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1. Introduction

The present report is an English version of the report “"GJko-
toksikologisk vurdering af industrispildevand" published in 1992 by
the Danish Environmental Protection Agency (Environmental Report
No. 188). The report has been translated into English-due to the
intention of the Danish Environmental Protection Agency to initiate
and inspire the discussions in the EEC, the OECD, the East European
* Countries, CEN, etc. on common guidance on methods for investiga-
tion of complex industrial wastewater and chemicals contained therein.

'The report is a technical background report describing the
present Danish approach to investigate, characterize and evaluate the
ecotoxicological properties of industrial wastewater based on the
experiences. obtained during the latest decade both in Denmark and
abroad. The work will be followed by a guidance document on evalu-
ation of environmental impact of industrial wastewater and criteria
setting for industrial discharges.

In the first part of the present report (chapter 2) international
and Danish strategies for investigation of industrial wastewater are de-
scribed. :

In part two methods to characterize and evaluate industrial ef-
fluents are described. Chapter 3 discusses methods to assess exposure
. concentrations of chemicals and complex wastewater in the recelvmg
water taking variability of effluents, dispersion and distribution in the
environment, and degradability and bioaccumulation into account. -
Chapter 4 describes ecotoxicological test methods, and extrapolation
methods for determination of environmental no-effect-concentrations
based on results from laboratory tests.-

. Finally, in part three (chapter 5) existing principles for
environmental hazard and risk assessment of chemicals and complex
mixtures are described. Also a concept for a step-wise investigation
programme, where an integrated evaluation after each step is carried
out, is proposed. ‘

The report has been prepared by Preben Kristensen, Henrik
Wenzel Christensen and Axel Damborg, the Water Quality Institute
(VKI) and Finn Pedersen, the Danish Environmental Protection
Agency. The report has been discussed in detail in a working group
during the writing process The working group consisted of:

Christian Bastholm ‘ (Chemmova A/S)
Flemming Mghlenberg (Natxonai Environmental Research Institute) -

. Preben Kristensen (Water Quality Institute, ATV)
" Axel Damborg : (Water Quality Insﬁtute, ATV)

Finn Pedersen (Danish Environmental Protection Agency)

Moreover, the work has been followed and discussed in a
steering group consisting of:

Niels Juul Jensen (Danish Environmental Protection Agency)
Christian Bastholm ‘ . (Cheminova A/S)
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T. Schjodt Jensen | (Novo Nordisk A/S) -

- Ejvind Thorsen : (Grindsted Products A/S)
Seren Vogelsang ‘ ' (Lundbeck A/S)
Per Eichner (Kemira Danmark A/S)
Erik Degn o | (Ringkjebing Amt)
Hang Taklke . fNannna' Environmental Regearch anhhﬂ'p\
Flemming Mghlenberg (Nahonal Environmental Research Instltute)
Preben Kristensen (Water Quality Institute)
Axel Damborg ~ (Water Quality Institute)
Lydia Frost (Danish Environmental Protection Agency)
Ulla Ringbak - (Danish Environmental Protection Agency)

- Finn Pedersen =~ (Danish Environmental Protection Agency)

The comments from and the discussions in the working gri)up

- -and the steering group are gratefully acknowledged.

The work was initiated and financed by a number of major
Danish chemical industries (Cheminova A/S, Grindsted Products A/S,
Lundbeck ‘A/S, Novo-Nordisk A/S) and the Danish Envxronmental
Protection Agency.

The report has been translated into English by Mike Robson,
VKI. Note that some of the described ongoing initiatives may have
been finalized since the Danish version in 1992 and that new projects,
not described in the report, may have been initiated. Many of the data
sources cited are only available in Danish and these references have
therefore not been translated into English.




2. -Investigative strategies

This section presents existing experience and strategics
relating to the investigation and evaluation of complex industrial
wastewater. The first part describes the strategies used in a number
of countries for investigating and evaluating industrial wastewater.
The next part presents ways in which wastewater from Danish in-
dustries has been examined and evaluated ~and describes the experi-
ence gained from this.

2.1 Stratégies in other countries

Although many countries have set requirements for examination,

_evaluation and environmental approval of industrial wastewater dis-

charges, only a few have developed and published formal strategies

* for the evaluation of the environmental risk posed by a discharge. The

. working group has collected information about the following, more or
~ less different, investigative and decision-making strategies: .

2.1.1 “The European Community

There aré no European Community directives prescribing standards
for ecotoxicological effects of complex wastewater. However, the
Community has adopted Directive 76/464/EEC on pollution caused by
certain dangerous substances discharged into the aquatic environment
of the Community /1/. In order to eliminate pollution by a number of
substances (list I), primarily chosen because of their toxicity, persis-
tency or bioaccumulative potential, the directive lays down discharge
limits and water quality objectives (limits for concentrations in a reci-
pient water body). The Commission’s proposed List I includes 132
substances or groups of substances /2/. Furthermore, member states
are required to develop programmes, for example recipient water
quality programmes, for substances which are included in list II of the
Directive because of their harmful effect on the environment within
limited areas. '

Further the Community has develoPed criteria for environ-
mental hazard classification of chemical substances, based on data on-
. the inherent properties of the substances. The required data set cor-
responds to the data that must be submitted to the authorities in -
connection with registration of new chemical substances (the Mini-
mum- Pre-marketing Data Set, MPD). Thus the environmental clas-
sification corresponds to a hazard identification of chemical substan-
ces, and one must expect that this type of information will be widely
used in future, also for evaluation of industrial discharges.

In addition, the Community has also developed methods for
~ hazard evaluation of new chemical substances using the MPD set
together with information on the expected usage pattern, so that before
the substance is marketed, decisions can be made about the need for
restrictions on use. Similar methods are expected to be developed in
connection with the Commission regulation on existing chemical

substances,
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the recipient /4/.

2.1.2 OECD, _

The Environment Directorate of the OECD has collected information
about experience with analysis of industrial wastewater in OECD
countries. This information formed the basis for the report "The use
of biological tests for water pollution assessment and control", which
was discussed at an expert group meeting in June 1986. The report
was revised on the basis of the group’s discussions and conclusions
/9/, but because of disagreement between OECD countries the report
could not be finalized and published as the official descnpnon of -
OECD policy on this topic.

/ ~The report’s proposals for investigative and evaluatory strate-

gies are heavily influenced by the strategy adopted in the USA (see
section 2.1.3), working with up to three levels of increasing complexi-

ty. The report also refers to the different approaches adopted in
several countries for using the results of wastewater analyses for

reaching regulatory decisions. This applies to the definition of dis-

charge criteria, development of monitoring programmes, requirements

for reduction of wastewater toxicity, prioritising of identified toxic

discharges and affected receiving waters, and the evaluation of the

short and long term effects of discharges. Some of these topics will

be referred to in the following sections.

2.1.3 TUSA

Throughout the 80’s, the US Env1ronmenta1 Protection Agency (EPA)
has worked to develop a policy and strategy for the investigation and
assessment of complex wastewater mixtures as a basis for setting
discharge criteria. The overall policy is described in the document
"Development of Water Quality-Based Permit Limitations for Toxic
Pollutants; National Policy" /3/. The strategy focuses primarily on .
toxicity, while other characteristics such as bioaccumulative potential,
persistence, and genotoxicity have only sporadically been treated so
far. The strategy is described in "Permit Writers Guide to Water
Quality-Based Permitting for Toxic Pollutants" /5/ and in "Technical
Support Document for Water Quahty-based Toxics Congrol" /12/
(Revised 1990 /4/).

The investigation and assessment strategy builds on the
generally applied requirement to use "best available technology”
(BAT), and it comes into play whenever BAT can not ensure satisfac-
tory water quality in the recipient. The individual states lay down
criteria for water quality, both with respect to individual toxic ‘sub-
stances by means of specific water quality criteria for the substance
(recipient standards), and also in more general terms through require-
ments such as "no content of toxic materials in toxic quantities” /3/. .
The water quality-based strategy is thus twin-tracked, since it compri-
ses investigations and assessments both of identified chemical substan-
ces and of complex effluent mixtures, so that the two aspects comple-
ment and supplement each other, and rarely can stand alone /3,8/. A,
third method of evaluation is also being developed, since US-EPA has
proposed that each state should develop and use biological criteria, |
i.e. a numeric or qualitative descnptlon of the b1010g1ca1 integrity of

!




The advantages of investigating complex wastewater mixtures
in their entirety are:

that the total toxicity of the wastewater is measured,
that this gives an indication of the content of b10ava11ab1e
toxic materials, and
that any synergistic or antagonistic effects are taken into ac-
count.

S 7 :
The advantages of investigating the individual substances are:

that treatment plants can more easzly be designed to treat in-

dividual substances,

that environmental adm1mstrat10ns are more used to regulat—

ing individual substances,

that substances with special properties (such as persistence)

are difficult to detect in effluent mixtures /8/ :

that the toxicity of problematical substances is often better

documented than the toxicity of complex effluent mixtures,

and finally

that it is also possible to evaluate human exposure and the
* possible effects.

Biological investigations in the receiving water body can give
the most precise descriptions of the total pollution load on the receiv-
ing water and its general status, providing that sufficiently nremqe

methods are avaﬂabie
However, none of the methods can stand alone, nor can one-

be recommended at the expense of others, and US-EPA therefore
recommends that the method used in any given wastewater evaluation
exercise should be the rnethod giving the highest degree of protectlon
141,

On the basis of the local requxrements regarding receiving
water quality a total acceptable load should be established ("Total
Daily Maximum Load"). If necessary this can be split up into sub-
sidiary contributions from several wastewater sources ("Wasteload
Allocation") and a contribution from diffuse sources ("Load Alloca-
tion") /4/.

Investigation of the wastewater is split up into several stages.
At the screening stage the objective is to distinguish befween the
discharges which are not expected to cause effects in the receiving
water, and the discharges which possibly or definitely cause damage.
The latter must then be investigated more closely in the subsequent
stages in order to generate adequate data for setting permissible dis-
charge levels.

The starting point for determmmg which wastewater investi-
gations should be carried out is a calculation of the dilution capacity
of the recipient /4/. If the potential dilution factor is greater than 1000
at the minimum water flow, acute toxicity tests on three types of test
organism (plant, invertebrate and vertebrate) are recommended, and
these should be used to set a maximum concentration (Criteria Maxi-

11
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mum Concentration, CMC) which, after initial dilution, must not be

- exceeded as a mean over a 1 hour period.

If the dilution factor is between 100 and 1000 at minimum
water flow, tests for either acute or chronic toxicity are recommend-
ed, and these should be used to calculate an average concentration
(Criteria Continuous Concentration, CCC), which must not be ex-
ceeded as a mean over a 4-day period.

If the expected dilution factor at minimum water ﬂow is
below 100, chronic tests are recommended as the basis for calculating
the CCC.

The general discharge. policy of US-EPA is that effluents
must not cause acute toxic effects in the mixing zone. This is the basis
for the recommendation that the effluent concentration, measured as -
a 1-hour mean, must not exceed the CMC, which is defined as 0.3
times the lowest LC-50 value (acute toxicity) for at least three test .

- species, and that the concentration, measured as a 4-day (96-hour)

mean, must not exceed the CCC, which is defined as the lowest EC-
50 value (chronic toxicity) for a stmilar number of spe01es These
concentrations must not be exceeded more than once every 3 years
/4,5/. :

EPA also recommends that substances with characteristics
which are particularly hazardous for the environment (such as bioac-
cumnulating substances) should be. regulated individually /9/.

’ If the toxicity tests show that the effluent is unacceptably
toxic and that the discharge criteria can not be met, the local autheri-

~ ties are entitled to ask for a "Toxicity Reduction Evaluation" (TRE)

/4,5/. This exercise identifies the fractions and/or contributors to the
wastewater which are responsible for the overall toxicity, and provides

'a basis for initiatives in order to reduce the wastewater toxicity - for
-example by substitution of chemicals.or by process modifications. To .

this end US-EPA has developed methods /13,14/ which describe a

© stepwise investigation programme.

2.1.4 The Netherlands

The Netherlands focuses pnmanly on evaluatmg and limiting the
environmental effects of the use and discharge of individual substan-
ces. One part of the strategy is to reduce the polution at source, for
example by the use of cleaner technology or by the application of best
practicable. technology /6,7/. The second part of the strategy is to
define water quality criteria for a large number of substances. The
evaluation system is based on international experience and requires '
tests using at least one spec1es of algae or aquatic plant, one species
of crustacean, and ong species of fish., Water quality criteria are
defined on the basis of chronic toxicity tests or of field investigations

-in such a way that 95% of the species in the ecosystem in question are

protected /6/. No criteria have been published for complex whole
effluents apart from overall parameters such as oxygen demand,
nutrients, heavy metals, and organic micropollutants /7/.

2.1.5 Germany o
In Germany the regulations applying to wastewater discharges are

“different depending o’ whether the discharge goes via public sewers



to a wastewater treatment plant, or directly to a receiving water body.
: " For discharges to public sewers, the regulations of the indivi-
dual Lander apply /11/. These require registration of the discharge
and monitoring of certain individual substances in the wastewater:
heavy metals, chlorinated organic compounds (AOX), chlorinated
solvents (1, 1, 1-trichloroethane, trichloroethylene, tetrachloroethylene,
trichloromethane) and reactive chlorine; Discharge limits are set for
the individual substances. In some Linder the list is extended to cover
additional metals, cyanide, nitrite, sulphide, sulphite, sulphate, hydro-
" carbons and phenol /11/. Only Baden-Wiirttemberg sets requirements .
to wastewater with regard to inhibition of activated sludge or other
relevant effects on treatment plant operation,
o Discharges to surface waters (rivers) are regulated by a
federal protocol which lays down minimum requirements with regard
to chemical characterisation and prescribes discharge standards /11/.
Requirements apply branchwise, which means that the analytical
requirements are aimed specifically at the substances that may be
expected to be present on the basis of knowledge of the chemical use
patterns etc. within the branch in question. |

2.1.6  United Kingdom

The United Kingdom has developed a proposal for a strategy for
monitoring and control of discharges from point sources (see figure
2.1.1) /9/. It will be seen that the point of departure is the quality of
the receiving water. If this is acceptable, no further investigations are
made. Only if the water quality is unacceptable and only if the dis-
charge causes acute toxic effects in the recipient is there cause for
more detailed investigations or- for limitation of the discharge.

2.1.7 Ireland
Discharge permits are based on 96-hour LC50 values in such a way _
that different types of industry can be allowed to discharge different -
amounts of tox1c1ty (see table 2.1.1) /9/. The importance of dilution
for toxicity is also taken into account, and a dilution factor of 20 is
" required within the immediate vicinity of the discharge for each toxic

unit (TU - see below) discharged.

13
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L Carry out ecological
) monitoring studies

Is the quality
of the water
acceptable 7

No further
testing

» Calculate ambient
) waste concentrations

l
Y

3 Determine acute toxicity
) of the waste water

Is the waste
water toxic at ambient
conqentrations 7

. Nofurther

testing

Figure 2.1.1 A The UK proposal
sources /9/. :

Jor monitoring and control of discharges from poins




4 | Determine hymco-chem:ml
' cha:actensncs of waste water

'

Does this accournt
for the toxicity of
the waste 7

Can toxic
fractions be removed
by treatment ?

Yes Y )

7 s

Study fate and ' ' : :
é. chronic toricity Y | Momnitor effective~
) Waste water treatment or ] ness of waste w:afer
‘ reduction of discharge treatment (toxicity
‘ i tests and/or
Assesshazard| : 7 . | chemical monitoring)

Ts the waste
water {reatment
effective ?

No ‘ No

Is the hazard acceptable
in relation to the environmental
quaiity objectives ?

No further
action ) ) . actien

Figure 2.1.1 B The UK proposal for momtonng and control of dzscharges ﬁ-om point
sources /9/.
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Table 2.1.1 The Irish guidelines for development of criteria for dtscharge of was-
tewater from a pamt source /9/.1

Priority Category o 96 hours | Toxic
Group o LC50 Units
A Chemical or pharmaceutical manufacturing 1 4% 25
B Mental Extractions plating or finishing 10% 10
C | Textiles, tanning, paper and glass making 20% 5
D ‘Agricultural and food industries, untreated 70% 1
municipal sewage
E Treated municipal sewage (secondary) 100% 1

- 2.1.8 Sweden

The Swedish Environmental Protection Agency has developed a strategy for "biolo-
gical-chemical characterization of industrial wastewater” /10/. The strategy consists
of a basic stage followed by three successive stages of investigations (see figure
2.1.2). At each stage, methods are laid down for chemical characterization of the
wastewater and for evaluation of degradability, bioaccumulation and toxicity respec-
tively. The recommended methods for each of the three stages are shown in tables
2.1.2-2.1.4.

The Swedish proposal does not contam decision criteria as such, but it
does contain 2 number of criteria for assessment of the general environmental
hazard. Thus it is recommended that discharges of persistent or poorly degradable
substances should be strictly limited. Substances which in addition to being persistent
are also bioaccumulative may give rise to serious environmental impacts and must

" therefore be minimized in the wastewater. The criterion for biocaccumulative substan-

ces is given as BCF > 1000. When evaluating toxicity, wastewater is classified as
acutely toxic if the concentration after initial dilution exceeds 0.1+EC50; if this is
the case, action should be considered to reduce the discharge. If significant disper-
sion occurs after initial mixing, but the concentration still remains higher than
0.01-EC50, the discharge is considered to be potentially sublethally toxic, and this
would normally requ1re additional tests. after stage 2.




& BAS_IC INFORMATION
! ' the process )
i - raw materials/chemical additives
- products/by-products
: - waste water, flow, known substances
_ - characteristics of the recipient -
; ' - results from previous studies
"
. Y ;
ASSESSMENTOF | \ CIDSTAGE I |
POTENTIALHARM TO |=————— screeningtests o
THE ENVIRONMENT ; - biodegradakility o :
- biological effects
 « bioaccumulation
- chemical analysis
| A
L4
B ‘ B

- FURTHER Y
CHARACTERISATION ‘ -
NECESSARY ?

' | No
Y
- DESICION, MEASURES
TO BE TAXEN
- changes in the process
* replacement of chentcals
* purification measures
4 ' * comrol programme }

TECHNICAL,
ECONOMIC
FACTORS

Figure 2.1.2 Swedish pmposal for investigation strategy for industrial wastewater
J10. :
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Table 2.1.2 Swedish pfoposal Jor stage I tests.

TESTS ALTERNATIVES
CHEMICAL CHARACTERIZATION
Chemical oxygen demand COD . Dissolved organic carbon DOC

Biological oxygen demand BOD,
Total organic carbon TOC

pH :

Suspended solids

Conductivity

Nitrogen, Phosphorus

Any known or suspected substan-
ces which are throught to be toxic,
persistent, or bio-

accumulative

Hydrocarbons, TOC1, EOCI, AOX

BICACCUMULATION

Presence of lipophilic substances:
reversed phase TLC

BIOLOGICAL CHARACTERIZATION

Fish: 96 h. LC50

Zebra fish (Brachydanio rerio)
Rainbow trout (Salme gairdneri)
Bleak (Alburnus alburnus)

Fathead minnow (Pimephales promelas)

Stickl_éback Gasterosteus aculeatus)
Dab (Plarichihys flesus)
Cod (Gadus morhua}

Crustacea: 48/96 h. LC50

Daphnia sp.
Ceriadaphnia dubia
Nitocra spinipes
Cragon crangon
Acartia ronsa

Algae: 3 d. EC50

Selenastrum capricornutum
Monoraphidium griphini

Chlorella vulgaris

Scenedesmus subspicarus %
Skeletonema costatum

Higher plants: 5 d. EC50

Duckweed {Lemna minor}
Gnion {Allium cepa)
Lentil (Lens culinaris)

Micro organisms:

Activated sludge

Pre-screening test: Microtox

r|l




Table 2.1.3 Swedish proposal Jor stdge I tesis.

| CHEMICAL CHARACTERIZATION

¢
I Besults from Qh:gn 1 nrp fallowead u

vanced techniques, for example

- capillary gas chromatographylmass spectrometry (GCMS)
- "high performance” liquid chromatography (HPLC) with specific
detectors (fluorescence or clectrochem;cal)
. " additional specific analyses
DEGRADABILITY

Biological degradation followed by means of TOC or DOC analysis (Die-
away) or by respirometer; only-methods for readily degradable or inherently
degradable organic compounds to be used. Aerobic stabilization of samples
with subsequent determination of toxicity and bioaccumulation, and chemical

analysis.
e
BIOACCUMULATION l
TLC-analysis of lipophilic substances in stabilized samples.
. “ TOXICITY
The programme builds on the results of stage I As a rule, one or two tests
are chosen from the Jist in an attempt to characterize the toxicity more pre-
cisely than in stage I ] J
1 N .
Fish: ' Survival: Egg/larvae test, zebra fish,
: ong term exposure (14 d)
using a species from stage
Growth: ! Fry test, fathead minnow
Physiology: . .| Physiological changes
. : (Salmon/rainbow trout/
. o brown trout/perch) [
Crustacea: Reproduction: : Daphnia -
Ceriodaphnia
Nitocra
Bivalves: 1 Survival: | Mussel farvae
Algae: ‘ Algae test battery J’
Genotoxicity: Ames test carried out using two_Saimonelia strains with/
! without metabolizing system, rat liver microsomal fraction

b =

e ——————
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Table 2.1.4 Swedish proposal for stage III tests.

Stage III characterization is planned with even greater flexibility than in the preceding sta-
ges. The tests take the form of extended or more specifically aimed laboratory experim-
ents, experiments in more realistic systems - model ecosystems or cage experiments - or,
when this is found to give the best information, through investigation of organisms col-
lected in the field from the area affected by the wastewater in question.

CHEMICAL CHARACTERIZATION

Additional specific analyses with advanced techniques.

