphere for 24 h
to clear or for quicker processingplaced in an oven at notmorethan 45°C*. The
oil moves up through the filter replacing any air or water rendering the filter
transparent.Whether the process takes place at room temperature or in a warm
oven the filter should be left until it is visibly clear. Cedar wood oil, although
cheaper than immersion oil, is darker in colour and so partiallyobscures further
microscopy. When clear, the filter is then covered with a cover slip. To avoid
trappingair a small amount of oil mayhave to be placed on the upper surface
of the filter; care is needed because algal cells are readily disturbed when the
cover slip is lowered, thus affecting the random distribution over the surface.
(iii) The procedure is the same in principle as (ii) but is modified to preserve the
random distribution of cells on the filter surface. To achieve this, the drop of
immersion/cedar wood oil is placed on a suitably sized cover slip (large enough
to take the filter pad) and allowed to spread. The filter is then placed face down
on the oil and left at room temperature or in an oven at not more than 45°C.
Then the cover slip and filter are carefully inverted onto a microscope slide.
Cell numbers can then be estimated by one of the following methods:
(i) Most probablenumber estimate (MPN)
This method is suitable for the more abundantspecies. Infrequent species may
be missed and are best determined by an alternative technique.
MPNcounts are based not only on the recorded presence of organisms but also
on their recorded absence. The slide is first placed on a mechanical stage of a
microscope and scanned using the low power objective to confirm visually that
the cells are not clumped. Next, using suitable magnifications the most
commonly occurring speciesare identified. (This should be done in conjunction
with observations on live and pre-filtered preserved material.) Select an
appropriateobjective so that the most commonspecies is presentin the field of
view approximately 80% of the time. If this cannot be achieved then
concentration or dilution of the sample may be necessary. The slide is now
moved and observed in a random manner, so that SO such fields of view are
observed andthe number of them in which the most commonspecies occurs is
noted**. Ifthe percentage occurrence is substantially less than 80% a largerfield
of view or preconcentration should be used; if it is much above 90% then a
smaller one or sample dilution should be used.

tThe oil to be used should be tested for suitability with the particular type of
membrane filter.
*Higher temperatures can lead to curling and distortion of the membrane.
**Jf the membrane is gridded so that each square may be numbered then a random
numbertable may be used to select appropriate squares.

Cell counts are not necessary, only presence or absence. When records for 50
fields are complete the percentage frequency (F) is calculated for each species
using the following formula:

F= total numberof occurrences of a species x 100

total numberof quadrats estimated
Assuming a random distribution of cells on the filter the percentage frequency
may be converted into a theoretical average number of individuals per field
observed. This is called the theoretical density d. Given the assumption of a
randomdistrIbution the theoretical density maybe calculated from the formula:

d= loge [1001(100—F)]
see Fracker and Brischle (1944).
Having estimated values for d, the number of each species per litre of original
sample is calculated as follows:

numberof cells per litre=

Xa

a2 x (V1 + V2)

-

where (d)=theoretical density (see above); a1 = area of filter;
a2= area of field of view; V1 =volume of sample filtered in litres, and
V2 = volume of preservative added in litres.

The validity for the conversion of F to d is based On the premise that the cells
are distributed randomly on the filter. This can be tested using the index
developed by McGuinnies (1934)
where K= D/d
in which K is the deviation from randomness and D is the average numberof
organisms per field as determined by direct counting. If K= 1 then randomness
is indicated. Values of 0.5 or less indicate that the organisms are morescattered
than expected by chance andvalues of 2.0 or moreindicate greater aggregation
than expected by chance. Detailed examples are given in McNabb (1960).
(ii) Single field counts
As with MPN counts the filtration area of the membrane A and the field size
for the observation aneedto be known. It is also desirable to obtainrandomness
in the distribution of organisms across the filter surface but, as previously, this
is not always possible, especially with larger cells and filaments.

Withthis technique a gridded filter pad is usedandall organisms within a single
grid area a are counted andthe process repeated. The numberof organisms per
unit volume of sample N is given by

N=

YxAxd
axv

where Y is the mean count per grid area, A is the membrane filtrationarea, a
is the grid area, v the sample volume, d the dilution factor for the sample.

A full description ofthis technique togetherwith modifications for staining and
fluorescence and statistical validation are given in Jones (1979).

A3.1.2 Utermöhl's inverted microscope technique and modifications
Utermöhl surveyedvarious counting techniques for algal cells andthen devised his own
counting chamber and counting technique using an inverted microscope. This method
is most suited to larger algae althoughit can be used with smaller species (see Lund
et al., 1958); alternative methods for nanoplankton species are described later. A
working description is included here. The sample is preserved in Lugol'siodine, placed
in a sedimentation chamber andthe algae allowed to sediment onto the glass bottom.
They are then viewed upwards by means of a suitable microscope objective using an
inverted microscope.
(i) The microscope
In order to count all algae that have sedimented, the whole of the bottom of the
sedimentation chamber must be examined in a regular manner. This is facilitated by
11

Figure A2
(i) Microscope eyepiece hair—line marker

(ii) Systematic pattern used to scan the whole base of a sedimentation chamber

a hairline marker in the eyepiece and, using the mechanical stage, traversing the
chamber as indicated in Fig. A2. As a traverse is made only organisms lying between
the two parallel cross hairs are counted and then only as they cross the vertical line.
Since some organisms will lie across the parallel hairs duringa traverse,it is customary
to count those across the upper one whilst ignoring those across the lower one. The
latterwill be counted on the next traverse. Normally the entirechamber is counted.If,
however, species are presentat high densities andare randomly distributed, then fewer
transects may be viewed and suitable multiplication factors brought in, provided the
user accepts that the exact confidence limits cannot be given.

(ii) Sedimentation tubes
Sedimentation tubes are either available commercially from optical and microscopic
specialistssuch as B. Leitz, or may be constructed by the investigator. They consist of
a suitable tube, the bottom of which is ground flat and then has a coverslip or glass
disc fixed to it. The coverslip/glass disc fixing may be permanent or removable. The
thickness of the coverslip depends on the working distance of the objectives used with
the inverted microscope. Various types of tube are described below:
Fixed base tubes
Thetube is cut from soda glass or perspex tubing of suitable internaldiameter.
This will vary, as will the height of the tube, depending upon the size of the
samples and abundance of the species being counted. Sizes between 0.5 and
3.0 cm diameter and 2.5 cm to 6.5 cm height are normally used. One end is
ground perfectly flat and smooth exactly at right angles to the long axis of the
tube. A suitable size coverslip or glass disc of similar thickness to a microscope
slide is then cemented into place using an adhesive such as Araldite. Care must
be taken not to allow the adhesive to flow into the inside of the counting
chamber. If the tube is glass, excess Araldite can be removed carefully by a
mixture of conc. sulphuric acid/potassium dichromate which can be pouredinto

the chamber once the Araldite has been given sufficient time to harden. Care
must be taken not to leave the cleaning mixture too long, because it will attach
the seal as well as the excess. It is better to leave the acid for a shorter rather
than a longer time. After the appropriate time the cleaning mixture is pouredoff
andthe excess material, which shouldnowhave softened, can be easilyremoved
with a needle or a scalpel. This cleaning procedure cannot be used if the tubes
are made of perspex. Once cleaned the tubes are thoroughly washed to remove
acid. Whilst perspex is an easier material with which to work it doesnot produce
such a durable cell as glass.
(ii) Split counting chambers
When fixed bottomed chambers are placed on a microscope for counting, the
light has to pass through a considerable thickness of liquid before reaching the
sedimented specimens. The optical conditions are thus far from ideal. This disadvantage may be partly overcome with a split tube technique. This uses a
perspex tube in two sections which allows most of the supernatantwater to be
removed after sedimentation; the depth of liquidthrough which the lighthas to
pass is thus greatly reduced and, hence the optical properties of the system
markedly improved. The design of the split tube is given in Fig. A3.

The construction is as follows:
(i) Two plates the same size as a standardmicroscope slide are cut from a sheet
of perspex (2—3 mm in thickness).
(ii) A suitable length of perspex tubing is cut for the sedimentation tube. The
tube is generally between 4 and 8 cm long and between 0.5 cm and 1.0 cm
internal diameter, depending upon the volume of sample to be sedimented
(usually 1—5 ml). The end is ground smooth and care is taken to ensure that it
is exactly at right angles to the long axis of the tube.
(iii) The two flat perspex plates are then firmly clamped together and a hole
drilled through both of diameter equal to the internal diameter of the
sedimentation tube that is going to be attachedlater. All of the cut and drilled
edges are cleaned with a scalpel or fine file to remove any swarf.
(iv) To one perspex plate is cemented a sedimentation tube of equaldiameter by
means of Araldite or a similar adhesive. Care must be taken to ensure that the
sedimentation tube is absolutely vertical and properly aligned with the hole and
that it is completelysealed to the plate. Two small fillets of perspex are cemented
to the second of the perspex plates to act as feet (Fig. A3).