BIOACCUMULATION

Analyses of organisms exposed to the wastewater in the laboratory, in cages in the reci-
pient or free-living.

i

- fish: reinbow trout, perch

- bivalves: ) ‘common mussel,
freshwater mussel

- snails: Lymnea

DEGRADABILITY.

Tests with microorganisms isolated from the receiving environment (simulation tests):
specific chemical aralysis of known components may be necessary.

TOXICITY - LABORATORY EXPERIMENTS

- zebra fish, delayed effects

- herring egg/larvae

- physiological effects

- polluted sediment:
Tubifex, Daphnia

TOXICITY - CAGE EXPERIMENTS -

Physiological alterations in fish: rainbow trout, perch
Tainting effects in fish: rainbow trout, perch

TOXICITY - CAPTURED FISH

Physiological alterations: perch, flounder
Skeletal alterations in garfish
Morphological alterations in fish: rainbow trout, garfish .

TOXICITY - POPULATION LEVEL

‘Increased tolerance in periphyte communicy

'MODEL ECOSYSTEM TESTS/MULTISPECIES TESTS

Stﬁdy of degradation/transformation, distribution and effects on:

- littoral community
- soft bottom community
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2.2 Experience with industrial wastewater examination in
Denmark ‘

- The reason for summanzmg Danish experience with 1ndustr1a1 waste-

water examinations is to give a baseline which can be compared with:

" the recommendations made in this report. It is therefore important to

indicate the strategy underlying the examinations carried out so far.
The strategies in the material at hand will be outlined in
accordance with the structure shown in table 2.2.1.

2.2.1 'The legal basis :
Effluent discharge permits are issued by the authorities on the basis
of the Law on the Protection of the Environment /2/. At present

- (1991) this law is being revised. In § 17 of the law it is stated as a

general proposition that "substances which can pollute the aqua.tic :
environment may not be discharged to rivers, lakes or the sea..
Regmnal councils may, however, issue permits for effluent d1scharges

to rivers, lakes and the sea (§ 18).

As a supplement to the Law on the Protection of the Environ-
ment, a set of Administrative Guidelines on Receiving Water Quality
Planning have been issued /1/. The Guidelines describe a planning
system which weighs up the conflicting interests and defines areas
with lower water quality standards (such as effluent mixing zones) and
areas with higher water quality standards. All other areas are then
covered by the general water quality standard, which calls for unaf-
fected or only slighily affected animal and plant life.

Within the zone around an effluent discharge an environ-
mental impact is accepted, although certain minimum standards must
be maintained: for example no acute toxic effects after initial mixing,
and no tainting of fish. An effluent mixing zone is delimited by a
"conflict boundary"” bordering the areas with general water quality
standards. This boundary is laid along the points where no biological
effects can be observed and/or no significant changes in concentrauons
of natural substances can be detected.




Table 2.2.1 Main elemenrs in the examination of mdurmal waste-
water.,

Basic information avaﬂable when designing examination
strategy

e  chemical consumption, products, wastewater
composition and properties, nature of recipi-
ent, details of processes and treatment systems

Assessment of total wastewater

®  Overall strategy and stepwise toxicity testing

o Criteria for establishing no-effect-con-
centration and recipient concentration

- Assessment of individual substances

®  Chemical identification

. Ecotoxicological mvestxgauon of mdmdual
substances :

. Criteria for establishing no-effect-con-

centration and recipient concentration

‘o Toxicity balance

For toxic buf not xenobiotic substances (such as heavy metals,
for example), discharge criteria are set so that at the conflict boundary
no concentrations occur which deviate significantly from background
levels. For xenobiotic substances, criteria are set taking into account
the harmful properties of the substance in question, as expressed by
its persistence, toxicity, and bioaccumulative tendency.

2.2.2 Experlence
Danish experience with the use of ecotox1colog1ca1/stud1es of mdustn—
al wastewater has mainly been gathered during the last 10-15 years.
The first major investigation was carried out in Kege Bay in
1977-78 by the Metropolitan Regional Council. It included ecotoxico-
logical investigations of wastewater from three industrial enterprises,
and the report was 'publiShed in 1979. Since then most wastewater
discharges from major Danish industrial enterprises have been i inves-
tigated to a greater or lesser extent.
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" For most enterprises, only one or a small number of samples

“have been examined. Thus usually only a so-called ecotoxicological
‘charactenzatzon has ‘been carried out with any degree of
~ thoroughness, i.e. measuring the toxicity towards a varying number
-of species from the ecosystem. Other enterprises are also subject to
routine ecotoxicological compliance monitoring ranging from daily

sampling, through fortnightly or monthly sampling, up to semi-annual
or annual testing. Routine testing involves only a limited number of
species (from one to four).

A survey of 57 of the largest Danish enterpnses carried out
late in 1989 /3/ gives a fairly comprehensive picture of the ecotoxi-

cological investigations of industrial wastewater that have been carried

out up to now. The 57 enterprises were distributed as shown in table
2.2.2,

Table 2.2.2 Number of Danish enterprises included in the survey of
exzstmg knowledge abour industrial discharges /3/.

ISIC registra- | Sector : Number of
tion code of - - enterprises
enterprises - . : covered
35.119 | Chemicals manufacturing 5
35.220 Pharmaceutical industry 6
34.110 Celluiose and paper ind. 6
35.300 etc. Petrochemical industry 6
32.117 Textile dyeing : 6
38.195 etc. Iron and metals industry . 16 -
1 (nc. galvano) :

35.12 Fertilizer industry 2
32.310 Tanning industry 3

Other industry 7

Total 57

The 57 enterprises were chosen on the basis of the environ--

" mental characteristics of their wastewater: toxic discharges and dis-

charges containing heavy metals and xenobiotic substances were
chosen for preference. The choice was made in consultation with the
Danish Environmental Protection Agency, regional and local environ-
mental administrations, and a number of other authorities, and all
significant direct discharges of industrial wastewater in Denmark were
covered.

The survey showed that 23 different industrial wastewater dis-
charges have been investigated ecotoxicologically during the last 10
years or so, and it is thought that the investigations of these 23 dis-
charges represent the major part of Danish experience in this area.

The.scope of the investigations, and the strategies adopted for
them and for any subsequent decisions on discharge requirements,
differed from enterprise to enterprise. The investigations have been

-




- initiated at different times and cover different types of discharge. In
addition, the different economic and political situations relating to
each discharge have resulted in differences in the investigations.
The following sections describe this material taken as a
" whole, using the structure shown in table 2.2.1 as a point of depar-

ture.

2.2.3 Baseline information

For many enterprises, information about the composition and charac-

" teristics of the wastewater has grown gradually. For most of the
enterprises, however, a large number of the investigations’ ‘have been

initiated in connection with an application for approval of a discharge,

" and the existing information at this point can therefore be referred to

as the "baseline information”. By baseline information is thus meant
the total mass of knowledge that is available before planning and
starting additional investigations. The following section describes the

general features and extent of this baseline information about Danish

enterprises. .

, All enterprises had a knowledge of their chemical consump-

~ tion and products, and with one or two exceptions this was avaﬁable
as part of the baseline information.

Initially, all enierprises had poor knowledge of their qymeru ,
composition including the content of individual substances. The subse-
. quent and more thorough chemical characterizations showed that only

rarely was more than a quarter of the chemical substance content
known at the time of submission of the baseline information.

Similarly, the effluent characteristics were poorly described,
and at "baseline time" most entefprises had not made any investiga-
tions into this; a few did have the results of routine toxicity tests
based on a single sPec:les, and one Or tWo had results based on several
species.

The receiving water characteristics at the efﬂuent dischargé

point were generally unknown or were described solely on the basis
of a single initial benthos survey or the like. At one enterprise, rou-
~ tine saprobiont studies had been made and at another a very extensive
recipient quality investigation had been made at an early stage. -
' From the outset the enterprises had knowledge about biologi-
cal and physico-chemical frearment methods, but process optimization,
substitution of process chemicals, and other approaches ‘based on
cleaner technology have only been considered - and in some cases

‘adopted - at a later stage.

2.2.4 Evaluation of whole effluent
A total evaluation of whole effluent has formed part of the strategy at
23 of the major wastewater dischargers in Denmark. Investigations of
-~ whole effluent usually focus on toxicity. So far, there have not been
many investigations of total persistence or -total bioaccumulative
tendency of whole effluents. Evaluation of these characteristics has
been restricted to known individual substances in the discharges.

The part of the total investigation strategy dealing with whole
effluent therefore deals only with toxicity.

25




Strategy for evaluation -~

of whole effluent

26

The strategy that has been employed in most investigations has been
to test the toxicity of a limited number of effluent samples on a num-
ber of species from different groups of organisms, and on this basis
to take a decision about measures necessary to reduce polivtion. No
common approach can be discerned, and no explanations are given for
the number of species included in the test programmes. Generaily, 35

- species are used, usually representing 3 groups of orgamsms (usually

algae, crustacea and fish).
‘ For a great number of the enterprises, an important element .
in the strategy has been to measure toxicity both before and. after
treatment of the wastewater: this rmght be treatment in a pilot plant-

or full-scale treatment,
~ Table 2.2.3 gives a total overview of the ecotoxicological

tests used for examination of industrial wastewater in Denmark since
1978.
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Figure 2.2.1 Frequency of use of various test species in test programmes for total
wastewater from 23 enterprises /3/.- :
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Figure 2.2.2 Distribution of test programme size, expressed as number
of different species used /3/.
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Figure 2.2.3 Distribution of test programme size, expressed as number
of organism groups in the test programme /3/.
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Criteria for evaluation
of potential effects
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A survey of the extent of the test programmes can also be made' by
the use of frequency diagrams as shown in figures 2.2.1:2.2.3.

, Figure 2.2.1 shows how many enterprises have used a certain
species in their test programme. Figures 2.2.2 and 2.2.3 show how
often a certain number of species or a certain number of organism

.groups have been included in the test programme of an enterprise.

As seen from these figures, a total of 33 different species
have been used during the last 10 years or so in Danish ecotoxicolo-
gical test programmes. This number includes tests on natural plank-
ton", "benthic fauna", "sludge" and "nitrification inhibitors”, counting

- each as one species. It will be seen that Nitocra spinq;es is the most

frequently used test organism, and that a total of 13 enterpnses have

used it.

The test programmes have used dszenng numbers of species,
3 - 5 being the most usual, up to a maximum of 17 spec1es used at
one enterprise.

The species come from various organism groups; plants,
algae, protozoa, crustacea, fish, "benthic organisms”, and bacteria.
The number of groups represented in the test programmes is evenly
distributed between 1 and 5 (on average 3 organism groups).

For most of the enterprises it was found that the comparison between
the ecotoxicological test results and the calculated wastewater concen-
trations in the recipient was simply carried out by direct comparison
of the lowest observed effect concentration (LOEC) and the calculated
receiving watel concentrations (Predicted Environmental Concentra-
tion, PEC). Conclusions about any expected toxicity problems were
drawn on this basis without specifically addressing the question of
how large the margin should be between LOEC and PEC for the
discharge to be acceptable. '
For the great majority of cases, the concentrations in the
receiving water (PEC) were evaluated. In some cases, current and
flow measurements were made; in other cases the evaluation was
based on wind measurements and an assumed wind/current correla-
tion. The calculations were often sufficiently comprehensive to allow
the calculation of fractile diagrams showing wastewater concentrations
at various distances from the discharge point. For most of the enter-
prises, the reference material shows that the evaluation of the toxicity

- effects in the receiving water was based. on the highest fractiles of the

wastewater concentration. For example, "median minimum water
flow", the "80% fractile" or the "90% fractile" of the concentration
at a certain distance from the discharge point have all been used.

An example of the overall picture of the calculated waste-
water concentrations in the receiving water is given in figure 2.2.4,

It will be seen from the study of the reference material for
individual enterprises that the basic procedure underlymg all evalua-
tions of the potential toxic effects in the receiving water is' a com-
parison of PEC values with the ecotoxicological data (cf. figure
2.2.4). But there are differences in the precise criteria adopted for
relating the lowest effect concentration to the PEC and for deciding
on the required margin between the cumulative PEC curve on the left

- of figure 2.2.4 and the curve representing the ecotoxicological test




Frequency distribution of ) Distribution of ecotoxicological test
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........... 100
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Figure 2.2.4 Prmczple Jor comparison of ecoroxzcologzcal data wzth PEC
values at varying distances from the dzscharge point.

results on the right.

‘ Stated in other words, there are differences in the require-

ments as to the value (which fractile) of the PEC that should be used,

and as to which uncertainty factor should be applied when using the
. LOEC to derive a cutoff value for the effect concentration. This is

especially relevant when estimating whether the relationship between

these two is greater or less than 1. '

The, technical reports forming the ‘background material for
these evaluations are usually restricted to a presentatwn of the data,
and only in a very few cases do we have detailed documentation of
the evaluation carried out by the authonnes before reaching thelr
decision.

_ In general the ecotox1colog1ca1 test programmes contained
too few investigations to permit a well-documented distribution curve
. to be constructed. This was in fact only done in one single case.

Furthermore, it would be theoretically correct to divide the
data into distribution functions for.chronic non-lethal effects (EC-
values) and acute lethal effects (LC-values). This would require even
more data before a meaningful picture could be obtained, and has not

- been done in any Danish investigations carried out so far. ‘

Finally, it is clear that wastewater. toxicity varies, so that the

. distribution function in fact only describes the toxicity of a single
sample, and therefore the stippled curve on the right in figure 2.2.4
is therefore only one of a family of curves, where each curve in the
family represents 2 single effluent sample. These problems are dis-
cussed in more detail in section 3.1 on efflient variability.

3




Example 1

Example 2

2

~ In the report on the strategies adopted up to now for using
ecotoxicological data, it was commented that different criteria have
been used for deciding how great a margin there should be between -
the PEC curves and the distribution function for the ecotoxicological
data, or in other words, what size of safety factor should be employed
when setting the lower limit for the effect concentration and the
comparing this with the receiving water concentration. These criteria
can be summarized as follows:

1. Quality and relevance of the data. Here attention should be
paid to the number of species tested, the relevance of the
~ tests, and any other problems affecting an extrapolation of

the laboratory test data to the receiving water situation.

2. ‘Uncertainty in the determination of the PEC.

3. Variation in toxicity of the effluent. Here attention should be
- paid to the fact that the effluent toxicity varies, and that this
" variation is usually poorly documented.

4.  Duration of the effect period in the receiving water. Here

- attention should be paid to the fact that organisms in labora-

‘tory tests may be exposed over longer periods (applies espe-

cially to free-swimming organisms) or shorter penods (ap-

plies especially to benthic orgamsms) than is the case in the
receiving water. :

. The following 7 descriptions of evaluaﬁons of industrial
wastewater give different examples of the criteria that have been
adopted.

Only one enterprise has built up and anélyzed a data set as shown in

* figure 2.2.4. As criterion this enterprise has required that the ratio

between the LOEC and the 90% fractile of the PEC at a distance of.
300 m from the discharge point must be greater than 10. The choice
of a fractile for the PEC takes the exposure time into consideration,

-and the chosen uncertainty factor takes into account all the species that

have been investigated. This factor also allows a margin for the
uncertainty of the PEC calculation and for the variation in toxicity of

~ the effluent.

Here the median minimum flow in the recipient (a small river) has
been used to calculate the PEC at various distances from the outfall.
No attempt has been made to establish what fractile of the PEC this
method arrives at. When comparing the derived PEC values with the
ecotoxicological data an application factor of 2 is used relative to the
LOEC value, and on this basis it is concluded that the affected zone
extends a long way. 6 species from 4 organism groups have been used
in the ecotoxicological momtonng programme on which the LOEC
values are based. : ‘

No definite decision was taken as to which fractile of the

- PEC should be compared with the test data, and which value of uncer-



Example 3

Example 5

Example 6

Example 7

| Example 4 - .

tainty factor should be applied to the LOEC to arrive at a value for
the lowest effect concentration using the relevant data.

The variation in the wastewater toxicity is included in the
data (routine ecotoxicological monitoring). The uncertainty of the PEC
calculation and the effect of exposure time are not included.

The median minimum water flow has been used, and the PEC cal-
culated on this basis has been compared directly with the exotoxicolo-
gical data. Data for 5 species from a total of 4 organism groups have
been used. On this basis, the affected area has been found to be very
wide, No conclusions have been reached as to the uncertainty factor
that ought to be used for establishing the lowest effect concentration.
In’contrast to example 2, no account has been taken of the variation
in effluent toxicity, since in all only 2 effluent samples have been

tested.

The initial dilution (fractiles of this were not employed) and the 80%

- fractile of the PEC at a distance of 100 m from the outfall were

compared directly with ecotoxicological data. This included data from
4 species from 2 organism groups. By this method the affected area
was found to be small, and no decisions were taken about the uncer-
tainty factor that ought to be used for estabhshmg a lowest effect
concentration. . o :

The PEC‘was calculated from hydraulic dispersion calculations, but
in contrast to the ecotoxicological data, the PEC values are given in
absolute figures and not fractiles.

The ecotoxicological test programme consrsted of 2 phases
with acute tests on 3 species in the first phase and 8 species, mainly

in chronic tests, in the second phase.

No values were established for the lowest effect concentra-
‘tion; the test data were used directly without applying an uncertainty
factor. On this basis, effects at considerable distances from the outfall

“were predicted, and it was commented that other species might show

-greater sensitivity than those used in the test programme, so that the -

 affected area for these species would be even larger.

Tﬁe 80% fractile of the PEC at a distance of 100 m from the outfall
was compared directly with ecotoxicological data and the effect was

judged to be very small. The ecotoxicological test programme was

carried out in several stages and a total of 6 spec1es from § orgamsm
groups were tested.

PEC values were calculated in considerable detail, but no value was
established for the lowest effect concentration. Nor has any com-
parison between LEC and PEC been found in the material. 3 spemes
from 2 orgamsm groups were tested.

2.2,5 Evaluation of individual substances , _
Identification of xenobiotic substances in wastewater is usually only

required at the largest industrial enterprises, and even here it is usual-
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ly only the entexpnses with separate dlscharges However, at qume a
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identifying individual substances has been carried out continuously,
and one important objective in many cases has been to establish

- quantitative figures for the contents_ in and toxicity of the wastewater.

carried out a chemical characterization of organic compounds by
means of GC-MS -analysis or similar techniques which can identify
chemical constituents of wastewater. Furthermore, about 10 enterpri-
ses make routine analyses for a limited number of organic substances

_ in their effluent.

‘Most of the enterprises that were surveyed carry out cher'ks
for heavy metals in their effluent.
In 6-7 enterprises an attempt had been made to estabhsh a

*About 10 of the previously\mentioried 57 Danish enterprises have

chemical mass balance for substances in the effluent, which included

comparisons of COD, TOC, total nitrogen or total phosphorus mea-
surements with the corresponding figures for the known concentrations
of substances in the effluent. In some of these enterprises the mass
balance is carried out at routine intervals as a check. The other enter-

prises carried it out as a one-off exercise in connection with a chemi-

cal characterization of the wastewater. At 3 enterprises the mass

balance showed that almost all of the quantitatively significant sub-

stances in the discharge were found again in the chemical charac-
terization or in the routine check (70-100% recovery). At the other
enterprises this was far from being the case (<20% recovery).

¥+ chanld h teard ¢ ihas o Wi o na *
il Snoula oe pGiﬁaﬂu outinat a ulgu ICCOVErY perceniage in the

chemlcal mass balances does not in itself guarantee that all the en-
vironmentally hazardous substances have been identified, since many

‘of them are often found in very low concentrations which do not show

up through the uncertainty of the mass balance figures.

14 of the survejled enterprises had carried out ecotoxicological evalua-
tions of individual substances. Usually these were literature studies,

but a_few (4-5) enterprises had performed toxicity, degradation, or-

bioaccumulation tests on individual substances as part of the evalua-
tion of the wastewater discharge.

In general, many discharge criteria have been set for heavy metals,

but in only a few cases has the toxicity of the heavy metals been
compared with the expected concentrations in the receiving water. The
question of the lowest effect concentration is not addressed. No
criteria have been found for determining the lowest effect concentra-
tion, the PEC, or for comparing the two. Generally, the criteria for
heavy metal discharges have been those in the DEPA Recommen-

dation /1/ and other Administrative Orders.

For 7-8 enterprises, criteria have. been set for dlscharges of
organic compounds. In most of these cases, the criteria for the per-
mitted discharge values are not apparent and no account has been

" taken of any lowest effect concentration. In one case, the lowest effect
concentratzon is defined as the LOEC-values for a number of substan- -

ces in the wastewater for which a large amount of data was available.

\



Toxicity balances

For oil refineries, criteria for oil and phenols have been set
partly on the basis of international conventions, parﬂy on the basis of
what is techmcally achievable. :

In the case of 7 enterprises, the contribution made by individual
substances to the combined toxicity was evaluated quantitatively,:
making the assumption that the combined toxicity can be calculated
additively from the individual contributions. For 2 or 3 of these enter-
prises, the combined wastewater toxicity can be explained on this
basis. At two enterprises only half of the toxicity can be accounted
for, and for the final two, only an insignificant part can be ascribed
to the known substances in the discharge.

For none of the other enterprises where the tox1c1ty of the
whole effluent was examined was there any knowledge about what
substances in the discharge were résponsible for its toxicity. '

Table 2.2.4 gives an overview of the examinations carried out
for individual substances in the 23 enterprises where the toxicity of
the whole effluent has been examined. The enterprises are listed in the
same order as in table 2.2.3. :
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Fully included; (X): Par_zly included; - : Not included.

.
.

Table 2.2.4 Extenr of investigarion progfammes for individual substances in was-

-tewater /3/. X
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2.3 - Setting discharge criteria and monitoring compliance

s
i

 This section gives a short review of Danish and international strategies

and experience with respect to setting criteria for the ecotoxicological
characteristics of wastewater discharges, and to developing monitoring
programmes on the basis of wastewater analyses

2.3.1  Setting criteria and control programmw for individual
- substances

The administrative framework for setting cntena for. discharge of

individual substances (or mlxtures of substances) in Denmark is laid

QOWD in two sets OI UHIGELIHES ISbLIEU Dy me UdIllSIl DIIVIIOI]IHBHMJ.