Figure A3 Construction of a split-level chamber
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The whole unit is assembled as follows:
A cover slip is attached to the underside of the bottom perspex plate (the one
with feet) by means of either Araldite (for a permanent fixture) or with
petroleum jelly (for a temporary fixture). Care must be taken to ensure that,
althoughit is properly sealed, no sealant enters thecounting chamber. Theunder
side ofthe top plate andthe top side of thebottom plate are then lightly smeared
with petroleum jelly and squeezed together to seal the unitagainensuring no jelly
gets intothe counting chamber. Ifany does, it should be removed with a needle.
Theassembledcounting chamber is thenreadyfor use. Thechamber shouldbe placed
on a horizontal surface, a suitable volume of iodine preserved sample added and then
allowedto stand for an appropriate time at a constanttemperature in the dark to allow
all cells to sediment onto the cover slip. The time for sedimentation depends upon the
depth and volume of the chamber tube (A2.2. 1). At least 3 li per cm depth of liquid
should be allowed, but ideally chambers should be left overnight, or even longer if
small cells are to be assessed by this method.
Following sedimentation, fixed chambers are now ready for immediate counting. For
the split chambers the procedure is as follows. The chamber is carefully placed on a
firm horizontal surfacemaking sure that the contents are in no way disturbed. The
upper section is thenfirmly slid sidewaysso that the lower part of thechamber is sealed
off. Theliquidin the upperpart is thenpipettedoff. Theupper part is thencompletely
removed by sliding sideways, and a coverslip is then placed over the lower chamber
(with the sedimented algae), making sure that no air bubbles are trappedunderneath.
The chamber is now ready for counting either on an inverted microscope or, if large
celled algal species are present,easily visible undera low power objective, on a normal
compound microscope viewing downwards.

A3.1.3 Haemacytometer
Thehaemacytometer consists of a specializedglass slide, part of the surface of which
is carefully ground down to an exact and pre-determined depth. Around this area is
a deeper area to allow the excape of excess sample fluid. The carefully ground area is
provided with a ruled graticule for counting. The technique involves placing a drop of
sample on the ruled area. The special haemacytometer cover glass is then placed on top
and is supported by the slide. This also causes excess liquid to run into the deeper
grooves/moat areas. The organisms in the ruled area are then counted and the total
numberper unit area determined. Knowing the area and depth of this ruled area the
number of organisms per unit volume may be calculated. Typical chambers based on
this design are the Fuchs-Rosenthal haemacytometer and the Helber chamber.

A3.1.4 Sedgwick-Rafter chamber
The Sedgwick-Rafter chamber (as described in Whipple et a!., 1927) consists of a
microscope slide onto which has been built a rectangular chamber. On to the top of
this chamber is placed a coverslip(see Fig. A4). The chamber is usually approximately
50 mm long, 20 mm wide and 1 mm deep. The total area of the bottom is
approximately 1000mm2 and the total volume approximately 1000 mm3. The exact
dimensions of the cell should be determined before use. Ifnecessary an accuratemean
depthmaybe determined from the weight of water contained in the chamber with the
coverslip in place.

The cell can be used with either living or preserved material. To fill the cell place the
coverslip across the chamber top (Fig. A4). This allows air bubbles to escape during
the filling procedure. Thesample is then taken into a 1 ml wide-mouthed pipette and
then carefully transferred to the chamber. Do not overfill the chamber, because the
volume of sample in the chamber must be known exactly and the coverslip must not
float free, but be held onto the cell walls by surface tension. During counting water
may evaporate from the chamber. To prevent gas bubble formation, a small drop of
distilled water may be placed on the slide outsidethe cell wall just touching the cell wall
and coverslip. Before the cell count is made the Sedgwick-Rafter chamber should be
allowed to stand for at least 15 mm to allow the algae to settle to the bottom.

Figure A4 Filling a Sedgewick-Rafterchamber
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The chamberis scanned quickly with a lower power objective to ensure a random
distribution of algae on the bottom. Withthis criterion satisfied, one of two counting
procedures may be used.
(i)

If cell densities are not very high (less than 10 individuals per field of view) then

a transect of the chamber may be counted, using either a x 10 or x20 objective.

Higher magnifications cannot be used satisfactorily, because of the depth of the
chamber. Oneor more transects of the cell bottom (the area of which depends on the
objective, but should be calculated exactly) are traversed and all algal cells present
noted. When only one or two transects are counted, it is customary to traverse as near
to the centreof the chambers as possible to avoid edge effects. To avoidcounting the
same individuals twice, a cross-hair eye-piece graticule (A3.1.2) is used. The density
can then be calculated by multiplying the traverse count by the fraction of the total
area which the strip represents. If the original sample was concentrated or diluted
before counting, the result needs to be multiplied by an appropriatefactor.

If the algal count exceeds 10 cells per field of view, an alternative technique may
be used.At least 10 randomly chosen fields ofview are counted. Theexact areaofeach
field of view must be known and the count then multiplied by an appropriatefactor
to calculate the numbers of algal cells per whole chamber. Again, if concentration or
dilution of the original sample has occurred an additional correction factor must be
(ii)

used.
Buoyant species, suchas Microcystis,do not settle to the bottomofthe chamber, but
float to the under surface of the coverslip. They may be deflatedinitially (3.1) or a
separate count madeby focussing the objective lens just below the coverslip (instead
of on the base of the chamber). This count is then added to the chamber base count
to give the total population.

A4 Fluorescence and
epifluorescence

A4. 1

Introduction

are irradiated with blue-violet light (excitation wavelength about
450 nm) the chlorophyll re-emits the absorbed light at longer wavelengths as a red
fluorescence. Thus fluorescence may be used to distinguish between cellular and
detrital material andto distinguish algal cells that are small andmore difficult to see,
such as picoplankton (Sieburth et al., 1978). It is however not necessary for the cells
to be alive, because suitably preserved material also fluoresces (see below).
When algal cells

A4.2 Equipment
Any standardmicroscope fitted with suitable fluorescence (or for dark-ground,
epifluorescence)attachments. Bothblue andgreen excitation filters shouldbe available
and, if an oil-immersion objective lens is to be used, non-fluorescent innnersion oil.

A4.3 Fluorescence

If samples require concentrating either centrifugation or filtrationare recommended.

If preservation is required, neutralised formalin to a final concentration of 2% should
be used. The sample is then placed on a microscope slide and irradiatedwith light at

approximately 450 nm. The cells exhibitingbrick red fluorescencecan then be counted.
If required, a second count can be made of total cells after staining with acridine
orange (final strength 1:5000 in water) which stains DNA and RNA. Cells then
fluorescence green or orange red. By subtracting the first (brick red non-stained cells)
count from the second (acridine orange) count, non-chlorophyll bearing cells may be
estimated.

A4.4 Epifluorescence and phototropic phytoplankton
Specialtechniques are needed to obtain reliable counts

of very small cells. The most
used
is
but
laser
flow cytometry is becoming
widely
epifluorescence microscopy,
&
Detailed
treatment
of the latter method lies
increasinglyimportant (Li Platt, 1987).
outside the scopeofthis booklet, but the separationstage described for epifluorescence
microscopy is usually applied also for laser flow cytometry, even though in theory it
is not essential.
For epifluorescencemicroscopy, very small cells need to be separated from larger cells
and other particles. It is not possible to get a sharp separation with one particularsize
of filter. Therefore the filtration step needs to be followed by measurements of
individual cells, ifit is required to obtainan exact size class eg for picoplankton, which
is commonly accepted to constitute those cells < 2 pm (Sieburth et a!., 1978).
The preserved sample (Kuppo-Leinikki & Kuosa, 1989; Hawley & Whitton, in press)
is prefiltered under gravity through a 3.0 pm Nuclepore polycarbonate membrane.
Between 5 and 15 ml of filtrate are drawn through a 25 mm 0.2 pm Nuclepore filter
under partial vacuum (<100 mm Hg) that has been prestained for 20 minutes with
irgalan black (Ceiba-Geigy, 2 g 1-1 and 2% acetic acid). A glass-fibre filter eg
Whatman GF/C is placed between the polycarbonate membrane and the filter holder
and acts as a backing filter to create an even vacuum, so cells are drawn on to the
membrane in a random fashion.
The membrane is then mounted on a glass slide that has been pre-chilled at 4°C for
20 mm; the condensation formed on the slide ensures the filter attaches firmly to the
slide. A drop of non-fluorescent immersion oil (eg Cargille type A) is placed on the
filter anda coverslip is gently placed on top, sandwiching the oil evenly between filter
andcoverslip. Uneven pressure at this stage causes cells to move non-randomly on the
filter. Preparations are ready for enumeration under an epifluorescence microscope
using a

x 100 oil-immersion objective.