* Protection Agency in 1983 /1,2/. These guidelines regulate hazardous
~ substances mainly by means of discharge limits.

For naturally occurring substances (for example, heavy
metals) the guidelines lay down water quality criteria for the receiving
water /2, annex 2/ based on the concept of excess concentration
(immission criteria), i.e. an acceptable “excess load” is established in -
relation to concentrations .in non-affected or only slightly affected

areas {bac'l{_o-rnnnﬂ nnnnnﬂtrahonc\ which are Dnmpnmhlﬂ with the

dxscharge area. These criteria are not based on evaluations of the NEC
(No Effect Concentration) for the environment. In addition to this,
discharge criteria for the heavy metals cadmium and mercury were
issued in 1986 in fulﬁlment of EC Directives /12,13/ (see table 2.-
3.1).

For xenobzotzc substances (substances not normally found in
nature), regulation today is based both on an assessment of the impact

~ of the substances on the receiving water, and on formalized discharge

concentration criteria. However, national and EC efforts have so far
only led to the establishment of criteria for a very small number of

~ substances, namely some of the so-called List I substances of the EC

framework directive 76/464/EEC /3/. In 1991 List I comprised 132
substances or groups of substances, but so far EC directives and as-
sociated national regulations have only been developed for discharge
of 11 xenobiotic substances /5,12,13,14/. The discharge limits are
summarized in table 2.3.1 and they apply typically to enterprises
producmg or worklng with the 1nd1v1dua1 substances.
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Table 2.3.1 Discharge limits for List I substances according to /5,
12, 13, 14/. In addition to these, limits have also been set for dis-
charged quantities in relation to rotal quantities of substances pro-
duced/treated. '

Dischaige limits
SUBSTANCE Daily av. Monthly av.
Cadmium (Cd) - 0.2 mg/l
Hexachlorocyclohexane - 2.0 mg/l
Mercury (Hg) . - " 0.05 mg/l
‘Tetrachloromethane (CCly 1-3 mg/l 1.5 mg/t
DDT = 0.4 mg/l 0.2 mg/l
Pentachlorophenol (PCP) 2.0 mg/1 1.0 mg/1 ‘
Aldrin
Dieldrin _ . _
Endrin : 10 pg/l -2 pgll
isodrin
Hexachlorobenzene (HCB) 23mg/l | 1-1.5mg/l
Hexachlorobutadiene (HCBD) 3.0 mg/l 1.5 mg/l
Chloroform (HCCl;) - - - 1.0 mg/l

The intention is that over the coming years, discharge limits
will be established for all the substances in List I. The priorities for
the substances to be included have not yet (1991) been established, but

- the CEC has initiated studies to define these more precisely.

In Denmark the most detailed regulation of individual sub-
stance concentrations in wastewater has been carried out by Ringkjo-
bing. County Council in its discharge permit and monitoring program-
me for wastewater discharges from Cheminova A/S /7/, but other
permits, for example those for Grindsted Products A/S (Ribe County
Council), H.Lundbeck A/S (West Sjzlland County .Council) and

- Kemisk Vark Koge A/S (Roskilde County Council) are based on
~ detailed regulations for a great number of individual xenobiotic sub-

stanices. These permits consist of a number of criteria for acute and
chronic toxicity of the whole effluent in relation to a conflict boundary
in the receiving water (see section 2.3.2) and discharge limits for
concentrations of individual substances in the effiuent.

The principles used for establishing the regulations in the
wastewatér discharge permit for Cheminova A/S correspond fo the




*  Experience in other °

- countries

" methods established by US-EPA for individual substances (see next

page), -althotigh there are fundamental differences in method used to
establish an uncertainty factor for determining the lowest effect con-
centration. The evaluation of the PEC takes into account some critical

- “factors concerning the variability of the wastewater and factors affec-

ting the dilution process. '
In the Cheminova A/S discharge perrmt the protection of the

receiving water from acute toxic effects of individual substances is

achieved by setting maximum limits for concentrations after initial
mixing, i.e. concentration values which must not be exceeded in any
sample. The values have been established on the basis of the lowest
LCS50/EC50 values for acute toxicity, and the lowest expected initial-
dilution rate (at times of current reversal). The values are expressed

-as discharged quantities (kg/day).

With regard to the potential chronic effects of md1v1dual
substances (including bioaccumulative or poorly degradable substan-

© ces) a number of continuous average standards have been set based
on the lowest LOEC values for chronic toxicity, critical dilution in‘the -

near-discharge zone (using the 95% fractile at the conflict boundary),
and the variability of the wastewater (statistical -calculation of the

~ acceptable average value and variation). As defined in the permit

continuous standards must be complied with-over a certain averaging
penod the control period. In other words, compliance with the permit
is assessed after taking each sample, using a fixed amount of data (in
the case of Cheminova A/S, for most of the parameters this 1s 24
cnmrﬂpe talken Annnc fhs: lasgt & mnnfhe\

"The d:scharge standard and the acceptable variation for it are
then compared with the average value and variation in the sample data

. for the control period in question:

C =Mtk -S

where: C:  the stipulated discharge standard
M: the average value of measurements during the con-
tro} period

S: the variation of the measurements

k,:  a constant (détermined by the normal d1stnbut10n
function), which ‘depends on the percentage accep-
tance level and number of samples (this is normally
fixed at 0.95, i.e. 95% probability that the require-
ments will be met, if for example the 80% fractile
of the discharge is lower than the stipulated value). -

Earlier, the USA has regulateéi wastewater discharges solely on the

“basis of discharge limits for individual substances. In consequence of

this, US-EPA has established discharge limits for a great number of
substances based on extensive collections of data relating to the en-
vironmental characteristics of the substances in question /6/.

As of 1987 documented receiving water quality criteria had
been estabhshed for a tota] of 127 substances

39




40

To the extent that there hés been sufficient data available,
discharge limits have been established at the following levels of protection:

® Freshwater
* - Acute criterion (Final Acute Value)
* Chronic criterion (Final Chronic Value)

o Saltwater

* Acute criterion (FAV)
* Chronic criterion (FCV)

L Protection criteria- for plant life'(FPV)

L Protection criteria for human load via
*  Drinking water ' ‘
* Consumption of fish (Final Residue Value, recal-

culated to ug/l water on the basis of the bioaccumu-
lation factor, BCF)

On the basis of these criteria, 1-hour and 4-day emission limit
values are calculated which may not be exceeded more than once in
a three-year period, and recommendations are made as to measures to
be taken if the limits are exceeded (studies of effects on the basis of

- the most critical of the above-mentioned protection levels).

The one-hour requirement corresponds to 0.5-FAV-value

‘(Maximum Acute Criterion) and the four-day requirement corresponds
‘'to the lowest of FCV, FPV, or FRV (average over a four-day period)

unless other data indicate that lower values ought to be used /15/.
The two requirements can best be calculated on the basis of

a dynamic dilution model, but if this is not possible, dilutions at

minimum water flow may be used as shown in table 2.3.2.




Danish experience

i

Table 2.3.2 Minimum water flows recommended by US-EPA for
calculation of emissions criteria on the basis of effect-based quality -
criteria (lowest one or seven day water flow minimum over 5 and 10
years respecnvely) :

~

Max. conc. Mean conc.
_ (one hour requ.} { (4 day requ.}
Polluted recipients 1Q10 17010
| Unpoltuted recipients 1Q5 - 17Q5

. Reference /6/ does not give guidelines for how to interpret
"minimum dilution” for marine areas.

Traditionally in the USA the above-mentioned pri_néipies have
been deployed to deal with ‘129 so-called "priority pollutants” when
the wastewater in question has been identified as "toxic”, or when
there has been reasonable cause to suspect it to be so. :

Since 1984 this strategy has been expanded with parallel
regulation of the combined characteristics of the wastewater as de-

scribed below.

2.3.2 Standard setting and control of compliance for whole

effluent
The requirements laid down in a number of industrial wastewater

.discharge permits include demands for more or less regular control of

the toxicity of the whole effluent by means of biotests. Table 2.3.3
gives a survey of the methods used and the frequency of sampling.

It must be pointed out that the discharge permit for a number
of the enterprises in the table have subsequently been changed, and
the requirement to use biotests in the control programme has been
dropped. Only for a small number of the control programmes accep-.
tance criteria are - or were - set for the results of the biotests. . =~

The dlscharge limits and other aspects relating to the require- -
ments for biotesting in the discharge permits of Grindsted Products
A/S and Novo Nordisk A/S respecuvely are shown in table 2.3.4 -
2.3.5. ‘
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Table 2.3.4 Grindsted Products A/S

Requirements relating 10 biotests in the discharge permit (1989). The
criteria refer 1o the necessary dilution of the wastewater at a dis-
charge rate of 1037 m’/d. For larger quantities of wastewater the
. criteria is reduced proportionally (the wastewater must be less toxic).
Requirements after 01.01.93 take account of an expected improved
treatment technology and closing of sulpha-drug production.

Period when applicable

Control of con- 01.04.89-31.12.92 | 01.01.93-onwards
dition : -
(x dilution) - mean max. mean - | . max.
Nitocra sﬁim'pes, | < 40 - < 3 < 10
(96 h, LC 10) '
Daphnia magna < 6 S <2 < 2
(48 b, EC 10) - : - ,
Gammarus pulex - - - | <40
(11 d, LC 20) |
Daphnia magna - - - < 4
1 d, EC 20) | - o

| Sample type Weekly samples: flow-proportional com-

posite of daily samples

Acceptance criteria | Mean: Value not to be exceeded as mean
during the monitoring period (one calen-
der year) : h

‘Max: Not to be exceeded in any indivi-

“dual samples ' I

A number of enterprises have been required by rulings of the
former land tribunals to carry out 24-hour acute toxicity tests with
guppies. This requirement has been upheld in the §38 approval for,
some enterprises, including Cheminova A/S, as the only biotest giving
a direct measurement of the total toxicity of the effluent. The enter-
prise is required to carry out the guppy test daily (24-hour samples).
The 24-hour LC50 must not exceed a dilution of 1:15 more than once
in each calendar month, and in no samples may it exceed 1:25.
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. Table 2.3.5 Novo-Nordisk A/S

Requirements laid down in the discharge permit for the joint discharge
Dipeline, dated June 1985. Monitoring is made of both raw and aero-
bically stabilized wastewater. (Stabilization at 15 °C to constant DOC-
level; i.e. simulation of Kalundborg municipal treatment plant). A
dilution factor of 50 corresponds o mean initial dilution in Jammer-
land Bight where the discharge takes place. |

Control of condition | Raw waste- | Stabilized | Control fre-
(x dilution) . water ‘'waste- quency per
‘ water year
Nitoera | 96h, |- ' < 56 - | 12 months -
spinipes LC 10 | ‘ tests: flow-
proportional
composite of
daily samples
14d, |- <300 |do.
"EC 20 _ _
Phaeodac- { 6h, .| =< 50 < 25 do.
tylum EC 20
tricor-
nutum
Natural 6h, < 50 < 25 2 months
|| algae - EC 20 : | tests in the
plankton ‘ | - period April-
' Oct.
Criteria for Max. values,(i.e. the values stated in
acceptance single tests must not be exceeded.

The permit for the wastewater discharge from Cheminova
A/S /7] regulates the fotal toxicity of the wastewater primarily by
means of continuous discharge limits for the content of total-P and of
a number of other individual substances. The background documen-
tation consists of a very extensive toxicity study of the wastewater and
in particular of one sample in which the toxicity contributions of the
individual chemicals identified in the sample were combined additively
and compared with the total acute toxicity of the sample as measured
in a namber of biotests. The substances that were found by means of
this mass balance to be most important contributors of toxicity are
phosphoric acid esters and their degradation products. It was conclud-
ed that there was a correlation within a factor of about 5 between the
additive contributions of the substances and the total toxicity
measured. ' . :
' The biotests that are chosen for control purposes are usuall
those found to. be the most "cost-effective” on the basis of the prelimi-
nary characterization of the wastewater using a variety of methods.



Internatioral experience

- Cost-effective is here understood to include the following characteris-

tics:

® - that the wastewater is toxic to the chosen organism(s) at such

a level that the distribution function for “"toxicity" can be
established ("low level of detection"”)

o that the method has a high degree of reprodumblhty (low

"analytical uncertainty”)

L] that the cost of using the method is as low as possible.

Only in relatively few preliminary characterizations of was-
tewater is the variation in "toxicity" reasonably welil describ-
ed, since usually the investigations are based on a single 24-
hour or 7-day sample.

- In addition to “rec1p1ent~reahst1c" tests, a2 number of waste-"

- water characterizations have also included methods chosen solely

because of their low cost (for example the Microtox test). The object
here has been to examine whether the results from these tests are pro-

- portional to the results of the proper characterization methods (eval- -
uation of lowest effect concentrations, cf. section 4.2) in order to be

able to use the Microtox test (for example) as the indicator variable

- for the total toxicity of the wastewater.

As mentioned above, regulation of thé environmental quality of was-
tewater discharges is carried out in most countries on the basis of a
substance-specific approach. However, in recent years this approach
has been supplemented in Sweden and in particular in the USA with

regulations based on the whole effluent toxicity as measured in blo- i

 tests.

At present there are no official guidelines for establishment

of criteria and monitoring programmes in Sweden.
' The strategy used in the USA has 4 main elements /10/:

e requxrements based on water quahty (toxicity checked by bio-
tests) ,
. requirements based on clean technology principles: regulatmn

~ of particularly hazardous substances (persistent, bioaccumula-
- tive, and/or highly toxic substances) by means of chemxcal
analyses

o reqmrements based on technology (regulation of productton,.
operation of treatment plant) .

e ecological requirements (Checkcd by m@nitoz_ing in the field).

: - The use of biotest results for establishing water quality based
requirements follows very much the same principles as are used for
evaluating criteria for individual substances with regard to acute and
chronic effect levels (cf: section 2.3.1) /11/:
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. Criterion Maximum Concentration (CMC): 0,3 « TU, (1/1.C-
50) (see section 4.3.1) for the most sensitive of at least three
species (acute toxicity, representanves of at least three dif-
ferent trophic levels)

®  'Criterion Continuous Concentration (CCC): 1 - TU, (I/EC- .
50) for the most sensitive of at least three species (as above,
chronic/sub-chronic toxicity).

CMC and CCC are imission criteria, which can be converted
to emission criteria using critical receiving water conditions and a

- knowledge of the variation in the wastewater. In some states, how-

ever, the CMC are direct emission criteria, since an initial mixing -

~ zone is not permitted. Here the CCC usually applies in relation to'a

maximal mixing zone defined by the authorities.

As with individual substances, “the averaging time for CMC
values is usually one hour, but in practice one day is used, assuming
a certain amount of smoothing of peak values in treatment plant etc.

The corresponding averaging time for CCC values is 4 days.

The CMC and CCC -values are used to establish emission -
criteria in the form of maximum daily limit values (not to be exceeded
by any sample) and monthly average limit values (not to be exceeded
by the average of the data collected during a one month period). The
two emission limit values are calculated both on the basis of critical
dilution values in the receiving water, and also so as to ensure a low
probability (1-5%, log-normal distribution) that variability in the -
effluent will lead to the 1imit bemg exceeded. Finally, attention is also
paid to the load on the receiving water from other sources (waste load
allocation).

US-EPA recommends that the frequency of monitoring for
compliance should be related to the level of probability for compliance
with the criteria (average criteria). A low momtonng frequency
(minimum-4 times in the first year) thus results in stricter criteria
compa:ed with the criteria that are set when the monitoring frequency
is higher.

It should be noted that US-EPA apparently does not recom-
mend establishment of special criteria for independent monitoring of
poorly degradable substances. Monitoring for these is partly covered
by monitoring for possible chronic effects.

- Bioaccumulative and poorly degradable substances are moni-
tored independently by means of chemical analysis of the effluent or
of organisms, and particularly hazardous substances (cf, EPA’s 129

"priority pollutants” and the EC List I substances) are monitored by
means of spec1ﬁc analyses.
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'3 Evaluatlon of exposure concentra-
tIOIlS

31 _ Characterization of wastewater and its variability

Industrial wastewater discharges can be very variable in terms of
quantity and composition, and the ecotoxicological characteristics of
the wastewater will vary correspondingly. In previous evalua-
tions of industrial ‘wastewater this variability has often been very
~ poorly described, and there has been no specific consideration of the
environmental consequences of the wastewater variation. Thus in

many cases the ecotoxicological characterization of the wastewater is
based on very few or even a single sample. Calculations of how the
wastewater spreads in the receiving water are also usually based on
constant discharge rates and there is usually no way of relating the
-purely hydraulic considerations to the real variation in quantity and
composition of the discharge itself.

In a few cases the variation in the ecotoxlcologlcal character-
istics of the wastewater is taken into consideration prior to setting the
* discharge criteria, but no exact rules have been laid down for doing
this. : _
- Monitoring of wastewater and wastewater variability is almost
- always based on grab samples. This in itself makes it difficult to give
satisfactory descriptions of characteristics such as toxicity, where
infrequent peak loads can cause significant problems.

The reason for evaluating the effluent variability is twofold.
Firstly, it is necessary- to have some idea of the variability in order to
be able to set criteria for the discharge on the basis of knowledge
derived from a limited number of wastewater samples. Secondly,
knowledge of the variability gives a basis for planning a monitoring
programme for the discharge.

. 3.1.1 Existing knowledge of variability in industrial wastewater
toxicity
‘The toxicity of wastewater varies depending on its contents, and as
will be seen, the variation can often be considerable. The consequence
of this, as already mentioned, is that the results of the ecotoxicological
test programme carried out on a wastewater sample can only be
regarded as a snapshot picture. The complete p1cture would show a
wider interval of toxicity.
: The principle for comparison of the concentration of was-
-tewater in the receiving water (PEC, Predicted Environmental Con-
centration) with observed effect concentrations, as shown previously
in figure 2.2.4, should therefore be expanded in practice to include
the variability, This can be done as illustrated in figure 3.1.1, where
~ the upper half shows the temporal variation in the concentration of
wastewater at one particular point in the receiving water together with
the variation in the toxicity of the wastewater with respect to various
species. The lower half of figure 3.1.1 shows the information concer-
ning the wastewater concentration at various distances from the dis- -
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Figure 3.1.1 Principle for comparison of gcotoxicological data with
PEC-values at various distances from the discharge point. ,
Above: the variation in the concentration at one specified distance
JSrom the discharge point, and the variation in the acute toxicity of the
wastewater using tests on several species. _ '

Below: the widths of the variations in acute and chronic toxicity values
are shown (hatching) in the form. of confidence bands around the
distributions. The frequency distributions for wastewater concentra-
tions at several distances from the discharge point are also shown.

charge point in the form of the frequencies at which the concentration
exceeds the indicated value. In addition the figure shows the distribu-
tion function for both the acute and the chronic toxicity.

The wastewater characterizations carried out earlier have
shown that 1t can be time-consuming and expensive to establish an

-adequate -picture of size of the variation, since as a rule this will

require investigation of a large number of wastewater samples. In




wastewater characterizations from a number of Danish enterprises an
attempt was made to solve this problem by starting with a wide test .
programme on one or a limited number of samples.

This initial stage had as its objective firstly an evaluation of
the level of toxicity in the wastewater and secondly the selection of
one or more suitably sensitive test organism(s). Where necessary, this
sensitive organism was then used as an indicator for tox1c1ty in subse-
quent investigations of several wastewater samples in order to deter-
mine the variability in the toxicity of the wastewater. .

" On the basis of the observed variation a confidence interval
for the range of the variation can then be estimated and plotted as
shown in the figure. In other words, the range of variation can be .
included in the uncertainty factor when establishing the NEC on the
basis of the LOEC, as described in section 5, in the same way as the
other parameters that are included in the uncertainty factor.

A relevant picture of ‘the variation in toxicity of industrial
wastewatér can be established by compiling the data from the routine
monitoring programmes carried out at Danish industrial enterprises.
A total of 8 out of the 23 wastewater discharges that have been exa- -
mined ecotoxicologically have been subjected to routine ecotoxicologi-
cal monitoring for a shorter or longer period /2/. 7 of these data sets

give some idea of the variability in toxicity.
' The best way of expressing the variation is to use the coef-
ficient of variation, which is defined as the relationship between the
variation and the mean. For the observed toxicity data, expressed as
TU (Toxicity Units, equal to 1/EC or 1/LC), the standard deviation
(S) and mean (M) are first calculated, and then the observed coef-
ficient of variation is found as S/M. Table 3 1.1 g1ves an overv1ew of
the coefficients of variation. :

It will be seen from the table that the variation in wastewater
toxicity can be very large. The largest variations are seen in the
figures from Grindsted Products A/S. This does not necessarily mean
that the variation in this discharge really is greatest, but rather that the -
~ grab samples in the monitoring programme by chance have revealed
a large variation in just those samples.

However, it should also be noted that the variation in the
LC10 and EC20 values is considerably larger than the variation in the
corresponding LC50 and EC50 values, and it is clear that the intrinsic
variability in the test itself, and differences in the test organisms’ sen-
sitivity, can contribute to the variation in the test results. The most
important reason for the difference, however, is that the experimental
determination of LC50/EC50 values can be carried out with conside-
rably greater premsmn than the LC10/EC20 values {(cf. section 4.1),
and therefore the variability in the toxicity of a wastewater discharge
-can be determined most accurately using LC50/ECS0 values.

S
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For completeness, it should be added that the reproducibility
of the test system is usually tested with a reference substance (often -
sodium dichromate), and that parallel control tests are always per-
formed. This reduces the risk of variation creeping in because of

"atypically" sensitive test’ orgamsms or other special features relating
to technical aspects of the test.

As examples, the temporal vanauon in the toxicity of dischar—
ges from two different enterprises is shown in figures 3.1.2-3.1.5.

For wastewater discharges for which there is no information
about the variability, an idea of the potential variation can be obtained
from a knowledge of the variation in chemical usage or discharge of
toxic substances. Examples of this are given in figures 3.1.6-3.1.9,
which show the discharges of certain substances from a Danish enter-
prise in which usage of certain substances was monitored daily; thus
the knowledge of the individual substances in the wastewater was par-
ticularly good.

For Prom Kemi A/S the relevant substances were chosen as
~ indicators for the discharge, and they represent some of the most toxic .
of the known substances in the discharge. Thus the.variation in the
discharge of these substances also gives an indication of the variation
which could be expected in the wastewater toxicity. -

However, it should be emphasized that the best picture of the _
toxicity and its variability is obtained by ecotoxicological tests, since
these take into account the internal variation between the substances
themselves, any potential synergistic or antagonistic effects between
them, and finally the toxicity contributed by any unknown chemical
constituents in the wastewater. ' :
, At the same time it should be pointed out that the variability

in toxicity of industrial wastewater varies greatly from one type of
industry to another, and often from one enterprise to another. In most
cases it is difficult to lay down general rules on how to handie the.
question of variability, and usually an individual approach will be
necessary. Actual measurements, such as those supplying the data
shown in’ the figures for individual enterprises shown in this section,
can often form the basis for such an approach. Using these figures a
case can be made for choosing a confidence interval for toxic effects,
as shown in figure 3.1.1, and thus for deciding on the contribution
made by effluent vanab111ty to the uncertainty factor when establishing
the NEC.
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Figure 3.1.2 Time seriés Jor toxicity (EC20 Nitocra spinipes) of com-
bined wastewater from Kalundborg and Novo-Nordisk A/S. 1987:
month test; 1988/89: 24 hour test /2/.
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‘Figure 3.1.3 Time series for toxicity (ECS0 Nitocra spinipes) of
combined wastewazer from Kalundborg and Novo-Nordisk A/S. 1987:
month test; 1988/89: 24 hour test /2/.
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Figure 3.1.4 Time series for zoxzczty (LCI0 Nitocra spinipes) of was-
tewater from Gnndsted Products A/S /2/.
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'thure 3.1.5 Time series for toxicity (LCS0 Nitocra spzmpes) of was-
tewater from Grindsted Products A/S /2/. :
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Figure 3.1.6 Distribution of discharge of ammonia/ammonium nitro-
gen from Prom Kemi A/S. Daily measurements /2/.
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Figure 3. 1 7 Distribution of discharge of cyanzde ﬁom Prom Kemi
AZS. Dazly measurements /2/.
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_ Fk‘gi:re 3.1.8 Distribution of dfscharge of benzylcyanide from Prom
Kemi A/S. Daily measurements /2/. _
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Figure 3.1.9 Diszrz‘bﬁtion of the total discharge of thiodibenzo acids
Jrom Prom Kemi A/S. Daily measurements /2/.
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3.1.2 Sampling technique and monitoring frequency '

- Sampling technique, and especially the averaging time used when

sampling, is very important when determining wastewater toxicity.

Up to now, samples for ecotoxicological investigations have usually
been flow-proportional one-day composite samples.

However, examples are also known of other types of samp-
lmg principles, and 14-day or 1-month composite samples are also
routine practice in some monitoring programmes.

~ An averaging time of 14 days is used for samples taken in the

* routine monitoring programme at Grindsted Products A/S /2/, The

total residence time of the wastewater in retention tanks and . the
treatment plant is high and can amount to almost a week, but retention
occurs in a series of basins so that complete mixing for the total
residence time is not achieved. Mixing the wastewater from a 14-day

‘period may therefore have smoothed out some of the variation, which

in consequence may have been somewhat larger than shown in table
3.1.1,

An averaging time of 1 month was used in 1987 in the eco-
toxicological monitoring programme for the joint discharge from
Kalundborg . municipality and Novo Nordisk A/S /2/. In 1988 the
programme was altered and one-day composite samples were adopted.
1t is possible that the highly toxic daily samples revealed in the Nito-
cra spinipes test, cf. figure 3.1.2 and 3.1.3, would not have been
detected if they had been mixed with the rest of the wastewater dis-
charge from an entire month.

These examples are c1ted to show that the fundamental sampl-
ing principle is that variability and peak values in the effluent ought
not to be smoothed out by the sampling. The averaging value for the
sample ought not to differ significantly from the residence time of the
wastewater in retention basins and treatment plants, and in estimating
the residence time, attention must be given to the amount of mixing

‘and equalisation taking place. When planning the sampling procedures

and setting up the monitoring programme it is an advantage to know
the overall structure in the wastewater variation.

A theoretical picture of the structure in- the vanauon of an industrial
wastewater discharge is given in figure 3.1.10.
The short-term variation in the discharge is decisive for the

-averagmg time of the sampling programme. Analysis of the short-term .

variation will show what averaging time ought to be used.
~ The long-term variation is important for planning the other

. aspects'of the monitoring programme. The ﬁgure reveals marked:

changes in the dlscharge corresponding to changes in the production
pattern.

Prior knowledge of the pattern of the variation can be an.
advantage when planning the monitoring and sampling programmes. .

" Precise determination of the optimum averaging time for the sampling

programme will depend on a specific evaluation of the retention and
mixing time in the wastewater system of the enterprise in question. If
production is int batch form then the greatest wastewater load will oc-
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Figur 3.1.10 Theorerical picture of the variety of an industrial was-
tewater discharge.

cur - after a certain delay depending on the retention in the waste-
water system - after the start of each batch process. The wastewater
load may also continue for a longer period than the length of the
production process itself, since mixing in the wastewater system will
spread the "momentary" input to the system. Even in the case of con-
tinuous productlon similar situations may occur since there may be
some variation in the input in the course of a working day (5ee figure
3.1.10).

- The discharge curve for a -"momentary" input to the waste-
water system can be followed by using tracers, or it may be calculated
from available data. An example of calculated input curves for mo-
- mentary inputs via a number of fully mixed retention basins, each
with the same residence time, is given in figure 3.1.11 /1/.

It will be seen from the figure that in the case of two fully
" mixed basins in series, each with a 24 hour residence time, the peak
load will be discharged after 0. 5 times the total residence time (),
i.e. after 24 hours. The width of the peak is also indicated in the
_figure. For 4 basins in series, each with a 24 hour residence time, the
peak discharge will come after approx. 0.75+ 0, i.e. after approx. 36
hours, with a "width" of approx. 36 hours.

In practice the distribution of the residence time in a was-
tewater system can often be simulated as a number of fully mixed
basins of different residence times combined with a number of plug-
flow basins in series. The resulting distribution will be skewed to the
left, and can often be approximated to a log-normal distribution. As
far as is known, all Danish enterprises discharging directly to a
recipient have equalization systems and a retention time of 24 hours
or more. In such cases 24-hour composite sampies are usually accep—
table.
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" Figure 3.1.11 The normalized retention time distribution for N equal

discharge basins in series /1/. Cy, = CyN/C, being the normalized

. discharge concentration. Cy; being the dlscharge concentration from

basin no. N.

When plannmg the monitoring programme, attention should be given
to all the variations in the discharge which can be observed or fore-
seen. The monitoring programme shotild be dimensioned on the basis
of the prevailing conditions during a period of typical variation struc-
ture, and if significant changes in the discharge occur, the programme
should be revised.

However, it is clear that produchon on a very short time-
scale, e. g. batch production, can produce short-term changes in the
discharge. The duration of such changes can be so short that a proper
statistically-based monitoring programme can not be designed. Dis-
charges from batch production processes must be dealt with in another
way, and a monitoring programme based on random sampling is only
meaningful for continuous discharges wh1ch show no significant
changes over lengthy periods.

Production cycles lasting days to weeks fall typically into the
"batch production” category, while production cycles measured in

. months to years can be regarded as "continuous”.

However, unlike this simplified theoretical picture, we ﬁnd
that reality is cons1derab1y more complicated, since a production cycle
with its corresponding wastewater discharges will often consist of a
number of processes, which overlap each other and which can consist
of a mixture of "batch” and "continuous" processes. The important

. question therefore is whether the discharge is fairly constant over a

certain period, particularly with regard to toxicity.
. For continuous discharges, grab samples will therefore be
appropriate. The frequency of this type of momtonng will depend on

- the two above—mentxoned factors:




. the margin between the tox1c1ty level and env:ronmentally
‘ problematxcal levels or discharge 11m1ts

. the variability in the t_oxicity,

and the rules for calculating the appropriate frequency will be the
same as those for statistical quality control in general.. Rules of this
- type are well known from the procedures for municipal wastewater
. discharge monitoring using standard sampling variables. The proce-
dures have been described in a gu1de issued by the Danish En-
_gineering Association /1/.

A good example of changes in a contmuous dzscharge as a
result of the adoption of new treatment techniques is shown in figures -
3.1.12-3.1.15. The figures show the sum of finished products and the
sum of tnalkylthxophosphonc acid esters (tri-esters) in the wastewater
from Cheminova A/S in 1985 and then in 1989 after introduction of
- improved purification processes (including biological treatment) for -
part of the wastewater. These groups of substances are the critical
ones with respect to the toxicity of the discharged wastewater. The
different 'scales on the axes shouid be taken into account when com-
paring the figures. It will be seen that a knowledge of the changes is
important when evaluating ecotoxicological data and when planning
.monitoring programmes. As shown in figure 3.1.16 and. 3.1.17, the
mean value of the concentration in the wastewater is reduced sig-
nificantly, but the coefficient of variation (i.e. the relationship bet-
~ ween the variation and the mean) remains more or less unchanged in

- the two periods. However, the relatively large variation in 1989 arises
because the wastewater treatment at this-time was only carried out on
part of the wastewater, and the variation is more an indication of the
variation in the proportion of wastewater being treated, than a sign of
variation in the efficiency Of the treatment process itself.
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Figure 3. 1.12 Discharge of finished goods in wastewater from Cheri-
nova A/S in 1985 analyzed by the county (code 1,2) and by Chemi-
nova (code 3,4) /2/.

Amount of finished goods 1989
kg/day ' :
15
154 3 ’
- . ;
12 - s
. F
1 -
0s H
WO 3
06 - 3 ) ".f 2 | ;-
] ; = ; 3. 5 3 3 a , 4 A . -
04 - 3. s il 3 I
h .é ‘ = ;™ "3
02 - i u )
"0 - A , — i . ,
2350 300 , 350 400
day no. from 1/1 1989

Figure 3.1.13 Discharge of, ﬁﬁished goods in wastewater from Chemi-

nova A/S in 1989 analyzed by zhe county (code 1,2) and by Chemi-

" nova (code 3,4) /2/.
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Figure 3.1.14 Discharge of triesters in wastewater from Cheminova
A/S in 1985 analyzed by the cowuy (code 1,2) and by Chemmova .
(code 3,4) /2/.
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Figure 3.1.15 Discharge of triesters in wastewater from Cheminbva
A/S in 1985 analyzed by the county (code 1,2} and by Cheminova
(code 3,4) /12/. _
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Figure 3.1.16 Distribution of discharge of finished goods in was-
tewater from Cheminova A/S in 1985. '
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Figure 3.1.17 Distribution of discharge of finished goods in was-
tewater from Cheminova A/S in 1989,
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by passing through a treatment plant, it may be rational to adopt an
ad-hoc approach based on a knowledge of the production process and
the potential wastewater loads, and to establish a retention system,
with precautionary analysis before discharge if judged necessary.
Precautionary analys:s before discharge means complete retention of
all wastewater in a retention basin and full characterization followed
by one or several ecotoxicological tests before discharge. In Denmark
this method is used by Ferrosan A/S, and it is considered that the
wastewater from batch production will often be so small in quantity
that total retention should be considered in such cases /2/. ‘
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When wastewater is dlscharged into a surface recipient it will be
mixed in the receiving water and spread by currénts and dispersion.
Individual substances in the wastewater may also be removed from the

“water phase by adsorption to sediment or by precipitation if there is
" a significant pH or salinity difference between effluent and receiving
- water. Removal from the water phase by evaporation to the atmos-
‘phere is also a possibility, but in most cases volatile substances will

already have been removed from the effluent before discharge.

All these processes help to reduce the toxicity of the diluted
wastewater. The reduction in toxicity can be so large that toxic effects
are only detected within the immediate vicinity of the outfall. The
toxic ‘effects may become concentrated, perhaps in the sediment,
which may adsorb toxic substances from the wastewater. The extent
of the-area in which toxic effects may be expected will depend on the
ecotoxicological characteristics of the effluent, the conditions under
which discharge takes place, and the mixing that occurs in the receiv-
ing water as a consequence both of the movements in the water and
of the density of the effluent relative to the receiving water.

The water movements will vary over time as a result of tidal

activity, changes in current strengths, or seasonal changes in water

flow, stratification, evaporation efc.
The temporal variation in dilution must be borne in mind .
when evaluating a wastewater discharge, since only those areas in the

. recipient where the concentration of wastewater exceeds the lower

limit for effects such as chroruc toxicity for 51gn1ﬁcant lengths of time
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can be regarded as being chronically impacted. When evaluating the

dilution and spreading of the wastewater in the receiving water, the
critical factors determining the minimum dilution or the greatest extent

~ of spreading into sensitive areas must be determined. The duration of
.. such critical periods and the-frequency with which they prevail during

longer periods of time should be ascertained as a basis for evaluation
of the wastewater discharge.

When evaluating wastewater discharges to rivers or streams,
it is customary in the. USA to use the lowest average daily flow
measured during the last 10 years as basis for evaluation of acute
effects (1Q10) /3/, Similarly, the lowest average 7-day flow during
the last 10 years (7Q10) is used for evaluation of the chronic effects.
The critical factors causing acute (1 day) or chronic (7 day) effects
may therefore be expected to show up with a frequency of once ev«.ry‘
ten years.

- The periods of 1 and 7 days have been chosen on the basis
of the special circumstances applying to rivers and streams; the essen-
tial point is that the critical factors must prevail for a continuous
period of .a certain length. The precise length may be determined on
the basis of the nature of the. recipient and the mobility of the or-
ganisms requiring protection in that water. _

In marine areas, statistics are used of the meteorological
conditions and wind and current speeds at the site or near to it, in
order to develop a conservative but probable picture of the wastewater
mixing and dilution. This could be a situation with a certain critically
low level of water exchange. The length of the period during which -
this situation might be expected to occur must then be determined.
Alternatively, an estimate could be developed of the lowest water
exchange occurring during a period of a chosen length. The wind and
current direction are also important in determining which and how
great an area is affected around the outfall. Evaluation of wind and
current directions in relation to the topography of the area are there-
fore also necessary elements when determining the critical factors for
wastewater mixing and dilution. in marine recipients.

3.2.1 Removal from the water phase . :

Individual substances may adsorb to particles in the water phase and
settle out. This can reduce the toxicity of the effluent, but can also
lead to toxic effects in the sediment. Adsorption occurs so rapidly that
it is usually regarded as instantaneous. In real-life situations removal
by adsorption will depend on the coricentration of particles in the

~water phase, their sedimentation velocity, and the water depth (and

thus the proportion of the water body in contact with the sediment).
In a small volume of water there will always be equilibrium between -
the adsorbed concentration of a substance (C,) and .the dissolved
concentration (C,,). The relationship between the two concentrations
is a constant, the adsorption coefficient of the substance in question
(Kd = Cs/ Cw)- ‘ _

For metals and positively charged ions, adsorption to particles
will take the form of complex formation. The adsorption coefficient
depends on the individual substance and the nature of the particulate

- material (for example, the clay content). Increased salinity in the



Evaporation

receiving water or a fall in pH can weaken the bindin'g of the sub-
stance to the particles, so that the concentration in the water phase

increases.
For uncharged organic substances, the adsorption process is

. closer to true adsorption, where the hydrophobic (water-repelling)
-groups in the substance orientate themselves towards particles which

are also hydrophobic. This process results in adsorption to the surface

" of the particle. The size of the adsorption coefficient depends on the

hydrophobic/hydrophilic characteristics of the substance, which is
normally expressed as the partition coefficient between n-octanol and
water (P,,,). The greater the value of Pours the greater the tendency

~ to adsorption.

A number of correlauon equatwns have been developed for
the relationship between adsorption and partltlon coefficients. One of
the parameters used in these correlations is the content of organic
carbon in the particles, which reflects their hydrophobic tendency.
Higher organic carbon content in the parﬂcles glves higher adsorptive
capacity.

Certain substances can evaporate from the water phase after discharge
to the receiving water, and this may reduce the toxicity of the ef- |
fluent. The tendency of a substance to evaporate depends primarily on
the characteristics of the substance in question; the relationship be-~
tween vapour pressure (V) and solubility in water (S) expressed as
Henry’s Constant (H \/P /S). Substances with a Henry’s Constant

* less than 103 atm.m?/ molp however, can not be expected to evapo-

rate under realistic conditions. The greater the value of Henry’s
Constant, the greater the tendency of the substance to evaporate.
The speed with which a substance evaporates depends primar--

: 11y on Henry’s Constant, but the situation in the recetving water, .
- including factors such as water depth, temperature, and wind and cur-

rent, speeds, play an important role in determmmg the speed of evapo-
ration in each pamcular case.

3.2.2. Dlllltl()n :
Dilution of wastewater dlscharges occurs typically in three stages

A) a Zone in wh1ch the momentum and density of the effluent

stream causes turbulent flow and therefore mixing (dilution)
close to the discharge point. This is often referred to as
dilution in the effluent jet.

B) ' a zone in which turbulent flow in the receiving water deter-
mines the transport and mixing of the effluent. This can be
referred to as transport in an effluent plume.

C) ° - a zone in which mixing is almost "complete” over a large

area across the direction of recipient current flow or through-
out the vertical water column. In this zone, additional dilu-
. tion of the effluent takes place by advection and dlspersxon :
which evens out the gradients arising because of variations in .
' current flow and direction, variations in effluent flow, or
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Figure 3.2.1 The dilution of the effluent in the reczpzent is divided up
in three phases. From /4/.

variations in other discharges to the recipient in question.

The followmg sections discuss the factors affecting mixing in

the effluent jet and plume, the factors affecting the additional dilution

occurring in the recipient, and the factors affecting evaporation and
adsorptlon '

3.2.3 Dilution in the effluent plume
Because of its surplus momentum (product of the effluent mass flux
and velocity) in relation to that of the receiving water, an effluent
discharge can create turbulent flow, which ensures a certain amount
of initial mixing in the recipient at the point of discharge. ,
The dilution in the jet (and the breadth of the jet) depend on -
the relation between the discharged volume (Q).and the linear velocity
of the jet (v). The velocity will be greatest in the centre of the jet and
will decrease towards its edges (see figure 3.2.2)."The further the jet
moves away from the discharge point, the lower the velocity in the

~centre of the jet, and the greater the width of the jet.

At the limit, the effluent jet has lost so much momentum
because of the resistance of the receiving water that-its velocity rela-
tive to the receiving water is zéro. The jet will be deflected and the
diluted wastewater will spread fanwise in a horizontal direction /4/.
In the great majority of cases the effluent discharge has relatively little
momentum, and the extent of the jet is therefore not very mgmficant

As a rule, wastewater discharges have a different density

~ from that of the recipient. The density difference can be due to tempe-

rature or salinity differences. The density difference will cause move-
ment of the effluent (usually an upward movement, since the was-
tewater is usually warmer and/or less saline). The movement causes
turbulent flow, and a plume will be formed.
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| Figure 3.2.2 Flow-chdrt of wasrewater plume

The density difference is greatest between the centre of the
plume and the surrounding receiving water. The difference will
decline as the distance from the discharge point increases, and the
upward movement will decline and finally cease. The effluent plume
will have the same structure as shown in figure 3.2.2, but it will be
. more "feathery” than the plume that is formed as a result of the

~ surplus momentum of the effluent. |

Density differences will generally cause more rapid spreading
than the surplus momentum of the effluent, and are therefore more
important for the dilution process /4/.

Discharges of wastewater having a greater density than the
recetving water will result in a plume spreadmg along the bottom of
the receiving water body. The dilution in the plume will be much less
than if the effluent had moved upwards in the free water masses. Any
peak loadings. of toxic substances in the effluent will tend - depending
on the adsorptive tendencies of the-substances in question - to be

_evened out by adsorption-to the sediment, which will reduce the
availability to the water phase The toxmty of the effluent itself is
thus reduced.

The toxic effect of one or several successive peak loads will
persist for a longer period of time in the pore water of the sediment,
and this may give rise to acute-effect concentrations during a longer
period. This can lead to chronic effects in the sediment if the toxic
substances are adsorbed strongly or if peak loads frequently occur.

The movement of the receiving water will have some effect
on the extent of the effluent plume - especially at the "top" of the

. plume, where the effluent velocity has declined or where the effluent
has become neutral relative to the recipient water. A cross-wise
current in the recipient can "pull” the top of the plume along with it, -
and the plume will then spread as a layer in the water column, from
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Figure 3.2.3 Spreading of an effluent in a recipient with traversing
movement of the -water. From /4/.

which the effluent can then spread into the rest of the water column
depending on the water movements in the recipient.

A number of correlation equations have been developed
which seek to describe the velocity of the effluent jet, the width of the
jet and the dilution in the jet as a function of the original momentum
and relative density of the effluent, the velocity of the receiving
water, -and the distance from the discharge point. These equations.all
contain an-element of uncertainty, and the uncertainty increases with
increasing complexity of the current pattern in the receiving water.
The correlations can not usually be used to give very precise "sna-
pshots" of the spreading of an effluent plume, but are good enough to
describe the more general or typical spreading pattern of a given
plume. This is often precisely what is needed for evaluating the
toxicity of wastewater during the dilution process.