The autofluorescent pigments in picoplankton are best detected by green (ca.
500—550nm) or blue (ca. 420—490 nm) excitation filter sets.

A total of 400 cells is counted to give a precision of ±10%.
Calculation

Themultiplication factorequating thearea ofthe oculargrid to the cross-sectionalarea
of the filter chimney was calculated by measuring the inside diameter of the chimney
(ca. 16 mm in a Millipore-25 mm filter holder) to get its cross-sectional area and by
measuring the size of the oculargrid in the microscope with a stage micrometer to get
its area (ca. 180x 180 piii using a 100 x oil-immersion objective). The factor of
approximately 1 x 10 is calculated by dividing the cross-sectional area of the chimney
by the area of the ocular grid.
The numberof cells per millilitre of sample filtered is calculated from:
mean number of cells per field x 10

A5 Electronic Particle
Counting—TheCoulter
Counter*

A5. 1

Introduction

Many differentmodelsof the Coulter Counter have been produced since the original.
Although the basic concept has remained unaltered, the models range from the
Industrial Model A and the 2B to the more recent, and more expensive, Model
TAII/PCAI Accucomp system. Suspended particles displace an electrolyte liquid and
canthus be sized and counted.The simpler and less expensivemodels available include
the Model D which has replaced the obsolete industrial Model A. The Model
TAII/PCAI is capable of dealing with a wider size range, is moreversatile, computerlinked, and will produce data rapidly in tabular or graphical form. The Model D is
adequate for simple routine size and count analyses and ideal as an introductory
teaching or research instrument.

For counting andmeasuring algal cells in axenic, unialgal culture the Coulter Counter
is quick, efficient and reliable. Algae mayeven be counted accurately in contaminated
cultures, provided the algal cells are sufficiently numerous and distinct in size.
In dealing with aquatic samples from the field which will normally contain widely
varying densities and sizes of non-algal particles, it is necessary to be more cautious
and referto the totality ofsuspended particles as seston. Sufficiently large anddistinct
populations of algae can often be selected from the overall size spectrum and their
volumes compared with the results of other estimates of biomass.

A5.2 Operational Principles
Theessential principles of operation of the Coulter Counter, are the same for all
models. Detailed descriptions of the mathematical and physical aspects of the
interpretation of electrical response to particle size may be found in Coulter Counter
Manuals (Anon. 1984) or the various original publications upon whichsuch manuals
are based. A simplified version will be presented here and is sufficient for most
operators. It is illustrated schematicallyin Fig. A5, which is basedupon the Model D.
In operation, the glassware is filled with an appropriateelectrolyte solution (eg 0.5%
NaC1) and, when the top tap is opened, mercury is drawn down the manometer tube
to the pre-set vacuum level as indicated in Fig. A5(a). If the electrolyte in the sample
beaker now being drawnthrough the aperture has been membrane-filtered, the signal
generated on the oscilloscope screen display is flat and completely deviod of 'spikes'.
If, however, there are particles in suspension in the electrolyte liquid, these- will
produce a visible display. The frequency of the spikes is a function of the particle
concentration and their height is a functionof their displacement volume. When the
top tap is closed to release the vacuum, the mercury returns to its rest position,
triggering as it does so the start-stop operation of the digital register. The volume of
liquiddrawn throughthe aperture maybepre-set by a switch on the manometer so that
the number of particles counted can be related to a known volume of the liquid.
Essentially each particle passing through the aperture causes a change in resistance
between the electrodes. The electronic circuitry converts this change in resistance to a
brief voltage pulse. By adopting a series of amplification and threshold settings, a
series of counts on a cumulative basis can be recorded. As thereis a directrelationship
between particle size and the voltage pulse, pre-calibration of the instrument with
particles of a known and essentially uniform displacement volume will allow particles
of a mixed and unkownsize to be counted and sized.
NB (1) A range of aperture tubes are available which differ from one another only
in the diameter of the aperture. For freshwater seston/algalmixtures, a
200-timdiameter aperture tube is usually the most appropriatechoice. (Fig
A6 indicates typical sizes encountered).
(2) For marine or brackishwater samples no additional electrolyte is required,
while for fresh water it is best to makethe samples up to a standard salinity.
A simple method is to addsufficient 10% membrane filtered NaC1solution
to produce a concentration of 0.5% NaCI in the final solution.

*Avajlable from Coulter Electronics Ltd. Northwell Drive, Luton, Beds, England
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Figure A6 Chart to indicate overall size range covered by two selected
aperture tubes useful for seston and algal analysis
Some examples are given of particleswhich generally fall within certainsize ranges together with, on the
horizontal axis, approximate values derived from microscope measurement and calculation. Eudor/na is
considered as coenobia, Aster/one//a and Microcystisas colonies, and the other algae as cells.
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With an increasing concentration of particles in the sample beaker, there
will be an increasing chance of more than one particle entering the aperture
at the same time. Corrections are made for this electronicallyin the more
sophisticated models and by simple calculation in Model D. These are
known as coincidence corrections.

(3)

A5.3 Calibration
Havingselectedan aperture tube andan electrolyte concentration appropriatefor the
samples to be analysed, it is necessary, if informationabout absolutesize of particles
is required, to calibrate the instrument. This may be done in a number of ways, but
the most simple andreliable is the use of uniformsized particles andthe 'half-count'
technique. Spherical particles with a known diameter, and a wide range of sizes, eg
Lycopodium spores,puff-ballspores, PDVB olystyrene divinyl benzene) latex, can
be obtained from Coulter Electronics Ltd, Northwell Drive, Luton, Beds, LU3 3RH.
These are dispersed in the electrolyte to a concentration of several thousand particles
per ml. The instrument switches (usually Attenuation, Threshold and Aperture
Current)are set to their lowest levels. After opening the top tap, drawing the mercury
down and (on the Model D) pressing the re-set button, pulses appear on the
oscilloscope screen. By operating the attenuationand aperturecurrent switches these
pulses can be adjustedto aheightofabout 2 cm. The threshold setting is then increased
until a shadowline approximates to the height of most of the pulses. The threshold
dial reading is recorded as 'T'. A countis thenrecorded byclosing thetop tap—usually
at the 0.5 ml volume setting. This countis repeated and a mean count noted from a
series of counts. The threshold dial is re-set at i/2T and a mean of 2 or 4 counts is
recorded (N). The dial is gain a re-set, at 1. l/2T, and another mean count (N2)
recorded. The meanof Ni andN2 should be quiteclose to the original count at setting
T. If this is not so, the procedure is repeated, adjustingthe threshold dial until the
values are within two threshold divisions. The final setting is noted as t', the
attenuation switch as A and the aperture current switch as I.

The diameter calibration factor (k) can then be calculated from:

K=3

d

It'xIxA

and, as the instrument response is linear, any combination of switch settings can be
calculated as diameters by:
d=K.3 d

'It' xIxA

Therefore for any set combination of aperture tube and electrolyte type and
concentration, a series of instrument settings can be related to a series ofparticle sizes.

For the routine monitoring of seston, including various possible phytoplankton
components ranging from small single cells to quitelarge colonies and coenobia, it is
advisable to decide upon a series of sizes (volumes) of particles and, from calculatIons,
relatethe switch settings to them. For most purposes, a series of sizes as indicatedin
the tables would be quite adequate.
This suggested range of sizes may either be simplified or further refined. By using a
smaller aperture diametertube (eg 140 jim), smaller particles may be analysed. To
cover a wider range ofparticles sizes the 2 tube technique may be adopted (see Haffner
& Evans 1974; appropriate Coulter Counter Operators Handbook) though this is
unlikely to be needed frequently.

A5.4 Preparation of samples
Samples should be analysed as soon after collection as possible andpreferably within
two hours. If there is an unavoidable delay (overnight), samples should be stored in
darkness at a low temperature, but not frozen. It is possible, but not advisable, to fix
samples in buffered 4% formaldehyde solution for longer storage.
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It is notroutinely necessaryto pre-filter samples for analysis, but if thereare numerous
large particles which would physically block the aperture, it is helpful to pre-filter the
samples, using a coarse filter, such as zooplankton netting held in a funnel. Care
should be taken that smaller particles are not lost.
Before analysing an unkown sample, it is advisable to run a membrane-filtered blank
at the same salinity concentration as the test samples to establish the background count
of particles. This ought to be very low, eg. not more than about 100 ml1 with a
200 jAm aperture tube andthe minimum size setting. If the background count is much
higher, the sample beaker should be rinsed with fresh, filtered electrolyte solution.
Careshould be takenthat the outside ofthe beaker and the platformare clean anddry.
Electrical interference can cause false counts and precautions should be takento avoid
this; the insertion of a one-to-one isolating transformer in the mains input to the
instrument can be an inexpensiveaid. The water samples are preparedfor analysis as
follows, although the quoted volumes and concentrations are only for guidance. To
15 ml of a membrane-filtered 10% NaCI solution in a 500-mi measuring cylinder is
addedawell-mixedsub-sample(to be counted) to makethe volume 300 ml.This 0.5%
NaC1 sub-sampleis then poured into the sample beakerand a count madeat the lowest
size setting of the size range to be analysed. If the count is within the acceptable upper
limit for a 200 jim-aperture tube, which would be
ml (5000 per 0.5 ml), the full
count can proceed. If an excessivelyhigh count is recorded then the sub-sample will
have to be diluted, with membrane-filtered NaCl of the appropriateconcentration (eg
0.5%), until the count is reduced sufficiently.

l0

A5.5 Full and partial sample counts
For regular routine analysesit is usual to carry out full counts of the samples.
However, in some circumstces only partial counts may be needed. To deal with
seston, including phytoplankton, from most freshwater habitats, a size range from 50
to 60,000 jim3 (equivalent spherical diameters of 4.6 to 48.5 pm) in about 16 steps, as
in TableAl, is adequate. Thesize discrimination from step to step is muchbetter than
can be achieved by normal optical microscopy. The usual procedure is to begin at the
low end ofthe size range (highest number ofparticles) andwork up the scale recording
2, 4 or morecounts at each size setting, depending upon the numbers counted.As an
approximate guide two counts are normally sufficient at >1000 particles per count and
four counts at <500. The opèratorshould aim at an agreement of counts well within
10% of one another at eachsize setting. Eventually, at the upper end ofthe size range,
the counts will be reduced to very low, probably meaningless, numbers. As a rule it
makes senseto ignore counts of<l0 particles (or some other previously agreed 'cut off'
point).

Partial counts can be achieved easily by omitting selected steps in the size range
spectrum. An extreme version to count only at the lowest size setting which provides
only a total count for the entire size range. This is a very rapid and useful technique
for dealing with, for example, experimental uni-algal cultures, where the cells are
relatively uniform in size.

A5.6 Data handling and interpretation
The more advancedCoulter Countersprovide data already plotted in histogram or
some other diagrammatic form. To understand such data, however, it is usefulto have
servedsome sort ofapprenticeship with amoresimple type of instrument (eg the Model
D). For suchinstruments the data sheets (eg in TableAl), will have raw countsentered
duringtheanalysis ofthe sample andseveral calculations arenecessaryto process these
raw count data. For each step in the size range a meancount (l'i') is calculated andif
this exceeds500, a coincidence correction must be carried out in which a coincidence
factor(P) appropriateto the aperture sizeis applied. In some counters, notablythe Zseries, such corrections can be carried out electronically by means of an 'add-on'
coincidencecorrection device. The cumulativecountsshouldnext be transformed into
counts within each step of the size range (Lin) by a series of simple step by step
subtractions. The product of each n and V value will be the minimum total volume of
all particles within each step of the size range (nV) and the sum of all of these will
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be the total particulate volume (TPV) over the entire size range analysed. Some
operators (and some manuals and handbooks) refer to an 'average' volume for each
step in the size spectrum ie. mean of upper and lower values for each step. The
assumption is that there is a normal distribution of volumes within each size interval
but as this is unlikely it is better to base all calculations upon the minimum volume.
There is then at least consistency throughout.If the manometer has been set to deal
with steps of 0.5 ml, then this last value will have to be multiplied by 2 (and by any
sample dilution factor) to provide a result for each ml of the original sample. It is
helpful to shift the decimal place and express the results as pm3x 106 ml'. Each
completed data sheet, provides three main types of information:
(i) Number of particles within the size range analysed (En ml=')
(ii) Total particulatevolume (TPV, in pm3x 106 ml
(iii) Frequency distribution of the various size particles.

A5.7 Comparison with other methods
There have been many comparisons between techniques for estimating algal biomass
(see Butterwick et al., 1982; Stein, 1973; Vollenweider, 1974) and several comparison

I

involving the Coulter Counter method (eg Evans & McGill, 1970). here is general
agreement that a visual count, although slow, is the most reliable. Microscopy is
essential to identify the algae and to check their condition. Chemical methods,
especiallythose for carbon and chlorophyll analysis, can be informative but may be
quite misleading where populationnumbers are low or cells unhealthy. The Coulter
Countertechnique only provides a reliable estimate of biomass if the seston consists
largely of an algal population of distinctive size range. The best procedure, therefore,
is to combine routinely several methods of biomass analysis:
(i) Examine a sub-sampleby the sedimentation technique (A3.1.2), count suitable
algal units and convert to a populationdensity (Section B).
(ii) Chlorophyll a extraction in hot 90% methanol (see HMSO 1983).
(iii) Coultaer Counter analysis to derive seston data.

The results of (i) and (ii) can be used to help interpret those from (iii).
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Section B

Algal Cell Volume

Bi Introduction

Cell dimensions, andhence cell volumes, vary greatly fromone species to another and
even within the same species. A species of Chiorella, for example, with a mean
wouldhave a mean cell volume of 30 jim3 whereas Stephanodiscus
diameter of 4
with a mean diamterof 35 jim would have a cell volume in excess of 15,000 jim3. Cell
volume can be converted to cell carbon or cell mass to give a more realistic estimate
of populationbiomass, althoughsuch estimates must be treated with caution.
Cell size and volume may also be of use in interpreting the growth and behaviour of
algal populations. Nutrients must be absorbed from the surrounding medium to be
utilized bythe cell. A knowledge ofthe surface area available for absorptionandhence
the cell surface area to volume ratio can helpin the interpretation of algal population
dynamics (see Reynolds 1984).

B2 Measurement of

cell size

Many algal cells approximate to simple geometric shapes. (Table B1).
Table BI Approximate cell shape and key dimensions for various algal genera
Genus

Shape

Key Dimensions

Chiamydomonas
Chiorella
Spirogyra
Mallomonas

sphere
sphere
cylinder
ellipsoidal
cylinder
cuboid
cylinder
cylinder
cylinder

diameter
diameter
diameter, height
length, diameter at centre
diameter, height
length, width, height
diameter, height
diameter, height
diameter, height

Osdilatoria
Asterionella
Cyclotella
Melosira
Stephanodiscus

In many taxa the shapeis morecomplex and can only be described by a combination
of geometric shapes. In these cases the key dimensions are those requiredto describe
each separate shapemaking up thewhole. Examples of such complex combinations of
geometric shapes are given in Table B2.