In connection ‘with the calculation of the dilution in a was-

~ tewater jet one often meets the expression "initial dilution". There is

no generally accepted definition for this expression, and it must
therefore be described in each specific case. However, there are a
number of generally used interpretations of the concept. In the case
of a submerged outfall (figures 3.2.2 and 3.2.3) the initial dilution is
the dilution that has been achieved in the axis of the jet when the
upward movement of the jet has ceased, i.e. at the top of the jet.
Depending on the characteristics of the wastewater and the recipient,
this may be at the surface or at'a point somewhere in the water co-
lumn. If the wastewater is denser than the receiving water, two initial
dilutions are often used: the first is the dilution at the top of the jet '
(the jet usually rises some distance above the bottom owing to the
momentum of the jet), and the second is the dilution in the axis of the
jet at the point where the jet or plume makes contact with the bottom.




Running water

3.2.4 Dilution in the recipient
After the dissolution of the wastewater jet, where the speed and

- density of the wastewater determine both the dilution and spreading

of the wastewater, the conditions in the recipient become most impor-
tant for determining the continued dilution and spreading of the was-

“tewater plume. The speed of dilution and spreadmg depend on the
- water movements characteristic of the recipient in .question.

In running water, the movements are mainly horizontal and

~ in the same direction, but they vary in the course of the year as a

result of variations in precipi'tation and run-off. In lakes and reservoirs
the horizontal water movements are small compared with the vertical

" movements, which can change in dlrecuon and speed during the year.

In estuaries and coastal waters the horizontal and vertical movements
in the near-shore area are determined by a combination of discharges-
from rivers and streams, tidal movements, and meteorological factors.

Further offshore the water movements become mcreasmgly dommated

by the wind.

~ “The following sections Will discuss the factors that are 1mpor-‘
tant for the dilution and dispersion of wastewater in the different types
of rece1vmg waters.

In running water the d11ut10n of dlscharged efﬂuent depends on the
current velocity, the width of the watercourse, and the amount of
effluent” discharged. The maximum dilution will be achievéd more
quickly if the current velocity increases or if the watercourse becomes
narrower.

Downstream of the outfall the effluent slowly miixes into the
entire width of the watercourse. The concentration in the centre of the
plume will fall while it slowly increases at the edges (see figure
3.2.4). The concentration across the entire width of the watercourse

" will asymptotically approach a concentration corresponding to the

maximum dilution. The theoretical maximum dilution corresponds to -
the complete mixing of the effluent discharge in a given time interval
(Q) with the entire water volume passing the outfall during the same
mterval of time (v-d-W-Q, where v = velocity of flow of the receiv-
ing water, d = average depth of watercourse at the outfall and W =
width of watercourse at the outfall), '

After this, the concentration of effluent will only change very ‘
slightly, and this concentration will pass on down the river as a slug
of -diluted effluent. Usually, however, the concentration will fall
slowly as a result of inflow from tributaries, groundwater exfiltratton
and other effluent discharges.

The distance taken before achlevmg maximum dilution across
the entire water course will depend on the average depth in relation
to the width, and the velocity of the receiving water in relation to that

of the effluent plume. The shallower and narrower the watercourse,

the qu1cker the dilution process, and the higher the receiving water
velocity in relation to the effiuent plume, the shorter the tlme before -

maximum dilution is achieved. -
If the watercourse has sharp bends wh1ch give rise to tur-
bulent flow, maximum dilution will be achieved faster.

71




-

Lakes and estuaries

72

CLNAaY Y | -l iy
L

SIDE T
"

i T Ea
T LI T I S
1y S W

4
I Lo ;_i T
0 S o B : Q.2
x'= {2/GHE, /w?)

Figure 3.2.4 Concentration of effluent in the centre of the plume
(centre line) and at the sides of the watercourse as a Junction of the

. distance from the point of discharge. From /4/..

In water courses the critical factors for acute toxicity effects
will be the lowest average flow during short periods of time (1 day or |

. thereabouts), while the critical factor for chronic toxicity will be the .

lowest average water flow over longer periods (7 days or more). The
frequency of occurrence of these situations can be determined by -
checking the lowest water flow figures for'a period of 10 years or so.

In the USA the authorities recommend using the lowest
average 1-day and 7-day flows measured during the last ten years
(1Q10 and 7Q10 respectively) for calculating the extent of the areas
around the outfall where acute or chronic effects might be expected
/3/. However it should be noted that usually the rule applies that
unless a "high rate diffusor" (achieving a diffusion rate of above 3,0
m/s) is fitted to the outfall, no acute effects are permitted in the
undiluted effluent. The general requirement to use 1Q10 and 7Q10
also applies for discharges to reservoirs with retention times of less
than 20 days.

In lakes and estuaries the horizontal water movement is often very

* limited, but dilution of the lake water will still take place because of

meteorological variations in the course of the year,

In the autumn the surface water cools and becomes heawer
than the deeper water. The surface water sinks towards the botiom
and this gives rise to ‘mixing. Strong winds can also increase the
mixing process.”

In the spring and early summer the surface water is warmed
by the sun and becomes lighter than the deeper layers. This stops the
vertical water movement caused by the density differences. However,




the wind can still create waves on the surface, but the mixing arising
from these movements only affects the upper layers in the water,
which in deep lakes are sharply separated from the deeper, cooler
layers, The marked boundary between the layers can be detected by
the pronounced change in temperature (thermocline). (see figure
3.2.5). Similar situations can arise because of salinity differences

- (halocline). -
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* Figure 3.2.5 Temperatures and water movements in a stratified lake,
From /4/. :

In the summer period solar radiation can give rise to evapora-
~ tion from the water surface. This can increase the density of the
‘surface water, but at the same time the heating of the water leads to
a fall in density, and the vertical water movement induced by evapora-
tion will therefore be counteracted. o _
Discharges into lakes from streams and rivers, and the lake
outflows themselves, can cause water movements in the lake which
increase mixing. If the inflowing water is colder than.the lake water,
or if for other reasons it has a higher density, the inflowing water will
tend to follow the bottom and will not mix so much with the upper .
layers. , ' - :
Because of the more complex and seasonally variable water
movements in a lake, calculation of the mixing of an effluent stream
in the lake will be more complicated than in a river. A start can be
made by calculating the extent and velocity of the wastewater plume
and the concentrations at various parts of it. The next step, calculating
how the plume mixes into the lake water, requires the use of mixing
models which use the measured seasonal water movements in the lake
itself as input together with information about the wastewater plume

(see section 3.2.1). |
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The critical factors in lakes can be identified by analyzing the
seasonal variation in water depth, wind speeds and directions, -and
solar radiation. The density of the wastewater in relation to the lake
water may vary through the year, and therefore no particular season
can be picked out in advance as the most critical. Under all cir-
cumstances, the velocity of the lake water can be set at zero unless it
can be documented that there is a permanent current through the lake.

"Closed” estuaries can be treated in very much the same way.
Estuaries are parts of the sea where freshwater from rivers meets the
salt water of the sea and mixes with it. Estuaries can be divided into:

1) fiords, which are narrow, long and deep, w1th strong stra—
tification between salt and fresh water,

2) shallow coastal areas where river water gradually mixes thh

' salt water from further offshore, ‘

3) “closed” marine areas, separated from the open sea by spits,

bars or the like, which reduce the water exchange.

- The inflowing freshwater will have a lower density than the
salt water, and will therefore lie on the surface as a separate layer on
top of a layer of salt water,

This type of situation will often exist ina ijI'd Wind action
on the surface with wave formation will cause mixing between the
fresh and salt water. layers, thus reducing the salinity gradient up
through the water column. This phenomenon is often seen in shallow
coastal areas. If the estuary is "isolated" from the sea by sandbanks
etc., the inflow of sea water to the area will be reduced and the
mixing in the closed estuary will be greater.

Estuaries are also influenced by tidal movements; during ebb
tide there is a relatively greater inflow of fresh water, while during
flood the inflow of salt water is greater. In fjords the salt water will

‘mainly enter along the bottom because of the density difference. The

tidal movements will cause movements in the layered water column
which will tend to cause mixing between the layers.

- In open coastal areas the tidal movements are of less importance, and

a large amount of the mixing will be caused by wind action at the
surface and by currents in the deeper water masses.
- Calculations of mixing and dilution in marine rec1p1ents

requires modelling of the water movements on the basis of calcila~
tions of the extent and distribution of concentrations in the plume (see

section 3.2.1). .
In coastal areas the critical factors can be identified by analy-
sing the various parameters (tides, discharges from rivers, wind

- strength and direction, and stratification). In unstratified areas the

critical situation will be a combination of minimum water exchange '
and minimum freshwater discharge. If stratification occurs, it is

~ necessary to consider both situations: stratification and full mixing. In

addition to these critical de51gn situations, analyses should also be
made for other situations in which mixing may be better, but where
the extent of the plume is greater.

»




Spreading in the
effluent plume

Marine areas require a far better knowledge of the discharge
characteristics, the tidal and oceanographic circumstances (spring and
neap tides etc.) and topography, than do lakes or rivers.

3.2,5 Simulation models

Today there are a great number of simple and more advanced com-

puter models for simulation of water movements, effiuent mixing, and

even the fate of individual components in the effluent / 1,5/.
Simulation models which describe the spreading of the ef-

fluent may be models which only calculate the spread of the plume,

or models which also calculate the additional dilution of the effluent

when it has mixed into most of the water column. Models of the latter
~ type may also be able to calculate the fate of individual substances. A

number of models of this type which are relevant for various types of
receiving waters are described below.

Spreédin g of the efﬂuent plume in marine recipients can be calculated
by analytical methods as described above, but more accurate calcula-
tions can be made using numerical models (e.g. NEWIJET /1/). Nu-

" merical plume models can calculate the horizontal extent of the plume,

Spreading in rivers,
lakes and similar recipients

either as a surface plume or a heavy underlying plume. The latter type
of calculation will be an approximation, since the model regards the
bottom plume as an "inverted” surface plume, This assumes that the
bottom is plane and horizontal, In cases where the plume lies at an
intermediate level in the water column, it is not possible to make
direct calculations of the horizontal extent of the plume, and an

_analysis of the situation must be confined to the initial dilution and the
. dilnfion after mixing into all or most of the water column.

Under all circumstances calculations can be made for various
specified current velocities in thé receiving water, which permits
critical or more representative situations to be studied.

The input to the numerical models consists of the results of
analytical calculations of dxluuon in the effluent jet (initial djlution,

~width of the jet, etc.)

Spreading of _efﬂuen‘t in rivers, lakes, and other recipients where cur-
rents can be treated as one-dimensional along the extended axis can
be simulated using numerical models (such as MIKE 11 or MIKE 12
/1/y. The simplest of these models (such as MIKE 11) are used for
simulation of well-mixed receiving waters, while the more advanced

‘models such as MIKE 12 can be used for stratified recipients. These

types of model can be used to simulate spreading in lakes or rivers .

and in closed marine recipients such as small fjords or harbours.
Both types of model calculate the concentration of the dis-

charged effluent in an area defined by the user. The models take

‘topographical information into account and solve the hydrodynamic

- and transport/dispersion equations dynamically: in other words the .

concentration varies with time depending on variations in flow and

- current, effluent discharge, meteorological factors, etc.

The input to these models consists partly of the tdpography

“of the area in question (shape, depth etc.) and partly of figures de-

scribing a number of parameters at the limits of the chosen area
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‘(water flow, water depth, effluent concentration or concentration of

individual substances, etc.). Since the input section of the model is
fully menu-driven, it is far easier to use than similar models have
been in the past. PC-based versions are available which have been
designed for use by non-specialists. : '

The results of the dispersion calculations can be displayed
graphically, giving presentations of variation with time at chosen
points, or variation throughout a chosen area at a given time. -

The models can calculate the dispersion of complex effluents,

- and it is also possible to calculate dispersion of individual substances,
taking transformation or breakdown into account.

In marine areas it can rarely be assumed that current flow is one-

dimensional. Usually it is two-dimensional and may be stratified in

two layers. The effluent will therefore also spread in two horizontal

dimensions, and if stratification exists there may be transfer between
the two layers. If the receiving water is well mixed the effluent will
mix into the entire water column, except in the immediate vicinity of
the outfall where the effluent plume can be detected.

More complicated models such as MIKE 21 /1/ have bzen
developed to calculate dispersion of wastewater in well-mixed marine

 recipients, MIKE.21 is parallel to the above-mentioned models but

describes the situation in two dimensions. The computing capacity
reqmrements are therefore larger, and the model does not run on a PC

~but on a more powerful Workstation.

When using the model the area to be 1nvest1gated is divided
into a rectangular network of desired grid size, The finer the grid, the
more detailed the description of the situation, but the longer the

‘calculations will take. The topography, particularly the water depth,

is described in as much detail as the chosen grid size permits. The

output from the model consists of the figures for the effluent con-
centrations at each grid point at the specified times in the specified =~
- period. The results can be presented graphically as time series at

chosen points, as isoline plots ata chosen time, or as the means for
a chosen period.

Corresponding models (suchas SYSTEM 22 /1)) for straufied
waters are also available.

The input to the two-dimensional models is similar in charac-

-~ ter to the input to the one-dimensional models described above.

- The two-dimensional models can also simulate the dispersion
of effluent or dispersion and transformation of individual substances.

A number of other models which can simulate the dispersion in the
receiving water of individual substances in a wastewater discharge are
described in /6/. Some of the models are simple ones which describe
the dilution or fate of individual chemicals. Others calculate the
dilution within a number of compartments into which the water system
is subdivided. Only a small number of the models can be used for
calculations in marine r601p1ents since only a few of them take tidal
movements into consideration. ‘




- Table 3.2.1 Outlzne of model types for simulation of water movements
and dilution in recipients.

Surface watc-r-, Level o | Type Method
Freshwater ~ | Simple models | Dilution RDM
| : model DYNTOX
1 PDM3
Analytical fate | Reachscan
“model SARAH
: MEXWA
Compartment | QWASI
model EXWAT
Advanced - Hydrodyna- EXAMS
models | mic model WASP4
| WAQUA
XTEM . -
| | | TDTIM
Seawater = | Advanced Hydrodyna- | WAQUA
~ '].models | mic model XTEM

TDTIM

Only rather advanced hydrodynamic models can be used for
simulating aquatic systems that are more complex than rivers.
RDM (River Dilution Model), DYNTOX (Dynamic Toxicity
‘Model) and PDM3 (Probabilistic Dilution Model) are simple dilution
models for flow in rivérs. RDM cannot allow for seasonal variations
in current patterns or for daily/weekly variations in the wastewater
discharge, In addition, this model does not include removal or break-
down processes in the recipient. When used as a model for specific
* environments, DYNTOX makes a number of assumptions about the
nature of the receiving water which will not always be appropriate.
PDM3 assumes that the wastewater discharge is log-normally distri-
buted over the year:. This means that batch productions which only
operate at certain times of year can not be modelled. The flow in the
receiving water (river or stream) is likewise assumed to be log-nor-
- mally distributed, and this will not be true in larger rivers where there
may be large seasonal variations. For making preliminary estimates -
of wastewater concentrations in watercourses, DYNTOX is probab'ly :
the most suitable model.
‘ Reachscan; SARAH (Surface Water Assessment Model) and
MEXWA "~ (Model of Exposure Assessment in Water) are simple

- mixing models which include a description of. the fate of chemical

substances. Reachscan combines a database, in which the river system
~ is described, with a simple model for the mixing in the recipient.
Downstream concentrations can be ‘calculated m a dilution model or
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in a fate model which includes adsorption, evaporation and dégrada—
tion. The database describing the river system consists of average

figures, and a highly simplified fate model is used, so that the model

as a whole should only be regarded as a tool for simple screening of

" the fate of chemical substances in watercourses. SARAH is a steadv-

Catata model which calonlatae dilutian diffiician adearntion - avanar.
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tion, hydrolysis, and biocaccumulation in fish. This model has been
developed to permit evaluation of human exposure via foodstuffs (fish)
and drinking water (surface water). The method does not include
biodegradation and can not model accumulation/concentration proces-
ses in sediment and botiom water. MEXWA subdivides the dilution
calculations into a mixing process close to the outlet, where both
horizontal and vertical dispersion are included, and mixing in the
receiving water, where the extent and horizontal dispersion of the
wastewater plume are described. The second phase also includes
evaporation, adsorption, and degradation. In a third phase, the model
calculates dilution, evaporation, adsorption and degradation in the far
field. The model is theoretical and assumes that there are no bends in

the river and that the current velocity is constant, For later and more -

detailed studies of wastewater concentrations MEXWA - appears to be
the preferred model, since it includes both horizontal and vertical

- dispersion and adsorption to the sediment.

The modified QWASI Model and EXWAT (Exposure of
Surface Water Bodies) are compartment models which subdivide the
receiving water system into a number of boxes. QWASI divides it into
water, bottom sediment, suspended matter, and biota. Because of the

. general lack of information about distribution and diffusion coeffi-

cients, these are assumed to be the same for all substances. Another
weakness is that the model assumes that the concentration of each

. substance is homogenously distributed within each compartment.

EXWAT is a further development of QWASI and - consists of 2. num-
ber of boxes.consisting of water with suspended matter and biota, and
sediment with pore water. The model includes sedimentation processes
and resuspension of suspended matter, and calculates the distribution
between water/suspended matter and sediment/pore water, and the
exchange between pore water and water. The model includes evapora-
tion, degradation and bicaccumulation. It can only calculate steady-
state situations and cannot calculate dilution in stratified water bodies.

analysis of the dispersion of individual substances in a recipient is
needed, EXWAT is the best choice of model, since this model can
estimate concentrations in specific compartments (e.g. bottom water

- or sediment) on the basis of relatively simple input.

EXAMS (Exposure Analysis Modelling System) and WASP4
(Water Analysis Simulation Programmes) are refined hydrodynamic
models which can be used to simulate fresh water systems. Both are
compartment models which describe the receiving water system in
terms of boxes, with an exchange of substances between the boxes as

“The possible influence of temperature is not taken into account. If an

a result of water transport. Within each box the adsorption and sedi- .

mentation, evaporation, bicaccumulation, abiotic transformations
(photolysis and hydrolysis) and biodegradation are calculated. EXAMS
cannot be used to simulate short-term discharges at high concentra-




Conclusion

tions. The model can only simulate low concentrations of individual
substances (concentrations lower than 50% of their solubility).
EXAMS also assumes that the discharge is so small that the substan-
ces in the effluent do not affect the general characteristics of the
receiving water system (pH, dissolved oxygen, biomass etc.). The
same restrictions apply to WASP4, which in addition is unable to
simulate dispersion of a wastewater discharge with a density different
from that of the receiving water. Both WASP4 and EXAMS are
hxghly developed models which require detailed information about the

' recelvmg water and the dlscharge before they can calculate the dlsper-

sion of the wastewater,
WAQUA (Water Quality Model), XTEM (Xenobiotics Trans-

- port and Effect Model) and TDTIM (Transport and Influence Model)
- are refined hydrodynamic models which can be used to simulate both

fresh water and marine areas. The models use a two-dimensional grid

“in which the concentrations -at each node are recalculated with each

iteration of the model. All these models take removal and breakdown

" of chemical substances into account. WAQUA can only be used for

simulation of water bodies with low degrees of bottom inclination and
without stratification. Mixing is assumed to occur mainly by turbulent
diffusion. All breakdown reactions are assumed to be linear. XTEM
and TDTIM calculate the water movements on the basis of infor-
mation about wind speeds and directions, water inflow and outflow,
topography, and density differences. In addition, the models take into
account the possible inhibition of microbial activity as a result of

~ substance concentrations, and the effects of temperature on degrada-

tion processes. XTEM can only simulate one water layer, while

~ TDTIM can simulate several layers simultaneously. For each simula-

tion'in XTEM only one removal process can vary in speed throughout
the simulated area; in addition, all reaction parameters are assumed
to be constant with the exception of the temperature effect. TDTIM
does not have this limitation, but on the other hand this model is
expensive to use, both at runtime and beforehand when collecting the
necessary information. Thus the three models WAQUA, XTEM and
TDTIM represent an increasing level of complexity. This means that
the models should be used in that order, depending on the Ievel of

detail desired.

For cal_culating wastewater dilution, one can begin- with relatively
simple calculations of the initial dilution - and the dilufion in the near
field in freshwater recipients - using the relationship between the

. discharge velocity and the current velocity in the recipient. In marine
- recipients with tidal movements, the water movements are more

complicated, and therefore the simple relationships {mass balances)
cannot be used. For more precise estimates of dilution and dispersion,
relatively simple computer models can be used as a start, and later (if
necessary) more complicated models can be brought in, together-with
the necessary expert assistance for developing the model scenario.

If the concentrations of individual substances are expected to
be important for the ecotoxicological load on the receiving waters,

* computer models may be used which can simulate the dispersion and

ditution of individual substances. These models can include some or
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all of the following parameters: biological/chemical/photochemical
degradation, and removal by adsorption or evaporation.

3.2.6 -Examples of PEC calculations
Before issuing a discharge permit to Grindsted Products A/S, Rlbe

-Cmmtv carried out an evaluation of the dilution in the receiving water

(Grmdsted Stream). The evaluation was carried out on the basis of

- . water transport measurements in Grindsted Stream measured in 1987

at Eg Bridge (10 km downstream of the discharge point); these mea-
surements were recalculated to give the water flow at Tingvejen just
upstream of the discharge /7/. The median minimum daily flow at
Tingvejen was found to be 976 1I/s.

Since Grindsted Products had applied for a permit to dis-
charge 20 I/s, the dilution after complete mixing (used here as "initial
dilution") could be calculated to be an average of 48.8 times (=
976/20). In the discharge permit it is noted that the mixing does not
occur instantaneously, but that investigations of pH profiles in the
river had indicated a mixing zone extending some few hundred meters
downstream of the discharge point.

The calculated dilution factor and the knowledge that the

mixing was not instantaneous were also used when setting the dlis-
charge criteria for the wastewater tommty

Discharge of wastewater from Junckers Industrier A/S in Koge Bay
is an example of a discharge to a recipient where tidal movements are
not very important for the dilution /9/. The wastewater is discharged
through a diffusor 5.3 km from land at a depth of 10 m. In 1987 the
discharge rate- was approx. 58 1/s. The discharged wastewater is
warmer than the recipient water, but owing to a large content of
cellulose fibre the density is greater than that of the recipient sea-
water. -

‘ For 25% of the time, however, the recipient water is assumed
to be stratified, so that the wastewater is less dense than the bottom
water around the discharge point and an upwardly moving effluent
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and 15 times. However, the stratification in Koge Bay is not thought -

to be so pronounced as to cause the plume to reach the surface,

For the remaining 75% of the time, it is assumed that the
wastewater will be denser than the bottom water, so that the effluent
plume will spread along the sea bed with an initial dilution factor of
about 3. Model calculations carried -out by the Danish Hydraulic
Institute show that for 50% of the time, the effluent plume will spread
to the south-east. 1 km from the discharge point the dilution at the
center of the plume is approx. 100 times - more or less regardless.of

the current speed and direction. At 5 km the current is more important .

and the dilution at this distance from the discharge point will vary
hehv@en 300 and 1000 times.

The Wastewater dis_cha:ge from Cheminova A/S into the North Sea is
an example of wastewater discharge to a coastal recipient /8/. The
discharge point is approx. 500 m from the shoreline at a depth of

- about 8 m. The discharge permit states that if the wastewater has the
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3.3 Degradability

An assessment of the degradability of chemical substances has as its
ultimate aim the determination of the speed of transformation of the
substance in the environment. This information, together with infor-
mation on the volatility, adsorptive ability, and solubility of the

. substance, may be used to evaluate or even to calculate the con-

centration of the substance in the recipient. The result can then be
compared with the effect levels for the substance.

When evaluating the degradabﬂlty of chemical substances, a -
great number of factors can influence the degradation of one particular -
substance. The general biodegradation route for organic substances
under aerobic conditions is the full degradation of the organic material
to carbon dioxide and water. This process releases energy and organic
carbon which the microorganisms responsible for the biodegradation
utilize for growth and maintenance of metabolic processes.

Degradation of a specific substance within this general pro-
cess depends especially on:

o the organic substance '
° the environment in which the substance occurs
. the species and populations of microorganisms present. -

When individual substances in a mixture are biodegraded, the -

‘other substances may affect the degradation process compared with the -
_situation where the substance in question is the only energy and

carbon source. The differences may be due to alterations in the cha- -
racteristics of the substance in question or to Changes in the way in
which the microorganisms exploit the substance

3.3.1 - Intrinsic properties
The intrinsic properties of the organic substance which mﬂuence its
biodegradability are primarily related to its chemical structure:

"molecular weight and molecular size
degree of polymerization

aromatic or non-aromatic character
degree of substitution

amount of branching in the molecule

Biodegiadébi]ity generally declines with increasing molecular
weight and size, with increasing degree of polymerization, increasing

" number of aromatic rings, degree of substitution, and branching of the

molecule. In addition, factors such as solubility in water and toxicity

- towards microorganisms play a decisive part, with increased solubility
~ Increasing biodegradability- and increased toxicity generally reducing

biodegradability.

- The relationship between b1odegradab1hty and molecular .
weight and size arises because molecules with molecular weight above
500 - 800 have difficulty in passing through the microorganisms’ cell

~ membrane. Degradation of high molecular weight substances therefore




requires the presence of exoenzymes (enzymes released from the
microorganisms into the surrounding environment).

The relationship between biodegradability and aromatic or
non-aromatic character is the empirical observation that substances
~with three or more aromatic rings are degraded with great difficulty.
‘The explanation lies partly in the high molecular weight of such
substances, and parily in the lower solubility of ‘substances with
several aromatic rings. In addition, the breakdown of aromatic rings
requires the presence of oxygenases to hydroxylate and break open the
rings.

- The re]atlonshIp between biodegradability and degree of
" substitution of aromatic rings or branches in the molecule for exam-
- ple, is more complex. Biodegradability increases with an increasing
“number of substituents, but the degree of biodegradability also de-
. pends on the chemical characteristics of the substance and the position
of the substituents in the aromatic ring /15/.

- This connection between biodegradability and chemical
structure has been developed into a number of “rules of thumb",
which can predict which chemical structures may be expected to be
biodegradable /15/. During the last decade attempts have been made
- to identify more precise correlations between biodegradability and
_chemical structure, but progress has been slow, and no general models

seem to have reached a level where they are suitable for practical
administrative use. One difficulty in developing empirical correlations
is that the data for b1odegradab1hty are rarely quantitatively com-
parable /7,29/.
B One of the greatest difficulties in developing structure-biode-
gradability relationships is that tests carried out on the same substan-
ce, but using different populations of microorganisms, may give
different results. This has been demonstrated, for example, with 4-
~ nitrophenol, which in some tests turned out to be fully biodegradable
- and in other tests was not degradable at all /15,18/. This variation in
_ test results is due to differences in the microorganism species and the
* population present in the test system when the test was carried out,
and this in turn depends on the inoculum used to set up the system.

The solubility of a substance can often set limits for its
biodegradability. The solubility in water may be increased if it is
mixed with other substances such as solvents, surfactants, or emul-
sifiers. These increase the availability of the substance to the microor-
ganisms, and may thus increase the biodegradability. These effects are
exploited in order to be able to test the biodegradability of poorly
soluble substances /22/. -

Qther types of substance may reduce the solubility of the test
substance by forming complexes or adsorbing it. Thus the biodegrada—
bility of 2,4-D-esters and substituted phenols is reduced in the pre-
sence of humus /25,30,31/. .

Increased solubility does not necessanly lead to increased
biodegradability of individual substances, however, since the increased
solubility may also lead to available concentrations so high that they
inhibit the microorganisms.

The presence of several individual substances, wh1ch on their
own do not have an inhibiting effect at the relevant concentration,
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species.

may lead to inhibition as a result of additive effects. This hés been
observed with mixtures\of chlorophenols. :

‘3 3.2 Bmmass

It has been shown that the origin of an moculum is very important for
the biodegradability of poorly degradable substances. 4-nitrophenol
was found to be broken down in 3 days by microorganisms from fresh

* water, but in 70 days by microorganisms from sea water /14/. In a

test system using only one substance as carbon and energy source a
rapid selective growth will take place of those microorganism species-
which are best able to exploit that substance. This leads to a change
in the composition of the biomass in the direction of a few dommatmg

If initially there are no mlcroorgamsms present which can
utilize the carbon and- energy source, the substance in question will
not be broken down immediately. Biodegradation may however begin

~ after a shorter or longer period which is termed the lag phase. During

this period some of the microorganisms present develop enzyme
systems which are able to exploit the test substance. The formation of
new enzyme systems can take place through expression of inactive
genes, through modification of existing enzyme systems, or through
transfer of plasmids from one species to another, enabling them to ex-
ploit substances both as energy and carbon source.

In addition, an apparent lag phase may be observed because
the microorganisms which are able to break down the test substance

are only present in small numbers and only. multiply slowly on the
substrate. This increase in numbers may not take place before other

more accessible carbon sources in the test system have been used up.

- The reason for an apparent lag phase is poorly understood
and can vary from substance to substance, and from microorganism
population to microorganism population. This also makes it possible
that a similar adaptation of microorganisms towards degradation of a

- specific substance may not always occur in natural environments,

where there will always be alternative supphes of carbon and energy
available.

Biodegradation of individual substances in a mixture may v be
affected by:

-~

e changes in degradation mechamsms

L competition between microorganisms for energy and carbon
' sources

L changes in production or activity of enzyme systems.

The result of a test for biodegradability of an individual
substance as sole energy and carbon source can be:

mineralization

transformation without growth
transformation with orowth
no transformation




. Mineralization

Mineralization means that complete biodegradation occurs to
the end products carbon dioxide and water. Transformation means that
biodegradation ceases at a certain stage where a stable metabolite is
formed. Transformation can occur both with and without growth,

~depending on whether the part of the molecule that has been removed
.can be broken down to carbon dioxide and water and thus supply

carbon and energy for growth. These four mehanisms for breakdown -
of individual substances are shown in figure 3.3.1. Below the stippled
line in figure 3.3.1 are shown the four possible results for an indivi-
dual substance in a biodegradability test for a mixture of substances:

L no transformation owing to diguxy

L mineralization _

o transformation ' , \
.

no transformation

These types of brodegradatlon are grouped under the term co-
metabohsm /171, : :

Substances whrch are mineralized when used-as the sole carbon and
energy source, are broken down either by enzyme systems which are
always present at a certain concentration and activity (constirutive
enzymes), or by enzyme systems which first must be induced, deve-
loped/modified, or transmitted by plasmids (adaptive phase). -

Xenobiotic substances which can be biodegraded by con-
stitutive enzymes will usually be broken down more rapidly in the
presence of other-carbon sources. This is due to the fact that the
biomass in the system will be further increased because of the greater
supply of energy and carbon /16,19/,

The adaptation process can be affected by the presence of
other organic substances. If the breakdown of some of the other

.organic substances involves the same enzyme systems as for the

substance in question, the adaptation process may be shortened be-
cause of the increased induction of the enzyme systems (analogous
induction) /11/. The growth in biomass on the other organic substan-
ces is less impor-tant for the length of the adaptation period /15/.

~ The presence of readily degradable organic substances; which
can increase the biomass in the system, can at the same time inhibit
the biodegradation of other substances /15,24/. The reason for this

* phenomenon has not been determined in all situations, but in the case
- of carbohydrates it has been shown that the inhibition is due to
catabolite-repression, either by reducing the activity of the enzymes

which do not take part in the carbohydrate degradation, or by reduc-
ing the production of these "superfluous” enzymes. This phenomenon
is known as "diauxy". : - '
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Figure 3.3.1 Possible degradation results for a single substance tested
in a single-substance test and corresponding results when tested ina
mixture of substances.
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two products, one of which can be degraded and support growth. The
biodegradability of the less degradable metabolite will normaily be
unaffected by the addition of other readily biodegradable carbon
-sources /22/.. The biodegradability of the substance in question will
only be increased in those cases where analogous substances are
‘present amongst the added substances which. - unlike the substance in
question - can induce active enzymes

Substances wh1ch when supphed as the only carbon and energy source
are transformed without causing growth in biomass are not a suitable
carbon and ‘energy source for the growth of the microorganisms, and
they are transformed into stable metabolites. When other organic
substances are added which can act as carbon and energy source, the
stable metabolites may be broken down, if the appropriate enzyme
systems are induced by the other organic substances.

This phenomenon is today known as co-merabolism. Previous-
ly it was called co-oxidation, because it had only been observed in
connection with oxidative processes /15/. Co-metabolic ability is
related both to the substance and to the env1ronment in which it is
biodegraded.

- Co-metabolism is often used as a term for bxodegradauon
mechanisms for xenobiotic substances at low concentrations, since in
such circumstances significant biomass growth can not be measured.
At these Iow concentrations of xenobiotic substances the expected
‘growth will often be small compared with the growth arising from the
exploitation of other organic substances that are present, and the
growth due to the xenobiotic substance can therefore not be measured.
It is therefore possible that the term is used incorrectly.




No transformation .

Other mechanisms

Substances which are not transformed when present as the sole carbon
and energy source are usually poorly degradable because of the che-

mical structure of the molecule, which cannot be transformed by en-

zymatic processes. Such structures include for example ether bonds,
quaternary carbon atoms, branched carbon chains, and halogenated

‘groups. It is therefore not to be expected that the' addition of other
organic substances will affect the biodegradability,

The presence of other carbon sources in the complex nuxture may
also influence the degradation of the substance in question in other-

-ways than by dxrect activation or inhibition of the actlve degradauan

enzymes.
Transport across the ce11 membrane may be mcreased by the
induction of transport enzymes, which increases the transport of the
substance and thus increases the rate of its biodegradation.
A complex mixture of energy and carbon sources can ensure
a high diversity in the biomass. This can result in increased biodegra-
dation of the individual substance, since a number of substances -.

‘especially xenobiotic substances - are transformed by one type of

microorganism, whereas their metabolites are mineralized by other
types.
3.3.3 Environmental factors

The most important environmental factors influencing the biodegra-
dability of a substance under aerobic conditions are the following:

oxygen concentration

concentration of the test substance -
nutrients, trace elements and vitamins
temperature '

- pH

- particles and available surfaces
- other organic substances.

"The minimum oxygen concentration required for biodegrada-
tlon of organic substances under aerobic conditions is about 1 mg/1 for
most microorganisms. At lower oxygen concentrations biodegradation
may take'place using other electron acceptors instead of oxygen /3/.
Under anoxic conditions, nitrate is used and reduced to nitric oxide;
under anaerobic conditions, sulphate is reduced to hydrogen sulphide,
and under strictly anaerobic (methanogenic)- conditions, organic
substances such a$ formiate, acetate, are used as electron acceptors.
In the following we shall only consider aerobic conditions.

The rate of biodegradation for organic substances is generally

~ highest at pH values of 6-8. In addition, the rate increases with in-

creasing remperature. For each bacterial species there is one optimum
value for pH and temperature at which maximum growth occurs. A
change in pH and/or temperature can thus influence the composition
of the bacterial population. If the test substance can only be biode-
graded by one or a few species, a change in conditions towards the

- optimal values for these spec1es will ensure a higher rate of degrada-

tion.

87




Individual substances

88

Particles and surfaces influence the rate of biodegradation,

- because substances with low solubility (high partition coefficient n-

octanol/water, log P,,) have a tendency to adsorb to particles and
surfaces. This. will reduce the avmlabzhty of the substance for the
microorganisms.

In test systems with a high biomass, adsorption will be
significant and the rate of biodegradation low, since the concentration

. in the water phase will remain in constant equilibrium with the ad-

sorbed concentration. Adsorption is a rapid process (timescale on the
order of hours) and as a rule can therefore be distinguished from
biodegradation by measuring the dissolved concentration a few hours
after adding the test substance.

The concentration of test substance also influences the rate of
biodegradation. High concentrations may be toxic and may inhibit the

breakdown process - or even stop it completely. Certain types of

xenobiotic organic substances seem not to be broken down at very low
concentrations /32/. This phenomenon may arise because the substan-
ces are found in so low concentrations that adaptation of potentially
biodegrading microorganisms does not occur. The reason may be that
the very low concentrations only give a very short contact time be-
tween organic substance and microorganism, or that the energy con-
sumption during the adaptation process is greater than the energy
obtained from the biodegradation of the small amount of substance
that is available, which hmders the growth of actively biodegrading
microorganisms.

In addition to energy and carbon sources, microorganisms
require nutrients at relatively high concentrations and frace elements

.at low concentrations to enable them to form new cells and to obtain
‘energy through metabolic processes. The nutrients comprise nitrogen

(nitrate or ammonium), phosphate, sulphate, calcium and magnesium,
The trace elements include iron, copper, manganese, and zinc. In
addition, certain microorganisms require vitamins of the B-group or
substances which can be transformed into B-vitamins.

Orther organic substances can play a role in the blodegr'ida-
tion of xenobiotic substances, since some of these can only be broken
down in the presence of other organic substances. The reason for this
phenomenon, which is known as co-metabolism or simultaneous

-degradation, is ‘that the substance is biodegraded by the enzyme

systems of the microorganisms without contributing energy to support
their growth. This energy must therefore be obtained by metabolizing
another organic substance /8/. This phenomenon mamfests itself as a
lmear (non-exponential) blodegradatlon kinetic,

3.34 Methods for studying biodegradability .
With the aim of harmonizing international test methods for use when
evaluating chemicals, OECD has standardized a number of test me-
thods for the study of biodegradability, and has outlined a strategy for
testing /19,20,21/. This strategy and the standardized methods have
by and large been adopted by the EC /6/.

The test methods aim at identifying the readily biodegradable
chemicals using a relatively simple procedure (screening). The bio-
degradability is defined on the basis of the extent of degradation of the




substance after a predetermined period of time, taking into account the

favourability of the conditions in the chosen test system towards
biodegradability. -

The term "readily degmdable" is apphed to substances which
are degraded "significantly” using test methods which are relatively .
unfavourable to biodegradation. "Significantly” is here taken to mean
removal of 70% of dissolved organic carbon (DOC), 60% of the

 theoretical oxygen demand (ThOD), or 60% formation of the theore-

tical carbon dioxide quantity (ThCO,), depending on the parameter

- measured in the test method. The degradation must have started within

28 days, and must reach one of the above-mentioned figures within 10
days after the start ("time window"}): start of degradation is defined
as the time at which degradation exceeds 10%. The requirement of a
10-day time window ensures that degradation proceeds rapidly.

-The unfavourable conditions for biological degradation are
reﬂected in the low biomass (10%-10° cells/ml), in the relatively low
ratio between biomass and test substance concentration (2-100 mg/1),
and in the short test period. Regardless of the fact that the biomass is -
low in the test methods, there is great variation in the size of the
biomass in the different test methods, however, which leads to dif-

- ferences in the degradative capac1ty 12/,

_ OECD has attempted since 1988 to achieve greater harmon-
ization of the methods with regard to the size of the biomass. At the -
present time this has résulted in a proposal to standardize the methods

into two groups, one w1th 106-107 cells/mi (30 mg S§/1, activated
‘sludge) and one with 102-10% cells/ml (15 ml/l, secondary settled

wastewater), ‘
- The test methods in the first group are:

® Modified AFNOR Test (OECD 301A)_
® Modified -Sturm Test (OECD 301B)
¢ DOC Die Away Test (ISO standard)

. Inaddition the Modified MITI(I) Test (OECD 301C) may be
used since this test contains the same amount of blomass, although it
uses a different test medium. :

The test methods in the second group are:

® Closed Bottle Test (OECD 301D) .
® Modified OECD Screening Test (OECD 301 E).

AH the test methods have the common feature that the test
substance-is added as the sole carbon and. energy source. In addition,
nutrients are added to the test medium at a concentration sufficient for
growth during the breakdown of the carbon source. In the MITI(I) test
a different nutrient composition is used from the other tests. -

. The term "inherently degradable" or potentially degradable

- 1s applied to substances which are biodegraded in test systems favou-

rable to biodegradation. In these tests the substances must be broken
down by over 70%, measured as DOC, within 28 days. |

The favourable conditions for biodegradation are ensured by
the presence of a hxgh biomass (106-107 cells/ml) and a high con-
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centration of the test substance (200-1000 mg/l). In addition, the tests
may be performed over a longer exposure time which gives better
possibilities for adaptation. The high biomass is obtamed by using ac-
tivated sludge as inoculum (seeding material).

' The test methods that may be used are:

® Modified Zahn-Wellens. Test (302A)
® Modified SCAS Test (302B)

As with the test methods for ready degradability, adequate
quantities of nutrients are added to ensure degradation. A buffer is
also used to ensure a pH value within the range 6-8.

Substances which are degraded by less than 20% in test
methods for inherent degradability are considered to be poorly degrad-
able, and may also be referred to as persistent. Substances which are

. degraded by 20-70% are normally considered to be degradable, but it

is possibie that this degradation only goes to the stage of’stable meta-
bolites.
The QECD strategy for testing of chemicals for ready or
inherent degradability is shown in figare 3.3.2.
' Substances which are found to be readily degradable in the.

 OECD test strategy are expected to be degraded rapidly in natural

aquatic environments (for example in receiving waters), and it is
thought that they will not occur in significant concentrations. If the
discharge concentration is high, however, areas with significant
concentrations may occur in the region around the discharge point. In
these cases it may be necessary to carry out simulation tests to deter-
mine the rate of biodegradation and, from this, the concentration
gradients around the discharge point.

- Substances which are not readily degradable but are inhe-
rently degradable are not necessarily degradable at all in natural
environments such as fresh water, In such environments the degrada-

bility and rapidity of degradation must be determined using tests

which simulate the environment into Wthh the substances are dis-
charged.
The principle behind simulation tests is that they use water,

sediment, and/or activated sludge from the environment into which the

substance is to be discharged, as the inoculum for the degradation test.
In addition, the test substance is added in realistic (low) concentra-
tions, possibly using 14¢.marked preparations, and the temperature of

" the system is also Kept at the level found in the receiving water.
© Simulations tests give an absolute measure of the rate of degradation.
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Figure 3. 3 2 OECD’s strategy for mvestzgauons of bzodegradabllzty
of chem:cals

OECD has subd1v1ded simulation tests 1nto the followmg
categories:

" @ biological treatment plant (aerobic)
® b1010g10a1 treatment plant (anaeroblc)
® river

® Jake

® esfuary

® marine L

® soil

So far, however, standardized specifications have only been -
~ developed for simulation of aerobic treatment plants. Work has gone
on for some time to standardize the methods for surface waters /27/,

but standardization of methods for simulating these environments is
difficult, because the environments are so complex, and according to
OECD’s principles the results of the tests must be valid for all situa-
tions where the simulated environment might be encountered. In
Denmark, simulation tests have been carried out for degradation of
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organic substances in seawater and in seawater/sediment, in ordex to
evaluate d1scharges of wastewater /34,35,36/.

The purpose of investigating the degradability of mixtures of substan-
ces is to investigate the effect of the presence of other organic sub-
stances which can serve as carbon and energy source. Investigations
of this type can either focus on known substances in the mixture, on
the total quantity of orgamc substances, or on the charactenstlcs of the
mixture.

The method used so far for mvestlgatmg the degradation of
mixtures has been the analysis of oxygen consumption over a § day
period (BODs). This sort of analysis is only relevant if the theoretical -
oxygen demand of the mixture is known, for example in terms of the
cherical oxygen demand, COD. Poorly degradable substances at low
concentrations ‘will not be measured by the test because of the low
oxygen consumption. Because of this uncertainty, the method is not
appmpnate for investigating the potent1al content of persistent com-
pounds in a mixture /5/.