For most complex shapes it is advised to sketch a range of cells in different views in
order to decide on the best combination of geometric shapes.
Table B2 Examples of algal species requiring combinations of geometric shapes to
describe their shape
Species

Geometric Shape

Ceratium hirundinella

a sphere, one cylinder (apical horn) two or three
cones (lateral horns)

Scenedesmus quadricauda

four cylinders (for a 4-celled colony)

Nitzschia acicularis

double cone

Rhizosolenia acuminata

cylinderwith cone at either end

Staurastrum pingue

two cones with six cuboidal arms

Some taxa (eg the diatoms Cymbella and Amphora)cannot be described successfully
even by means of combinations of geometric shapes. In these cases estimates have to
be made by other means.
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Measurements of cell dimensions should be made, where possible, on both freshand
preserved material. Whilst it is more convenient to make measurements on preserved
material it is possible that delicate species may distort or change size. For diatoms,
measurements madeon cleaned frustules mountedin a suitable medium (eg Naphrax),
are more accurate. As many cells from a populationas possible should be measured
butin any event thenumbershould notbe less than 25. Ifcell densityis low in a sample
the results from a number of samples may need to be combined to give a suitable
average. With some cell shapes it can be difficult to make all appropriate
measurements on the same cell because they may tend to settle in one plane. This is
particularly true with some diatoms, which can settle showing either the valve or the
girdle view uppermost. In such cases measurements must be made from the views
available and averages taken.
B3 Calculation of cell
volume

cell size can vary from one populationto another, it is necessary to make
original measurements, rather than transpose data from other locations Bellinger
(1974). Having determined the linear dimensions of at least 25 cells, the cell volume
can be calculated using the appropriate geometric formula or combination of
formulae. If all the appropriate dimensions are available for each cell measured the
volume for each cell should be calculated individually and only then calculate the
average cell volume for the population. This reduces errors in calculation caused by
averaging linear dimensions.
Because

Some cells have shapes which do not conform to standard geometric formulae or
combinations of formulae.Tn suchcases eitherthe best approximation should be used
or plastic models may be made and the volume of liquid displaced measured to
determine volume (Bellinger 1974). It should also be recognized that not only can
variations in cell size and volume occur between individuals of the same species at
different geographical locations, but also between individuals of the same species and
location but at different tithes of year (Bellinger 1977).

Plasmavolume and vacuoles

In many cells, especiallylarger ones, the bodyis not composed entirely of protoplasm,
but also contains a vacuole. The latter sometimes occupies the larger portion of the
total cell volume and it has been suggested that the plasma volume (ie the volume
occupied by the protoplasm) is a better estimate of biomass.
It can be very difficult to measure the thickness of the protoplasmic layer, which is
usually in a film around the outside of the cell (1—2gm). Table B3, derived from

Smayda (1965), gives suggested values for parietal protoplasmic layer thickness based
upon various surface area to volume ratio. In additionthere are strandstraversing the
cell forming protoplasmic bridges. The plasma volume (PV) can thus be calculated as
either:
(i) Total cell volume—cellvacuole volume, or
(ii) Surface area (in m2) x parietal protoplasmic layer thickness.

An additional factor is added to account for the protoplasmic bridges (5°lo of the
parietal protoplasmic volume) and also one to represent the nutritiousportion of the
cell sap (which is not all water and does contain dissolved nutrients). This latter has
been taken arbitrarily to be 10% of the total cell volume (Smayda 1970).
Table B3 Suggested parlital protoplasmic layer thickness for cells of various
surfacearea tovolume ratios (from Smayda 1965)

Conversion of cell
volume to cell carbon
B4

Surface:volume ratio

>0.90

0.51—0.89

0.35—0.5

<0.35

Protoplasmic layer
thickness (pm)

total vol

1.0

1.5

2.0

Although total cell volume can provide a usefulestimate of biomass it can be of more
useto be ableto estimate the cell carboncontentof a population. Various workers have
suggested equations for converting cell volume into cell carbon. Mullin et al. (1966)
suggested:
log1oC= O.76(logioV) —0.29
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Strathman (1967) developed this to distinguish between diatoms and other
phytoplankton to produce two relationships:
diatoms
logioC =0.758(logjoV)—0.442
log1oC=O.866(logioV)—0.460

other phytoplankton

Minor modifications to Strathman's formulae have been suggested by Eppley et al.
(1970) and Taguchi (1976)but probably the most realistic estimate of cell carbon was
found by Strathman to be based on plasma volume. Using a 1
protoplasmic
peripheral layer thickness, he suggested the following relationship:

m

IogoC =0.892(logioV)—0.61
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Section C

Algal Bioassays

Cl Introduction

When nutrientsand light are plentiful, dense growths may give rise to water quality

and engineering problems such as clogging of filters in water treatment works,
colouration of the water or production of tastes and odours. Sonic species produce
toxic substances which have been associated with fish and other wildlife mortalities
(Collins 1978). Thusa knowledge oftheir growth potentialin water is of value to water
scientists, managers andengineers. Measurementsofsuchgrowthpotentialgives some
indication of the concentration of biologically available nutrients. If controlled
quantities of specific nutrients are added to water samples, algal population size
changes can indicate which, if any, of the nutrients were previously limiting. If
nutrientsand physicalconditions are known to be adequatein a testsample but growth
of a standard algal species is still limited, then the presence of toxic or inhibitory
substances should be considered. However, it is not always possible to be certain
whether nutrientsand/or physical conditions are adequate.
Algal bioassays are based on the assumption that thereis a direct relationship between
the growth of the test species andthe concentration of the nutrient in shortest supply
(or, in the case of toxins, the concentration present). Whilst this concept is usually
applied to a single limiting nutrient, it has also been extended to include physical as
well as chemical variables (Shelford 1913; Odum 1959). Algal bioassays are often
carried out with more than one nutrient simultaneously eg combined additions of
nitrogen and phosphorous and the effect of the N:P ratio. The test can thus be used
to (1) identify the substances which are limiting algal growth, (2) determine the
biological availability of substances in the sample and (3) quantify the biological
response to changes in concentrations of substances in the sample. These
measurements are made in culture tests by adding a selected test alga to the water
sample with or without addition of nutrients and determining algal growth at
appropriate intervals. All physical conditions are kept constantthroughout the test. A
flow diagram summarizing the overall test procedures is shown in Fig Cl.

C2 Test Algae

C2. 1

Standard species

The recommended standard test alga is the green alga (Chiorophyta) Selenastrum
capricornutum Printz*, a relative of the widespread green algae Chiorella,
Scenedesmus and Ankistrodeesmus. Selenastrum capricornutum is a unicellular
species dividing by endospores, although it may at times form clumps. It may be
obtained as a standard culture from the Culture Centre of Algae and Protozoat.

C2.2 Other species
Because

ofthe varying requirements of different taxa, bioassays should also be carried

out with at least one additional species in addition to S. capricornutum.This should
be representative of the indigenous populations in the water body being tested. It
should be realized that species within the same genus niay vary widely in their
requirements. Ideally this test algawillbe obtained from a culture of a species isolated
fromthe indigenous population. Ifthis is impossible, the followinglistindicates strains
from which additional test organisms may be selected froni the Culture Collection of

Algae and Protozoa.

*Monoraphjdjum sp. and Chlorella sp. are acceptable and may be used with equal
success. They are available from standard culture collections.
tCCAP, Institute of Freshwater Ecology, Windermere Laboratory, Far Sawry,
Ambleside, Cumbria UK LA22 OLP
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Figure Cl

Flow diagram showing steps in the algal bioassay procedure

Define objectives of test

L
Preparation of glassware
and other apparatus

Select test species

j

F

Preparationof the medium

Preparation of suitable
growth area
Production of the
stock cultures
Obtain background data on
samples to be assessed

Collection of water samples

Actual algal assaytest

Measurementof growth

Analysis and interpretation
of results
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Cyanbacteria (Blue-greenalgae)
Microcystisaeruginosa Kütz
Anabaena flos-aquae (Lyngb.) Bréb.

CCAP 1450/4
CCAP 1403/13C

Chiorophyta

Scenedesmus quadricauda (Turp.) Bréb.

CCAP 276/4b

Bacillariophyta

Asterionellaformosa Hass.

(CCAP 1005/16

The inclusion of a species of Anabaena or other nitogen-fixing blue-green alga is
desirable because their nitrogen requirements differ markedly from other species.
C3 Preparationof
glassware and other

All apparatusused in thebioassay tests must be keptscrupulously clean. The procedure
recommendedis as follows.

apparatus

03.1
These

Experimental flasks
should be of top quality borosilicate glass.

The flasks are first filled to the brim with a concentrated solution of saturated
Na3PO4 for cleaning purpss and left overnight. They are then emptied, washed in
tap water and then washed six times in de-ionised or distilled water. If phosphate
iimitation is suspected in the test water, nitrated sulphuric acid* can be used instead
of the phosphate cleaning solution. The flasks are then filled to the top with 1:1 HCI
(sg 1.18) water and left for about 20 mm. They are then emptied and again washed
6 times in de-ionised or distilled water. About 200 ml of de-ionised or distilled water
is then boiled in each flask. Theyare then emptied, allowed to cool and then covered
(with cellophane, 'cling film' or equivalent). Each flask should be numbered with a
diamondpencilandthat codenumber referred to in all future experiments. This allows
the experimenter to note whether one particular flask consistently gives different
results from the rest. If this happens that flask should be discarded. The flasks should
be covered and stored in a clean environment until required. A somewhat similar
procedure is used for other glassware, apart from pipettes and filtration equipment
which require slight modifications.