Lindén ar al. /13/ have suggested the use of one of the

~ screening methods for ready degradability of individual substances

(Modified OECD Screening Test) for investigating the degradability

- of mixtures. The criterion for ready degradability is proposed to be

70% removal of DOC in 28 days. However, this says nothing about
the presence or absence of persistent substances in the remaining
30%. If 30% of the organic material is still undegraded after 28 days
it would seem more reasonable to conclude that the remaining material
is persistent, and it would therefore be reasonable to proceed to dn
evaluation of the remaining material with regard to fate, bicaccumula-
tive tendency, and toxicity. '

de Kreuk & Hanstveit /4/ have concluded that neither DOC
nor specific analyses are sufficient to evaluate the degradability of
mixtures, since it is impossible to analyse all the individual substances
in the mixture. Instead, they propose using a combination of sum
parameters such as DOC, AOX (adsorbable organic halogens) and
finger-print analyses, supplemented with functional analyses such as
toxicity tests. Finger-print analyses consist of an incomplete chernical
characterization, and degradability is evaluated solely on the basis of
whether the observed response disappears. If all responses do not
disappear completely, a further characterization of the remaining
organic material must be performed with regard to bioaccumulation
and toxicity.

- A further development of the above-mentioned strategies for
investigation of complex mixtures has been utilized in Denmark in
recent years /15,37,38/. The strategy is described below.

Readily degradable substances in mixtures may be inves- -
tigated using a test method corresponding to the Modified OECD
Screening Test, adding the mixture at a concentration corresponding
to about 5-40 mg DOC/]. Nutrients and inoculum are added corres~

ponding to about 1-5 ml secondary wastewater or surface water per

liter. Degradation is followed by means of DOC analyses, and the
amount of organic substance removed after 28 days is considered to




be the readily degradable fraction. The remainder may be inherently
degradable or degradable in the environment. _
 Inherently degradable substances may be investigated in

mixtures by means of a test method corresponding to the Modified
-Zahn-Wellens Test. The mixture is added at relatively high concentra-
tions (100-500 mg DOC/1), with nutrients at the same concentration
as in the original Modified Zahn-Wellens Test. The medium is in-
oculated with receiving water, possibly with added sediment, in order
to achieve a high biomass of 10°-107 cells per ml. If sediment is
added, problems may arise - as in the Modified Zahn-Wellens Test -
- with adsorption of certain substances. During degradation the medium
must be acrated .(ordinary air) to ensure a high partial pressure of
oxygen, and the emergent air must be refluxed through a cooler to
reduce evaporation of water and test substances. The test apparatus is
shown in figure 3.3.3. : :
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Figure 3.3.3 Test apparatus for degradation test for mixures.

During the test the degradation is followed using sum parame-
ters such as DOC and AOX and, if required, by screening for toxicity -
(for example, the Microtox test). At .start and finish samples are

- removed for tests of acute and chronic toxicity on various organism
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groups (such as bacteria, algae, crustacea and fish), chemical analysis

" of the individual components, and screening for potentially bioac-

cumulative substances. Typical results from such a degradation test on
a mixture are shown in figure 3.3.4.

“Individual substances which are broken down by more than
20% during the test period may be characterized as inherently degrad-
able, whereas substances which are degraded by less than 20% must
be regarded as persistent.

The fraction of the mixture which is not readily degradable,
but which may be inherently degradable, is not necessarily degradable-
in the receiving water. This can be tested for in a simulation test,
which can be carried out as a batch or continuous flow process.

Simulation tests employ /1,16/:

. natural receiving water both as dilutant and as inoculum. For
- simulations of shallow receiving waters, sediment may also
be added at concentrations of 1-10 g SS/1 /26/.

L low concentrations of the mixture, typically corresponding to
the initial dilution of the wastewater in the recipient. In some
cases, one 1*C-marked substance is added in small quantities
so that the degradation of this marker substance can easily be

followed /28/.
% DOC
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20 - specific analysis
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Figure 3.3.4 Degradation sequence for a mixiure, measured by DOC‘,
and tests of initial sample and remanence.

Sediment may be added in simulation tests as an extra bio-
mass, if the objective of the test is to determine the speed .of degrada-
tion in this part of the receiving environment. The progress of degra-
dation can- be followed in batch tests by making specific analyses or




' Remanence characteristics

Individual substances

by adding low concentrations of 14C-marked substances to the was-
tewater. Batch simulations have an inherent source of error in that the
nutrients and easily degradable carbon sources become used up in the
course of the degradation, so that degradation may be limited by a
lack of nutrients or primary substrate. In such cases the rate of degra-

dation must be determined from the first part of the degradation -

process. , .
" This source of error can be removed by using flow-through
tests, for example in a chemostat, where fresh recipient water and -
wastewater are added contlnuously at relative concentrations cor- .
responding to the expected- concentration of wastewater in the recipi-
ent. The rate of addition determines the residence time in the chemos-
tat. The rate of degradation is determined by comparing the concen-
tration in the outflowing water with the concentration of the input. If
the rate of degradation is low, a long residence time in the chemostat
may be necessary in order to be able to determine the rate with suf—
ficient accuracy. ' :

An investigation of the degradability of a wastewater sample also
offers the advantage that changes in the characteristics of the mixture
(toxicity, content of bioaccumulative substances) can be detected,
while at the same time it may be possible to identify individual sub-
stances which contribute the toxicity or which are bioaccumulative.
Even though the degradation test shows that the mixture has no un-
desirable characteristics in the form of toxicity or-content of bioac-
cumulative substances, it is poss1ble to 1dent1fy undesuable persistent -
substances.

If at the same time the toxxc;ty is followed contmuously by
screening with a sensitive organism,’ the point can be determined at -
which the toxicity has been reduced significantly. Specific analyses (or
fingerprinting) can identify the substances that have been degraded in
the time that has elapsed, and it therefore becomes possible to single
out the substances which are the most important contributors to the
toxicity of the mixture. : )

3.3.5 Evaluating degradability
Today information exists on the degradability of a great number of
substances; in Denmark and other EEC-countries information on

. degradability is required for all new substances. Information on
‘degradability - measured either in standardized screening-tests or in

environmental simulation tests - has been collected in references such
as /9,10,33/. The information in Verschueren /33/ is not quality-
controlled, however. More up-to-date information about the degrada-
bility of individual substances may be obtained from databases such

- as ECDIN, or from on-line bibliographic databases such as Biosis,

Chemical Abstracts, Pollution Abstracts, and-Aqualine. Using results

- from studies on individual substances, the substances identified in a
- wastewater mixture can be grouped according to their degradability.

Since the characteristic "degradability”-is qualitative, however, the
information cannot be used to make a quantitative calculation of the

 rates of degradatlon and expected concentrauons in the recezvmg :

water,
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Within the group of readily degradable substances, however, -

it will usually be possible to use the actual results of the tests to group
the substances on the basis of their half-lives (the time required for a

“halving of the concentration). However, this information is rarely

reported when screening for degradability is carried out. The in-

herently degradable substances cannot be assumed to be degradable in

the recipient. -

Only results from mmulaﬂon tests can be used to calculate
rates of degradation and expected concentrations in the receiving
water. The degradation rates can then be used to grade the substances
in question.

In by far the greatest number of cases, traditional testmg of

substances for ready or inherent degradability only makes it possible -

to make a qualitative division of substances info classes. Using ad-

- ditional information on discharged quantities and toxic or bioaccumu-

lative qualities, potentially problematic substances can be identified for
further investigation, possibly by monitoring in the recipient or by
means of simulation tests.

This strategy for investigating the degradability of individual
substances in wastewater is defective in several ways. Experience has

shown that it is only possible to identify up to about 10% of the .

organiC maiter in wastewater, even when detailed knowledge is avail-
able of the production processes and the chemicals used during the
process. The remaining unidentified 90% can not be evaluated by this
strategy. Nor does the strategy take into account the special circum-
stances prevailing in wastewater discharges which contain many
carbon and energy sources.

The initial information about the degradability of a wastewater stream

may- often be limited to the ratio between the biological and chemical
oxygen demands (BOD/ COD). Information about the BOD/COD ratio
is not sufficient to indicate whether the wastewater is degradable,

unless at the same time there is good information about the individual

substances in the wastewater. Even though the BOD/COD ratio may
correpond to the normal figure for readily degradable wastewater, the
wastewater may still contain substances which are not readlly degrad-
able

The results of degradability studies carried out on mixtures
can class the organic material in the wastewater into two groups, the
readily degradable and the inherently degradable. These screening
methods, like the screening methods for individual substances, cannot
determine the quantitative speeds of degradation in the recipient, but
the readily degradable fraction can be expected to d1sappear relatwely
quickly in the recipient.

The inherently degradable fraction is not necessarily degtad-
able in the recipient, but the test method makes it possible to charac-
terize the persistent fraction of the organic substances. with regard to
toxicity, bicaccumulative tendency, and chemical identity. In addition,

the inherently degradable fractions of the organic material which are
~ reponsible for undesired qualltles such as toxic effects may often be
identified.




Persistent substances

Bioaccumulative substances

Identified problem substances in the mixture can be tested in -
simulation tests using the mixture if sufficiently sensitive and specific

~analytical methods are available, or if the substances can be syn-’

thesized with a 14C marker. In this way the quantitative speeds of
degradation for individual substances in the mixture can be deter-

mined.

3.3.6 Examples of stabilization studies
Aerobic stabilization of mixtures has been used as a technique for -
characterization of wastewater The following examples will be pre—

* sented below: .
L content of persistent nitrogen compounds in slaughterhouse
" effluent.
@& . content of bioaceumulauve substances in wastewater from a
- papermill. :
@ content of toxic substances in wastewater after firefighting in

a pesticide warehouse.

This. type of stabilization study has the objective of determining
whether a wastewater sample contains persistent substances whose fate

" can be followed using an overall parameter. After stabilization the

contents in the stabilized sample can be characterized in more detail
in order to determine the origin of the persistent substances.

A grab sample of wastewater from a slaughterhouse and a
sample of sludge from the treatment plant receiving the slaughterhouse
wastewater /37/ were stabilized by adding sludge as seed (0.5 g

'DW/1) together with nutrient solution (1 ml/l) containing inorganic

phosphate and ammonium, and 0.3 ml/l of the following stock solu-

tion;
15 g NH,C1
334 g NaH,PO, - 2H,0
85 g KH,PO,
21,75 ¢ _ K,HPO,

' Stablhzatmn was carried out at 10 +1°C. Dunng stabiliza-
tion, samples were taken for analysis of dissolved organic carbon
(DOC), nitrite/nitrate-nitrogen (nitrate-N) and organic nitrogen (Kjel-
dahl-N+ammonium-N). The results are shown in figure 3.3.5.

Most of the organic material in the wastewater degraded very
rapidly and the DOC stabilized at a level of 7-8 mg/l. At the same
time, .the organic nitrogen fell to a level indistinguishable from zero,
and nitrite/nitrate was formed. After a longer period of stabilization
a tendency was seen to form small amounts of dissolved organic
nitrogen as a result of degradation. of dead microorganisms: .
_ . It was therefore concluded .that the wastewater had a low
content of persistent organic nitrogen compounds.

This type of stabilization study has the objective of deciding whether
a wastewater sample contains bioaccumulative substances which
persist after degradation of the wastewater in the receiving water. If
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Stabilisation of slaughterhouse waste water
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Flgure 3.3.5 Removal of orgamc carbon and organic nitrogen by
stabilization of wastewater samples, and formasion of nitrite/nitrate.

this is the case the substances ‘can be charactenzed in more detaﬂ in

* order to identify the source of the bioaccumulative substances.

Three grab samples from a paper mill were mixed 1:1:1 and
filtered to remove paper fibres and other particulate matter. The -
pooled sample was diluted 1:1 with receiving water and stabilized for
one month at 16.5 + 1 °C. Samples were taken at the beginning #nd
end of this period for TLC-screening for content of bioaccumulative
substances (substances with log P, greater than 3.0). DOC analyses
were used to follow the progress of the stabilization.

No- significant decline in the DOC content occurred in 27
days, and the. organic content of the sample must thus be classified as
very persistent.

At the start of the stablhzauon test the sample contamed three
potentially bioaccumulative substances with log P, of 6.5, 5.4 and
3.9 respectively. After stabilization, the two substances with the
highest log P, values could not be detected. The third -substance,
with a log P, of 3.9, could be detected after stablllzatlon, but at a_
far lower concentration.

- It was therefore concluded that the wastewater sample con-
tained three potentially bioaccumulative substances, but that none of
these was truly bioaccumulative since all of them were. degradable in
the receiving water. '

This type of stabilization study has the objective of deciding whether
a wastewater sample contains toxic substances which are persistent in

- the receiving water, and whether the toxicity of these persistent:
- substances affects the degradation of other organic substances in the
receiving water.




Wastewater from a firefighting action at a pesticide ware-
house was mixed with receiving water from a nearby river at a con-
centration of 500 mi/1 /39/. In addition, a solution was prepared using
the same amount of receiving water topped up with wastewater and
distilled water until the concentration of wastewater was 25 ml/1. This
correponded to the EC80-value for the wastewater sample -in the
Microtox test. As additional seed material, sediment from the river
‘was added to both wastewater samples at a concentration of 10 g
DW/1. The samples were stabilized at 10 + 1 °C.

During stabilization samples were taken for analysis. of the
DOC content and testing of toxicity using the Microtox test. The
stabilization was considered complete when the decline in DOC was
less than 10% after 5 days, and when the samples were no longer
toxic in the Microtox test.

The results are shown in figures 3.3. 6 and 3.3.7.
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Figure 3.3.6 Course of stabilization measured as percemage of DOC
at the wo concentrations used.

As shown in figure.3.3.6, the organic matter. in the waste-
water was degraded at more or less the same rate, regardless of the
wastewater concentration that was used. Although the wastewater was
toxic in the Microtox test, high concentrations of wastewater did not
seem to affect the microbial activity in the recipient so much that the
degradation of organic material was affected. After 20 - 30 days the
DOC of the wastewater samples was stabilized.

Figure 3.3.7 depicts the toxic units (1/EC20) of the undiluted
firefighting water. The toxic units indicates the dilution that is neces-
sary for avoiding toxic effects. As seen in figure 3.3.7, the toxicity of
the wastewater stabilized at the higher concentration falls faster than
the toxicity of the wastewater stabilized at thg/lower_concentration.
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Figure 3.3.7 Course of stabilization measured as concentration at
which inhibition commences (EC20) in the Microtox test.

An evaluation of the wastewater samples based solely on the
organic carbon content would have indicated that the stabilization test

_could be terminated before the microorganisms in the recipient water

had carried out any- significant degradation of the toxic substances.
This could have led to the faulty conclusion that the toxic substances
were not degradable. Continuation of the tests on the basis of the
toxicity measurements, however, showed that the toxic substances
could be degraded, but at a low rate. The test showed furthermore
that the toxic substances in the wastewater sample made up only a
small part of the total organic content of the sample.
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Bioaccumulation

Because of bioaccumulation, some chemicals may be found in plants
and animals at significantly higher concentrations than in the sur-
rounding water. In consequence, a relatively short-lived exposure in
the water phase may result in an "internal” load in the organism at a
high concentration and over a longer period. Because of the increased
concentration, substances with a bioaccumulative potential are there-
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fore potentially capable of causing chronic effects, not only in the
organisms directly exposed to the chemical, but also in organisms at
higher levels in the food chain, including man. Bioaccumulation is
therefore an important connecting link between surface water pollution

- and human exposure to xenobiotic substances.

Well-known examnles of bioaccumulative substances are
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DDT, PCB, HCB (Hexachlorobenzene), ‘heavy metals such as mer-

~ cury, lead and cadmium, and organic metal complexes (methyl mer-

cury, organotin compounds).
Traditionally, bioaccumulation is divided 1nto two processes
128/

L Bioconcentration: Elevated concentrations in organisms caus-
' ed by uptake directly from the water phase by diffusion,

adsorption, or active transport (direct bioconcentration) or by -

intake with food (indirect bioconcentration); -

o Biomagnification: Food-chain-related bioaccumulation, in
which the concentrations rise progresswely from one hnk in
the chain to the next.

‘In the followmg discussion, "bioaccumulation” will be used

" asa general term for xenobiotic substances which occur at higher con-
‘centrauons mn orgamsms than in their surrounumg environment.

Bioaccumulation of chemicals was publicly recognized as an
environmental -problem in the 1960s when high concentrations of
DDT, DDD and methyl mercury were found in fish and fish-eating
birds. From the observation that the concentration of DDT rose pro-

~ gressively from one trophbic level to the next (crustacea - fish -
© birds) it was assumed that biomagnification was of primary impor-

tance for bioaccumulation of chemicals.

In subsequent laboratory experiments using single species
exposed either through the food or through the water medium, and
also in direct food chain experiments in the laboratory, it has not been .
possible in the case of most substances to demonstrate that biomag-
nification is a s1gn1ﬁcant accumulation process in aquatic- enwron-
ments (algae — crustacea — fish).

‘ ‘In a review published in 1979, Macek at al. /25/ analyzed
data from bioaccumulation experiments using simple experimental
aquatic foodchains, and concluded that only persistent chemicals with
very high bioconcentration factors (BCF) = 10° and elimination times
of 1 week -or more could be expected to be biomagnified (DDT, PCB,

. dioxins and similar substances). For most other substances, biocon-

centration (via water) was expected to be the most important mecha-
nism. T :
1t should be mentioned, however, that biomagnification is the

* most important bicaccumulation mechanism in terrestrial food chains.

The following factors are important for determining the
bloaccumulatlve potenual especially for organic substances:

¢ low degree of polanzatlon
o low solubility in water

. ~ high lipid solubility




. low degree of biodegradability.

‘The fact that non-polar organic substances tend to biocac- -
cumulate is related to the structure of organic membranes, which
permit non-polar substances to pass, but act as a barrier towards polar
substances. For example, a water/lipid emulsion of DDT will distri—
bute itself at a ratio of 1 ; 562,000 (water ; n-octanol). '

- Uptake of heavy metals does not take place to any 31gn1ﬁcant
extent by passive diffusion, but occurs as an active process at sites on
the membrane where ions such as Ca* ™ and Mg™ ¥ efc. are taken
up. It is thus primarily those heavy metals which chemically resemble
essential salts that are taken up. In the case of organo-metal complex-
es {and metallic mercury) the degree of lipophilicity (lipid solub111ty)
determines the rate of uptake. _

Substances with a high molecular weight will only be ab-
* sorbed to a small extent as a result of purely physical processes,

despite ‘the degree of l1poph1hc1ty Certain surfactants and dyes are

_good examples. .

' Substances which are b1odegraded relatively quickly are not
expected to pose any great risk of long-term effects, except in the im-
mediate vicinity of a wastewater discharge. Substances of this type
‘may also be expected to become metabolized in the organism and thus
to be eliminated. Since biocaccumulation is only possible if the rate of

- . uptake is greater than the rate of breakdown or excretion, easily

metabolized substances are not normally expected to bioaccumulate.

Transport through biological membranes requires that the
chemical is present in- dissolved form. Environmental factors which
reduce the amount of chemical in true solution will therefore reduce
the rate of uptake (and also the toxicity) because of a reduction in the
biologically available concentration. Important factors which can
reduce the biologically available concentration are /35/:

' 3 adsorption on suspended particles, humic acids and sediment
. formation of colloid particles”
] formation of complexes and chelation (heavy metals).

In addition to their bioaccumulative tendencies, lipophilic
substances also tend to adsorb to organic fractions in sediment, depen-
ding on the degree of lipophilicity /19/.

For example, the presence of humic acid reduced the rate of
uptake of benzo(a)pyrene in fish, but did not affect the rate of uptake
of anthracene, which is less lipophilic /34/. Similarly, eutrophication
(increased algal growth) reduced the concentration of DDT in fish
independently of the total concentration in the surrounding water /37/.
It is well-documented that organic material and clay minerals can
reduce the biological availability of heavy metals.

- The bioavailability, and therefore also the bioconcentration
potential, of substances of acid/base nature (amphoteric) varies with
the pH of the medium. Since non-polar substances will normaily be
~ taken up more easily than polar ones, it is usually the acid form of
organic substances that has the highest bioconcentration potential.
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3.4.1 Biocaccumulation of individual substances

" In connection with registration of new chemicals /27/, documentation

of the bioconcentration potential of the substance must be submitted.

-In practice the so-called bioconcentration factor (BCF) is stated. BCF

is defined as the concentration of the substance in fish in equilibrium
with the surrounding water phase (BCF = Cg/C, ). International-
ly accepted methods have been developed for determining BCF ex-
perimentally. Two basic methodologies are used: |

® experimental.determination of BCF by exposure of fish

® calculation of BCF on the basis of experimental determination
of the partition coefficient octanol/water (P,,,) and empirical
relationships between BCF and P,,,,.

The experimental methods accepted as international standards are all
based on investigation of the substance using the so-called "One-com-
partment Concentration Model" /13,28/ and have as their objective the
determination of the bzoconcentratlon factor of the substance in' fish

~ (uptake via water).

In brief the methodology is to expose a population of im-
mature fish to a constant concentration of the test substance for a
period- sufficient for achieving equilibrium ("steady state") between
uptake and excretion of the substance in the test organism. After that
the fish are transferred to water, and the excretion of the substance is

- followed for a period twice as long as the uptake period.

The ideal course of the experiment as determined by a num-
ber of analyses of concentrations in fish and in the medium during the
period of the test is shown in figure 3.4.1.

}

EXPOSURE TO POLLUTANT . EXPOSURE TERMINATED
T IN AMBIENT WATER (Cw) ‘l‘. {Cwrn}

Ce .
' ' _/
EQUILIBRIUM OEPUHATIO?*-I '
4 dCq ]
-dCg — oK .
ETNE

UPTAKE
(3% =kyCw - kzca)

CONCENTRATION IN ORGANISM (Cg)

TIME ZERQ FOR CLEARANCE

K----..__....'._'__....u__

~ Figure 3.4.1 Theoretical course of an experimental deiféfmz‘natian of

bioconcentration in fish (from /9/).