C3.2 Pipettes
Thepipettesare washed by total immersion in HCI (1:1 vol:vol) for at least lii.
They
arethen removed, drained and totally immersedin six changes ofde-ionised or distilled
water, allowing the pipettes to stand for at least 5 mm. in each change of water. If the
pipettes are storeddrythey should be wrapped in protectivematerialsuchas cling film;
if stored wet they can be left in dilute HC1, but must be washed before use.

C3.3 Filtration equipment
The fritted glass filter (Gallenkamp & Co, Millipore or Sartorius) is first cleaned in
concentrated nitrated sulphuric acid. This is necessary in order to remove all possible
contaminating material which might be adhering to the filter. This includes algae
entrapped in the fritted glass from previous uses. The filter is then washed at least six
timesin distilled water. Thewhole filter apparatus is thenoven dried at 100°C. Allow
the filter to cool before using.

TheBuchner receivingflask which collects the testwater must be cleaned betweeneach
experiment as follows. It is first washed in concentrated Na3PO4, then rinsed in tap
*1 pt H2S04 (conc): 1 pt HNO3 (conc) mixture. Care must be taken when
making up
the mixture. Rubber gloves and safety glasses must be worn. Add the nitric
to the
sulphuric acid slowly, thoroughly mixing and cooling after each addition.
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water, washed 6 times in de-ionised or distilled water andleft to stand for at leastone
hour in the finalrinse water. It is thenwashed in diluteHC1(1:1) andthen6 times with
distilled or de-ionisedwater. The filtrationapparatusandflask are then assembled and
one litre of testwaterpassed througha OF/C filter paper. Thefiltrateis swilled round
the flask and also used to rinse the experimental flasks before discarding. The filter
padis discarded. A rinse at every stage involves swillingthe waterround and inverting
the flask to drain. When not in use both the mouth and the side arm of the Buchner
flask should be covered with cellophane/cling film.

C4 Maintenanceof
Stock Cultures

C4. 1

Test species

Stock cultures of Selenastrum capriconutum should be maintained in a culture
medium containing the following analytical reagent grade chemicals in de-ionized
water:

Macronutrients
NaNO3
K2HPO4
MgC12

MgSO4.7H20
CaC12.2H20
NaHCO3

concentrations in stock solution
25.50 g 1

1.04g1-1

1'

5.70 g
14.70 g 1
4.41 g 1
15.00 g

1'

Micronutrients
One litre of a mixture of the following chemicals made up as follows:
185.52 mg 1
H3B03
274.26 mg 1_i
MnCl2
ZnCl2
CoC12
CuC12

Na2MoO4.2H20
FeC13

Na2EDTA.2H20

1

3.27 mg
0.78 mg 1
0.01 mg 1
7.26 mg 1
96.00 mg 1
300.00 mg

1

(ethienediaminetetra-aceticacid, di-sodium salt)

For all components containing less than 100 mg 1-1 it is advisable to make up stock
solutions 100 times more concentrated. 10 ml ofthese are then added together withthe
remaining chemicalsto about 800 ml deionized water andthe whole madeup to 1 litre
to give the final concentration. For all solutions, care must be taken to avoid
precipitation ofany component on mixing. Ifthis occurs andthe precipitation does not
redissolve on dilution a new solution should be made up without the precipitating
compound which is then added only after dilution to 950 ml. The whole is then shaken
and no precpitate should occur. It can then be made up to 1 litre.

C4.2 Preparation of medium
ml of eachof the macronutrient stock solutions and 1 ml ofthe singlemicronutrient
solution are placed in a flask containing 500 ml of distilled water, thoroughly mixed
and the whole then made up to 1,000 ml with glass distilled water. This is then autoclaved at 10 kN rn—2 (15 psi) at 121°C for 15 mm in flasks sealed with sterile foam
(or othergas-permeable)plugs. After cooling themedium should be allowed to equilibrate in air, but still sealed aseptically, to restore lost CO2. Alternatively the test solutionmaybesterilized by filtrationthrougha0.45 pore size membrane filter which
has been previously washed by passing 500 ml of de-ionised water through it; this is
recommended in particular for NaHCO3. Filtration should be carried out under
reduced pressure (0.5 atmospheres orless) and the whole filtrationunit sterilizedbefore
use. Sterilization is not requiredif the assayis carriedout with non-axenic organisms.
1

m
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The final growth medium contains the following concentrations of elements:
Element
N
P

Concentration
4.20 mg

l'

0.186mg

S

1.91

C
Na

2.14

i

mgi'
mgi'

mgi
0.469mg!'

11.01

K

2.90 mg

Mg

Ca

1.20 mg
32.5 pg
115.4 pg
15.4 pg

B
Mn
Zn
Co
Cu
Mo
Fe

0.354pg
0.OO4pg
2.87 pg
33.1 pg

1'

il

i

1'
1'
1'
1'
1'
1'

The sterilized medium and the stock solutions should be stored in the dark at a temperature near 0°C to minimize photochemical changes.

C4.3 Culture media for other species
Different species of algae have different nutrient requirements. Various culture media
are therefore required to maintain the stock cultures. Members of the Chiorophyta are
maintained in the same medium as S capricornutum. Diatoms (Bacillariophyta) are
grown in a modified Chu 10 (Chu 1942, modified by Lund et a!. 1975).
This is made up to the following composition:

'I'
1'

20.00 mg
6.20 mg I
25.00 mg
20.00 mg I
25.00 mg 1 =
0.25 ml

Ca(N03)2.41-120
KH2PO4
MgSO4.7H20
Na2CO3
Na2SiO3

1

1'
1'
1.00 mg 1'

HC1 (2N)
Na2EDTA
FeCl3
H3B03
MnC12.4H20
(NH4)M7O24.4H2O

2.00mg
2.48 mg

1

1

1.39 mg
1.00 mg 1='

1'
1'

Vitamin B12
Vitamin B1

0.01 mg
0.001 mg
0.001 mg

Biotin

All compounds to be made as either x 100 or x 1,000 concentration stock solutions
and diluted accordingly for final working solution.
Blue-green algae (Cyanobacteria) should also be maintained in a relatively dilute
medium, such as the BG-ll of Stanier et a!. (1971). A modified version BG-ll, is
used when combined nitrogen is not required (Rippka ci a!. 1979). BG-11 is also
suitable for many other fresh water algae, especially those from more nutrient rich
environments (BG-1 1 contains a relatively high level of phosphate). The concentrations
of chemicals in the two media are given below.
Concentration (mg 1 =1)
BG-11

MgSO4.7H20
NaNO3
K2HPO4.3H20

--

CaCl2.2H20
Citric acid
Ferric ammonium citrate
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75
1500
40

36
6
6

BG-110
75
—

40
36

6
6

Concentration (mg 1
BG-11

1)

BG-110

EDTA (disodium magnesium salt)

1

1

Na2CO3

2

2

Trace element stock solution
Deionized water to
Trace element stock solution

concentration in g 1-1

H3B03
MnCI2.4H20
ZnSO4.7H20
Na2MoO4.2H20
CuSO4.5H20

2.86
1.81
0.22
0.39
0.079

Co(N03)2.6H20

0.0494

1

1000

ml
1
ml 1000

ml
ml

Based on Kratz and Myers, 1955, with cobaltadded. Ni is not included in this trace
element mix,but is apparently required by many blue-greenalgae, especiallynitrogenfixers. In view of the purity of modern reagents, it is recommended that this element
is included (NiSO4.7H20 at 0.048 mg 1-'). Both blue-green algal and diatom media
should be sterilized according to the methods for S capricornutum stock culture
medium.
C5 Growth Conditions

C5. 1

for StockCultures

Physical Conditions

Cultures are maintained in an ambient temperature of 20°C±1 °C under continuous
illumination using daylight fluorescent tubes at a suitable distance to give about
100 mol photon rn-2
Photosynthetically Active Radiation (PAR) at the culture
vesselsurface. Flasks should be moved at regular intervals to randomize their positions
and thus eliminate the possibility of local variations.

s'

C5.2 Subculturing
When the culture has reached the end of exponential growth, as determined by cell

counts, nephelometry or chlorophyll measurements, it should be subcultured aseptically. The time chosen depends upon the growth rate of the particular strain. The
volume ofold culture usedto start the newculture is not critical as long as enough cells
arepresentto minimize thelag period eg. about 1 ml ofinoculum in 100 ml ofmedium
placed in a 500 ml conical flask. The age of the culturefor experimental inocula varies
with species. A routine for sub-culturing should be established in order to maintaina
continuous supply of healthy cells.

C5.3 Inoculum
C5.3.1

Preparationof inoculum

The algal inoculurn should have excess culturemedium removed before adding to the
test solutions. This may be achieved by filtration or centrifugation.
G5.3.2 Filtration
Larger algae,suchas Asterionella or Oscillatoria, can be separated convenientlyfrom
thetest solution by filtrationas thereis littlechance ofthemeitherpassing or becoming
entangled in a suitable filter. To avoid the problemof entangling within the meshes
of filter pads of materials such as glass-fibre, a fritted glass filter is recommended

(Lund et al. 1971).

The requiredamount of algal culture is passed through the filter together with more
sterile water. The culture fluid associated with the cells can be removed by passing at
least 2.5 litres sterile water through the filter under pressure. To avoid damage algal
cells must always be immersed in water, so filtrationshould be continuous, with constant addition of distilled water, and ceased before all the water has passed through
the filter. The algae, together with a thin layer of water, are then resuspended into a
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convenient volume of the sterile sample water to be tested. Sterile conditions must be
maintained throughout the preparation of the inoculurn.
G5.3.3 Centrifugation
For small speciesof algae, suchas Selenastrum, filtrationcannotbeconveniently used
because of problems of entanglement within the mesh of the filter pad. For these
species the followingcentrifugation procedure is recommended. Placethe stock culture
into a centrifuge tube and spin at l0 x g for 5 mm. Decantthe supernatant and then
resuspend the cells in sterile distilled water. This procedure is repeated twice and the
finalcell suspension used to prepare the inoculum. Centrifugation can also be used for
largeralgae if required, although colonial forms, suchas Asterionella,can be broken
up so great care must be taken. It must also be recognized that centrifugation and
resuspension in distilled water could shock the cells causing a lag in growth and even
zoospore formationin some green algae.
G5.3.4 Inoculum concentration
Thesize ofthe inoculum depends on the species. For S capricornutuma finalconcentration of approximately 1 x 10 cells m1' should be used, whereas for blue-green
algae, because of their slower growth, it should be approximately 50 x l0 cells ml 1•
The concentrationof cells in the resuspended, washed stock algal suspension is now
determined (see C7) and the appropriate amount then added to each test flask. If, for
example, the resuspended cell concentration for S capricornutum were 2x l0 cells
ml-' and 250—miflasks containing 100 ml sample water were being used then 0.5 ml
of that resuspended stock should be added to each flask to give a cell concentration

of 1 x 10 cells ml-'.
C6 Test Conditions

06.

1

Temperature

The temperatureat which the bioassay flasks are kept will depend to a certain extent
on the species concerned, the likely temperature prevailing at the test sample location
and whether or not the algae are field specimens or laboratory cultured ones. For
Selenastrum a temperature of 20°C±1°C is recommended. With Asterionellaand
otherpianktonic diatoms a slightly lower temperature of 18°C+ 1°Cis preferred. For
field specimensa temperature close to their normal field growing temperature should
be chosen.

C6.2 Illumination
of illumination may vary with the species. For Selenastrum and
Asterionella use 25 pmol photon m-2s-' PAR and for blue-green algae use 50 pmol
photon m-2s-' PAR continuous illumination should be used. For natural
populations the recommended light regime is 100 Mmol photon
PAR with
alternating periods of 12 h lightand 12 h dark; the cycleshouldcommence with a light
period.
Conditions

ms

06.3 Agitation
The flasks should be shaken manually at leastonce daily or continuously on an orbital
shaker at about 60—80 oscillations min'.

C6.4 Procedure and measurement
When all the equipment and algae have been prepared,

the appropriateamounts of
sample water and inoculum are added to each set of triplicate flasks and incubated
under the appropriateconditions.
C7 Estimation of

growth parameters
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After the period of incubation (ie when the maximum crop has been achieved as
assessedby optical density or in vivo chlorophyll a) the yield is estimated by measuring

the dry weight of the algae in the flask, the total particulate volume, the chlorophyll
content or the total cell count.
Dry weight

A known volume of algal suspension is filtered througha 0.45 Im (or similar porosity)
filter. The filters must be pre-dried at not more than 70°C and then cooled in a
desiccator before weighing. A suitable volume of algal suspension is then filtered

through the pre-weighed paper. The volume filtered will depend upon the cell
concentration but as little as 10 ml could be sufficient. The sides of the filter funnel
are rinsed with 50 ml distilled water from a wash bottle. Only gentle suctionshould
be applied when filtering the algae. The filter pads are then dried to constantweight
at 70°C, cooled in a desiccator and re-weighed.
Total particulate volume (see A5)
Chlorophyll a: in vivo
Whilst chlorophyll a measurements are generally quite sensitive and rapid they suffer
from the disadvantage that the ratio of chlorophyll content to cell biomass varies
considerably with growth conditions. Chlorophyll a comparisons are thus better
restricted to a specific test ratherthan usingthem for conversion to the more universal
measure ofbiomass. The full method for in vivo measurement ofchlorophyll ais given
in reference (HMSO 1983).
Direct microscopic enumeration (see A3)

C8 Analysis of Results All results must be subjected to statistical analysis before interpretation.

C8.1 Rejection of outliers

a
a small number of
flasks which give anomalous results. It is advisable to number eachindividual flask so
that if one flask repeatedly gives results which are substantially different it may be
discarded. Even then occasional anomalies do occur. Such outliers can be rejected but
this should not be done automatically as they can provide usefulinformation. If there
is goodreason to suspect that the outlier has been produced as a result of error then
the following test may be applied although care must be taken if the number of
replicates is small (ie 4). It should also be noted that this test assumes a normal
distribution of data (taken from Miller et a! 1978).
(i) Rank order the data in the group containing the suspected outliers (all
observations in the group are supposedly treated alike).
Whenever series of algal bioassays are carried out there is often

x1x2x3...xn
(ii) Compute the appropriatecriterion
if X2 is the outlier
C =(X2—X1)/(X—X2)
if X, is the outlier
C=n—(X)--l/X—X1
(iii) If C exceeds the critical value 'n' in Table Cl—thenthe outlier is rejected.
Table Cl Critical values for determining outliers
n
3

4
5
6
7

critical values

a=0.05

a=0.01

0.941
0.765
0.642
0.560
0.507

0.988
0.889
0.780
0.698
0.637
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Example:
Thefollowingstanding crop dry weight measurementswere made for a bioassay group:
7.9, 8.0, 7.6, 6.9, 8.2, 7.2, 7.5, 4.9 and 7.9. The value of 4.9 is suspected to be
erroneous or an outlier.

First rank order the data:

xl

x2

4.9

6.9

x4

x3
7.2

[.S

x5

x6

7.6

7.9

x7
8.2

n=7

Calculate C=X2—X1 6.9--4.9 2.0

=0.606
X—X1 8.2—4.9 3.3
Since n=7 and 0.507 <C=0.606 <0.637 thereis less than a 5% and greater than a 1%
chance that the value 4.9 is from the same normal distribution as the 'good' data. The
experimenter might discard the value as an outlier with a 1%—5% chance that it was
a valid measurement. If there is more than one suspected outlier eg X1 and X2 or X1
and X, the test should be repeated but always applyit to the most extreme case first.
However, beware of the situation of two or more outlying low values perhaps due to
a failure of algal growth for some unknown reason for which C= (X2 — X1)/(X — X1)
would be misleadinglysmall and non-significant.

C8.2 Limits of confidence
Confidence limits, which should be presented for all results, should be basedon at least
5 replicatesunless the test rate has known characteristics and has previously varied little
between replicates, in which case 3 replicates will suffice. The confidence limits are

/2
I

based on the estimates (s) of standarderror where:

s=

n(n —1)

xi, x. . . x are the replicates = mean of the n replicates
Theconfidence intervals are calculated in the usual way from the standarderror s and
students

't' t.

and s = standard error:
the upper limit= i(s.tT
the lower limit =

If the mean is

The valuesfor t may be obtained from any standard statistical book but the more
useful values for these tests are given below:
degrees of
freedom

n=3

- 95%

2

n=4

3

4.303
3.182

n=5

4

2.776

99%

6.965
3.747

4.541

Table C2 Typical assay results expressed as cells
Replicate
Days

1
3

5
8
10
36

mIX 1O

1

2

3

average

1.00
1.11
1.18
1.38

1.00
1.12
1.20
1.38
2.18

1.00
1.19
1.24
1.45

1.00
1.14
1.21
1.40

2.44

2.26

2.17

C9 Algal bioassays in

nutrient studies
and toxicitytests
and their
interpretation

In addition to using the algal bioassay testfor assessingthebiological growth potential
ofa particular watersample, it can also be usedto give some ideaof the effects resulting from a change in nutrient status, suchas a new or changed discharge into a river.

C9. 1

Assessment of nutrient limitation

This procedureis based upon the principle that growth of the test alga is probably
limited by one or more nutrientsubstances in the water, so, if these are added in suitable quantities, then growth will be enhanced. Initially tests are made with additions
of N, P and the chelating agent EDTAbutfurthertests maybe needed with othersubstances, such as trace metals, organics etc, using a number of strains.
C9.1.1 Typical experimental design for nitrogen, phosphorus and EDTA
If the background information on the sample is incomplete, the additions
recommended are those in Table C3.

Table C3 Basic additionsfor initial nutrient limitation studies. P is added as
K2HPO4 and N as NaNO3
Control
Control
Control
Control
Control
Control
Control
Control

no addition
+0.05 mg 1-i—P

+1.00mg 1—N

+0.05 mg—P and1.00 mg 1-1—N(as above)
+ 1.00 mg 1- —Na2EDTA

+0.05 mg—P and 1.00 mg 1-1—Na2EDTA
+1.00 mg—N and 1.00 mg 1-1_ Na2EDTA
+0.05 mg—P and 1.00 mg—N and 1.00 mg 1—Na2BDTA

If the test sample comes from a highly eutrophic or oligotrophic source then the
additions may need to be varied accordingly. Some background information on the
sample chemistry is required.

The samples together with additions are then inoculated with the test algae and
incubated as in C3 and C4.
C9.1.2 Interpretation of results
The results are expressed as maximum biomass measured in mg 1-1 or if cell counts
have been made cell number ml-1. Typical data for growth response from a
phosphorus-limited sample are given in Table C4.

Table C4 Typical results from a phosphorus-limited sample, using Selenastrum
capricornutumas a test organism. P is added as K2HPO4 and N as
NaNO3.

Treatment

Max Standing Crop
(mg
dry weight)

Control

1.14
3.13
1.25
12.98
1.12

Control+0.05 mg 1—P
Control+ 1.00 mg 1-i — N
Control+ 0.05 mg—P and 1.00 mg 11—N
Control+ 1.00 mg—EDTA
Control+ 1.00 mg—EDTA and 0.05 mg 1-i —P
Control+ 1.00 mg—EDTA and 1.00mg l—N
Control+ 1.00 mg—EDTA and 1.0mg 1—N and 0.05mg
1-i—P

1

2.63
1.40
13.03
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The original water sample contained the following: total p 12.0 pg 1 '; ortho P
N02—N
4.Opg 1-'; totalNo.46nig 1t; N03.N0.3Omg
NFI3—N0.O4mg
6.8.
The
total
soluble
negligible;
pH
inorganic nitrogen (TSIN)
(N03+N02+NH3)=0.30+0.04=0.34. Based on previous data (EPA) eachpg P
should yield 0.430 ± 20% mg dry weight
and each mg N
should yield up to
0.038 ± 20% mg 1_I dry weight assuming that no other factors are limiting. Using
these yield factors the natural water sample yields should be for TSIN
0.34x 38 = 12.92 ± 20% and for ortho P 0.004x430 = 1.72 ± 20%. The N:P ratio
TSIN—ortho P) is 85:1. For S capricornutum an approximate guide to a more
suitable N:P ratio for optimum growth would be 16:1. Hence there is a strong
possibility that phosphorus is the main limiting factor in the test sample.

1;

1'

1;

1

l

C9.1.3 Assessment
Algal bioassays should only be usedas a guide and in combination with other methods
of assessment (eg chemical analysis of the water). The previous history of the algal
cells, the possibilityof luxuryphosphate uptakeby certain speciesandthe inadvertent
transferof substances from the stock cultures to the algal assay flasks are but a few
of the manypossible sources of error. The preparationof the inoculum can itselflead
to stress (C5.3.3).

C9.2

Algal assays for assessing the effects of dischargeson
receiving water quality

Algal bioassayshavebeenused successfullyto monitor the effects of discharge from
sewage works into surfacewaters andto give an indication of the possible effect of a
proposeddischarge in that water. Theyhave also been usedto monitor the performance of sewageworksandthe qualityof their effluents. A knowledge of the chemistry
of the effluent, particularly the N and P concentration, and of the receivingwaterare
required as well as the dilution factors anticipated for the effluent in the receiving
water. It is advisable to simulate a range of dilutions in the bioassay in order to obtain
as comprehensiveapictureas possible. When interpreting theresultsit should be borne
in mind the assay may not take into account adequately those chemical and physical
interactions taking place with the effluent and the receiving water.

C9.3 Toxicity testing
Many effluents and discharges contain substances inhibitory to growth. A straight
forward chemicalanalysis only indicates the concentration ofsuch a substance, not its
bioavailability or its bioeffect. It will also not reflect the range of chemical, physical
and biological interactions takingplace in the receivingwater. The growth response of
a test alga can give an idea of the biological effects of the substance, but the results
should be treated with some caution as they only reflect the test conditions not the
conditions prevailing in the field. The various levels of response of the test alga are
given in Fig. C2.
C9.3.1 Procedure
Theprocedure is similar to that outlined previously. Additions of the suspected toxin
areaddedat arangeofdilutions, together withEDTA, P and Nindividually or in combinations. The nutrient concentrations in the potentialreceiving water should also be
known.
C9.3.2 Results
All results are expressed as % inhibition at day 14 calculated from changes in dry
weight compared with the control.It maybefound that EDTAforms unavailable complexes with substances such as bio-reactive metals, thus enabling the alga to reach
maximum potentialgrowth for the particularcombination of nutrientspresent.
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Figure C2 Types of response to toxic substances

Control

Inhibition
Cell

numbers

Algicidal

Time in days

Cl0

Bioassays using

Cl 0.1 Introduction

populations

Whilst it can be advantageous to use standard test species whose response to nutrients
etc in solution maybe well known, theymay not be trulyrepresentative of the species
presentin the sample water. In order to overcome this objection an additional series
of bioassays may also be carried out using natural populations.

natural

Advantages
(i) If the test can be carried out properly the species present may reflect natural
changes more accurately.
(ii) No acclimatization to the nutrient levels in the test water is needed for natural
populations.
(iii) Diversity ofspeciesmeans that thereis a goodchance that at leastone will be able
to respond rapidly to changing conditions.
Disadvantages
Thereareseveral disadvantages of using naturalpopulations of algae for bioassay testing. These may be summarized:

Standardunialgal cultures are more reproducible in their response.
(ii) Naturalpopulations may consist ofdozens of different species and are constantly
(i)

changing with regards to dominance, biomass etc.
(iii) The behaviour of many natural species in culture is unknown.
(iv)

Preparation of a suitable inoculum for natural population bioassay tests can be
difficult.

(v) Estimates using chlorophyll a will be less reliable with populations of mixed
species.
(vi) Possible problems with parasites etc affecting growth in culture.

Cl 0.2

Procedure—tentative

Naturalpopulations in naturemaynot be sufficientlyconcentrated to use as a bioassay
inoculum. If some form of concentrating procedure is necessary, gentle centrifugation,
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filtering with minimal pressure, or the use of a net haul sample is advised even though
the latterwill markedly distort the speciescomposition andbalance of the population.
The algae are then incubated in 12 h light 12 h dark at the temperature equivalent to
that of the water from which they were collected. The procedure is as described in
Sections C4, C6 and C7. The inoculum should be at least as dense as that used for
unialgal cultures (10 cells m1'). An incubation time of between 7 and 14 dayswill be
required. It should be borne in mind, however, that community change viIl occur
during the period,so that a value judgment must be made as to howlong is required
to get a largeenough change in standing crop, withouttoo muchchange in the population structure.

Cli

Additional reading

Useful referencesnot included above are:
Clarsson and Forsberg (1980)
Greene et al. (1975)
Marvan et al.(1979)
Verh. Limnol. (1978)
Mitt.
Nordforsk (1973)
Shubert (1984)
Skulberg (1966)
Toerien and Steyn (1973)
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