In the above-mentioned standard methods, BCF may be cal-

" culated directly assuming that the kinetics are 1st-order (one-com-

partment), i.e. that a simple diffusion model applies:




increase in concentration = rate of uptake - rate of excretion

or:
' d
.k ¢ -k -0 o
dt

where: Cg = concentration i fish (pg/g wet weight)

Cy = concentration i water (yg/ml)

t = time (days)

1 ¢ = ].order rate constant for uptake

X, = l.order rate constant for elimination

If we assume that "steady state” is reached, i.e. that the rate
of uptake when all "binding sites”. are occupied is of the same order -
of magnitude as the rate of elimination, then the increase in concentra-
tion dCp/dt will approach “0"; in other words:

d o ,
Gy K, -C,-X, C
dt .
or:

KI 'VCW =K2°CF‘
or:

@)

Kalls

olp
;1
9

Thus BCF can be described either as a relationship between
the concentrations in the fish and in the water, or as the relationship
between the rate constants for the uptake and the elimination of the
substance. The assumptions are that "steady state" is achieved, and
that the process can be described in terms of 1st-order Kinetics.

A frequently used expression for the bioaccumulative poten-
tial of substances is the biological haif-life (T,). This is understood
as the period of time required for the halving of a certain dose in the
- organism. Ty, may be calculated from the elimination constant (X5):

2 ‘ .
T, - 1 0693 | ®

K, K,

- The éxperimental time required to achieve "steady sta
determined by K, (T.,) alone. The theoretical uptake curve for a
number of values of K, are shown in ﬁgure 3.4.2. ~
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thure 3.4.2 Impormnce of K, & d) for the time necessary for achiev-
ing "steady state” concentration in the organism under experimental
conditions (Ist order kinetiks) (from /35/).

- The integrated accumulation function (1) and the known value
of K, may be used to calculate the time required to achieve stea.dy

- state,

For polychlorinated biphenyls (BCF ~ 3000 in fish, K, =

~0.005 hour}), the 90% steady state will be achieved after about 20

days, while the corresponding penod for hexachlorobenzene (BCF. =
10,000 in fish, K5 =~ 0.002 hour” 1) will be about 50 days..

- The assumption that bicaccumulation can be described usmg
Ist-order kinetics supposes that all the "compartments” in the or-

- ganism take up and excrete the substance at the same rate. In principle

this will only very rarely be true, but in practice the curves for the
course of uptake and excretion can usually be approximated to lst-
order kinetics in those cases where one body compartment/tissue type
is the most important for determining -the kinetics (fatty tissue for

~ lipophilic substances, liver/kidneys for certain heavy metals).

‘Whether 2nd or higher order kinetics are involved may be
detected by investigating how well the data for excretion fit a semi- -
logarithmic linear regression. Figure 3.4.3 shows examples of data
where 1st-order kinetics are not the best approximation, because the
excretion period is clearly biphasic (2nd-order kinetics).

On this basis it is reasonable to suppose that two (or more)
compartments with differing excretion rates (and presumably also
differing rates of uptake) are involved. In such cases, the BCF may
be determined from the relationship between Cgg/Cynrer at “steady
state", or from the rate constants for uptake and ehmmatzon respec-
txvely in the two (or more) compartments /22, 35/.

Estimation of when an experimental "fish and water system"

has reached equilibrium ("steady state") is especially dlfﬁcult under '

the following conditions:
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Figure 3.4.3 Elimination of chlorobenzenes from fish. C,,,: concentra-

- tion zn ﬁsh (pg/g lipid weight) (from 122/).

. several compartments part1c1pate in uptake/ehmmanon of the
substance ‘ :
.o induction of enzymes which can metabolize the substance -
® - use of fish with high growth rates relative to the test period.

For substances for which two or more compartments contri-

- bute at markedly different uptake/excretion rates it will be difficult to -

define when “steady state" has been reached, since a slight increase -

~ in concentration will follow after the steep initial uptake. Such a slow

rate of increase may well be hidden by the experimental uncertainty
or biological variation.

o If the organism has active enzyme systems for metabolization
and thus elimination of the substance in question, the rate of bio-
accurnulation will be lower than expected based on analogy. For
substances for which metabolization can be initiated by induction of
enzyme systems, an initial bioaccumulation will often be seen to be
followed by a fall in the substance concentration (increased rate of
elimination) in step with the synthesis of active enzymes. An example

of this is shown in figure 3.4. 4.
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Figure 3.4.4 Bioaccumulation of ziram in rainbow trou.
Upper: concentration i fish (ug/g),
Lower: concentration ; water (ng/l) /._36/.

For substances with high BCF-values (> 10%), equilibriam
will only be achieved very slowly, and quite a lengthy test period will
be necessary. The growth of the test organisms during the lengthy test -
period may then "dilute” the substance concentration, and this may
result in an apparent equilibrium. In such cases the experimentally
determined BCF (Cﬁshlcwmr) will be an underestimate.

Table 3.4.1 gives a number of examples of expenmenndly
determined BCF-values based on kinetics (K;/K,) and on "steady
state" (Cﬁsh/Cwater) methods,

In an EC ring test between 13 laboratories the average value
and standard deviation of the individual laboratories’ estimates of ECF
for lindane was 422 + 50% /20/. BCF-values determined by means

- of bioaccumulation experiments must therefore be expected to ‘be

rather inaccurate, if the result of this ring test is to be taken as typical

~of the "state of the art” for European laboratories (1985). The ex-

perience gained from this ring test was used to make significant
clarifications and other improvements to the test (OECD 30SE). The
ring test also showed that a reduction in the uncertainty of the BCF

- estimate can be achieved by calculating the substance concentration in

the fish on the basis of lipid weight rather than total weight. This
indicates that the fatty tissue is the main site of lindane bioaccumula-
tion. The amount of fatty tissue differs greatly between different fish
species, and also depends on the state of nutrition and life stage of the
fish. Although comparisons of the bioconcentration potential of dif-
ferent chemicals are therefore most precise when based on lipid




Bioconcentration factor
based on empirical-
relationships (QSAR)

Table 3.4.1 Eksperimentally determined BCF-values based on kinetic

. and "steady state” methods. Kz = BCF (from /12/).

Substance - . Kinetic Ky | "Steady state” Kp. |
DDT 52,358 | 100,000
‘Hexachlorobenzene : 7,880 18,600
Tetfadécylheptaethoxylate _ .850 o | 700
Sodium dodecylbenzensul- ’L
fonate - | 286 20
1,4-D1chlofobenzénel 215 | 60 |
'Diphenyioxide 190 470
Tetrachloréethylene o : 39.6 | | 49
Carbon tetrachloride | 17.7 30
e |

weight, the ecologically most relevant basis for comparisons of fish -
with a high Jipid content (eel, herring, etc.) is total weight. B

“The tendency of organic substances to be takén'up by living organisms

is related to the ease with which the substance passes the cell mem- -
brane, and to the lipid solubility. Veith ar al. /38/ reported a good

~ correlation between the BCF-values and partmon coefﬂcxents (n- -
octanol/water) of 84 chemicals (ﬁgure 3.4.5).

log Bloconcentration Faclor -

Figure 3.4.5: Correlation between bzoconcentratzon factors in ﬁsh
(BCF) and the n-octanol/water partition coq?‘iczent (P w) for 84
~organic substances 0"rom/38/) , S
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possible to calculate BCF on the basis of the value of

The observed correjation may ba described by the function:
log BCF = 0.76 - log P, -023 (r = 0.907).

For the interval log Py, = 3-6 this correlation makes it

POW
Subsequent data correlations for specific groups of substances
and -specific organisms have given even stronger corrélations. Thus

' the relationship between log BCF and log P, for chlorinated hydro--

carbons and related substances'in fish may be described by a polyno-
mial- functlon

log BCF = 6.8 - 10 -(log P, )4 1 85 « 10 - (log P )°
+ 1.55-(log Pow) -4.18-log P, + 4.79.

The curve representing this function is shown in figure 3.4.6.

togKa .
L}

Figure 3.4.6 Relationship berween BCF (fish) and P P, for chiorinat-

ed hydrocarbons (and others) in the area log P,, = 3-10. The stip-
pled line represents substances with log P,,, = 36 {from /8/).

Connell & Hawker’s data /8/ gave the followmg regression
for the interval log P, = 3-6:

lqg BCF = 0,94-10g Pow-1.00.

The maximum  for the polynomial function has been cal-
culated to be log P, = 6.7, corresponding to log BCF = 4.61, On
the basis of Connell & Hawker’s data it would not be advisable to
extrapolate outside the interval on which the linear correlation is
based. The reason why substances with extreme values for log P,
bioaccumulate at lower rates than expected is thought to be that
substances with high molecular welght have greater difficulty in

penetrating the membrane.




An investigation of 150 organic substances 'representing'

. various groups of substances revealed a parabolic relationship between

. the molecular weight and the bicconcentration factor (determined
" using fish) /2/. Bioconcentration was greatest for substances with

molecular weights of 250-500, and with little or no bicaccumulation
of substances with molecular weights <100 and >600. Later studies -

_have confirmed this relationship /1,6/. The shape of the molecule

(area and volume) also play a role in determining the rate of uptake
/31/. A certain amount of uptake of high molecular weight substances
could however occur through pinocytosis-in the intestine /16/.

An apparently lower. bioaccumulation than expected on the
basis of P, values may also arise because of technical problems in
the determination of both P, and BCF, since substances w1th very
low solubilities are difficult to handle experimentally. = -

' Table 3.4.2 lists a number of correlations that have been

| deternuned for various groups of substances using fish. Only critically

validated results have been included /9/.

Tuble 3.4.2 Examples of covrelations between BCF and n-octanol/water

partition coefficient (P,,,) for various. groups of substances. BCF is experimen-
tally detennmed in fish. N = number of data sets, r = correlation coefficient, .

RP, = P - range applied for the correlation (from /9/).

Substance group Regressionr N T ‘RPO-W Ref.
Chlorohydrocar- | log BCF = 130 {099 [ 2-6 119/
bons and PAHs 0.95-log P, -1.06 *

Different organic | log BCF = 149|080 (- 1o/
substances 0.94-log P, -1.19 ' '
Hydrocarbons and | log BCF = - 20 | 0.90 | 1.5-6.5 { /12/
Chlorohydrocar- | 0.981og P, -1.36 | :

bons R B ‘

Aromatic substan- | log BCF = 117 1098 |- 122/
ces’ 0.71-log P, -0.92

*. From the correlations reported in the literature it is seen that

the strength of the correlations is increased if they are based solely on

data from the same. group of substances. Since the experimental -

" methods for determination of both log P,,, and BCF have been im-

proved greatly in recent years, it may be expected that the newer data

" generally give a basis for more reliable correlation formulae.

~"Relationships have also been reported for BCF and solubility * -
in water. However, the quantity of data and the reliability of the
correlations is relatively low so far compared with the P, / BCF
correlations. Correlations for P, and BCF have also been reported
for other types of organism than fish: microorganisms, algae, crus-

‘tacea, polychaetes etc. - see for example /9/..
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| cise.

Two principally different methods are available for the deter-
mination of Pg,: the "shake flask method” and chromatographic
methods. _

In the shake flask method /2/ the test substance is shaken in
an n-octanol/water system in a glass flask at a constant temperatm.e
The system is-shaken until the concentration of test substance in the

‘two phases is constant. P, is calculated as the ratio between the con-

cenfrations. in n-octanol and water.

This method is problematical, especially for strongly hydro-
phobic substances, where only a small proportion can be expected to
enter the water phase. Some substances may become trapped in the

- water phase in the form of micelles. Adsorption to small impurities in

the water phase can also disturb the concentration relationship and
lead to considerable underestimates of P,,. For the same reason, the
method is only recommended for determination of P, in the interval
log P, = 2-4 /29/. Recently, however, the method has been im-
proved for application to hydrophobic substances, by substituting slow
stirring for shaking. This reduces micelle formation /17/. '

A number of chromatographic methods have been described
in recent years, centering on thin-layer chromatography (TLC) amd
high pressure liquid chromatography (HPLC).

The principle of the TLC method is to determine the mobi]ity
of the substance in a stationary phase. The mobility is expressed in
terms of the retention coefficient (Rg), ‘which on the basis of known
values of Ry for substances of known log P, can be used to calculate
the BCF. In contrast to the "usual” TLC technique, however, the
stationary phase is hydrophobic, and the mobile phase hydrophilic
(reversed phase chromatography). The TLC method can only give an
indication of P, since the determination of Ry is relatively impre-

~ The most widely used method today is based on HPLC deter-
minations, since the retention time for substances can be determined
rather precisely, and because the n-octanol/water system may be used
directly /29/. The method is suitable for determinations of P, in the

interval log P, = 0-6.

A number of methods have been developed in recent years for ‘
calculation of P, on the basis of molecular descriptors: fragment

" constants, structural factors, molecular bmdmg strength etc. These

methods are intended in particular for use in preliminary evaluations
of the expected bioaccumulation potential of a substance.

For example, it has been found that the P . for aliphatic
hydrocarbons increases with increasing chain length For n-alkanes,
the followmg relationship between P, and the number of carbon

' atoms in the molecule has been calculated /5/:

log P, = 0,535,-1\1c -0,302 (¢ = 0,999)

where NC -= number of C atoms in the molecule.

, For each carbon atom or CH,-group the increase in PoW
0.535 units. This knowledge can then be used - cautiously - to predict
the P, of a new substance, if the only difference from a substance




" Bioaccumulation

Jrom sediment -

" of known P,

w 18-in the cham length. Similar factors are now known
for a great number of substituents in aromatic and aliphatic hydrocar-
bons. In an annex to-/29/ a number of methods are described for

calculating P, for various groups of organic compounds.

In addition to their high bioaccumulation. potential, lipophilic chemi-

~ cals are also highly adsorptive towards organic fractions in sediment

or suspended material, dependmg on the degree of lipophilicity (P,,)- V
Accumulation of organic substances in sediment from water may be
described by the water/ sedlment organic carbon distribution coefficient

Koo):

where: C; = concentration in the sediment
' C . = concentration in the water
foc = fraction of orgamc carbon in the sediment.

Some examples of emplncal relatlonshJPS between P, and

K, are given in table 3.4.3.-

Table 3.4.3 Correlations berween sediment organic carbon/water (K, and n-
octanol/water partition coefficients (P,,) (S, solubility in water) (from 19/).

|

" Substance group. Regression N r .| Ref.
Methylated and halo- | log K, = 13 [095 {rm
genated benzenes 0.72-log P, -+0.49 ,

Polyaromatic - log K, = | 22 1098 |727

|| hydrocarbons 1.00-1og P, -0.32
Triazines and nitro-~ | logK,. = - |19 |0.95 |28/ :
aniline hydrocarbons | 0.94-log P, -0.01 '

- log K, = | 15 0.99 | /28/
Chlorohydrocarbons - | 0.56:-log S, +4.04 T

For using K.

values to evaluate the expected bio-

accumulation from sediment via P, calculations, it is assumed that
only that fraction of -the substance in question which is dissolved in

* the water phase is available for uptake in the test organism.

For amphlpods it was found that bioaccumulation of hexa-
chlorobiphenyl in a water/sediment system did indeed take place
solely from the water phase /24/. For filter-feeding organisms such as
mussels, or sedimentivores such as polychaetes, however, a significant

uptake through the alimentary canal can not be excluded.
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According to the Danish "Law on chemical substances and products”
127/, documentation must be submitted for all new chemicals, includ-
ing information on ecotoxicological properties such as bioaccumulation
potential. For substances with log P, > 3, the accompanying ad- .
ministrative order requires experimental determination of BCF in fish,

- unless the substance ¢an be shown to be "readily biodegradable”.

These criteria are in accordance with the OECD recommen-
dations. It should be noted that criteria such as these are currently

- (1990) the subject of discussion within the EC and OECD.

3.4.2 Complex mixtures

Evaluation of the content of biocaccumulative substances in wastewater
is traditionally carried out using knowledge of the BCF for the in-
dividual substances detected in the wastewater. Recent investigations
have shown, ‘however, that this application of knowledge about sub-
stances in "pure” test solutions to situations where complex. mixtures

- of chemicals are present is problematical, for the following reasons:

. the presence of organic material ,may reduce the bioavail-

ability of hydrophobic chemicals by adsorption or complex
formation, and thus reduce the actual amount of bioaccumu-
lation. Obversely, an increase in sediment concentration may
result in increased uptake in sediment-dwelling organisms.

. the presence of solvents/surfactants may increase the uptake
of relatively hydrophobic substances.
L - the presence of certain substances in the mixture may initiate

- or increase the rate of metabolization of another substance in
some organisms.

‘Furthermore, there may be substances in the mixture with a
high bioacecumulation potential which escape detection because of the
methods used or because they are present at levels below the limit of
detection. -

Depending on the lipophilic properties of the substances in question,
and on the type of suspended material present (in particular, the or-
ganic content of the material), the uptake in fish may be significantly
reduced. For lower chorinated benzenes and biphenyls with relatively
high solubility in water (log P, = 4-5) suspended material hadl no
measurable effect on uptake in fish (guppy). For the more hydropho-
bic substances (log P, = 5-7) uptake was significantly reduced. The
proportion of chemical bound to the particles did not seem to affect
the uptake in other ways (low bioavailability) /32/. Introduction of
particulate material to a solution of hexachlorobenzene (log P, =
6.4) caused a significant increase (50-100%) in bioaccumulation in
suspension-feeding bivalves. The content of particulate material had
no influence on the bicaccumulation of lindane (log P, = 3.9). After
introduction of particulates to the water phase (dynamic systemi),
about 95% of the total amount of HCB was bound to the particles,
whereas for lindane the proportion was only about 12% /14/.
The studies cited above show. that the particulate content in
complex mixtures may reduce the amount of bicaccumulation in fish,




Uptake of individual sub-
stances in relation to other
substances in the mixture

but may increase the concentratlon in organisms whlch live by "eating
particles” (filter- and suspensmn-feeders) A number of experiments
have all noted that this effect is only observed for substances of

 relatively high lipophilicity (log P, > about 5). The composition of

the particulate material (in partiCular organic carbon content) and its
concentration are 1mportant factors mﬂuencmg the amount of ad-
sorption,

Dissolved humic a01ds have also been shown to have the same
effect as suspended particles with regard to reducing the uptake of
hydmphob1c substances /3,26/.

At the present time only a rather limited data material exists concern-
ing the uptake of 1nd1v1dua1 substances from. mixtures.

For phenol, uptake was reduced when this substance was. present in - -
a wastewater mixture (the water-soluble fraction). The rate of elimina-
tion was not affected. The reason was thought to be a concentration-

‘related competitive uptake of other substances in the wastewater /11/.

- In an investigation on the bioaccumulation of anthracene in fish using

Biomonitors

a mixture of oil refinery wastewater, both uptake and elimination of
anthracene were different in the mixture compared with the kinetics

for anthracene in a pure solution. While the altered uptake rate was

assumed to be due to interaction with suspended material, the increds-

- ed rate of elimination was ascribed to increased metabolism of the

substance, probably because of the induction by other substances of

the so-called "mixed-function oxygenase™ system /23/.
The methods available are based on the. follomng principles: -

* bioassay, particularly using ﬁsh and bivalves as b1omomtors
® - chromatographic methods (TLC- and HPLC-screening).

Investigations of the heavy metal loads in the area close to wastewater .
discharges have been supplemented in a number of cases by laying out
cages of mussels along transects from the discharge point. (cage ex-
periments). After various periods of time a proportion of the mussels -
are collected, and after a short period in clean water for depuration of
heavy metals in the alimentary canal, they are analyzed for the heavy
metals of interest. :

In addition to the questmn of food purity standards the me-

~ thod has also been used to investigate the problem of chronic heavy

metal loads in the environment. From the equilibrium concentrations

. in the orgamsm and knowledge of the BCF for the substance, an
_ "average" exposure concentration in the water phase can be calcula-

- ted. The method is also useful for making estimates of bioavailabilities

and fluxes from areas polluted with heavy metals, In addition to
mussels, eels have also been used in cage experiments for momtormg

heavy metal loads.'

A number of comphcatmg factors influence such zn situ .

, expenments
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] variable environmental conditions at different monitoring
. stations may affect the growth of the test organism and thus
~also the bioaccumulation.

® * periods with poor food supply and other extreme environ-

mental conditions may cause the mussels to cease filtration
and thus stop the 111‘\1-91(9 of the test enhqfanm:l’c\

CAAANE AALAELS DLW

L variations in currents may complicate the evaluatzon of the
causal relationships between the concentration in the orga-
nism and the source.

Investigations of accumulation in the laboratory do not suffer
from the above-mentioned weaknesses, since a direct causal relation-
ship can be established-on the other hand, the opportunity of applying
the results directly to environmentally realistic situations is to some
extent lost.

In situ monitoring studies for organic substances reported in
the literature (using fish, mussels and other organisms) have primarily
focussed on industrial discharges containing specific persistent and
highly lipophilic substances such as PAH compounds, chiorinated
hydrocarbons, etc.

There are no momtonng studiés reported in the literature in
which the ability of organisms to accumulate "unknown" lipophilic
(persistent) substances is investigated in parallel with chemical ana-
lyses as a screening test for the presence of substances with unwanted
environmental effects. In a few cases, investigations of this type have
been carried out in Denmark as a sort of final approval of industrial
wastewater discharges. The advantages of this sort of method is that
substances which occur in the water phase at concentrations below the
level of detection of the analytical methods used, may be bioaccurnu-

~ lated and in this way become chemically detectable. However; the

outcome may often be difficult to mtcrpret because of biological
matrix effects.

Figure 3.4.7 shows an example of a bioassay using e¢l to
evaluate bioaccumulative substances in biologically treated wastewa.tcr
from A/S Cheminova /21/.

The investigation focussed partly on the substances which had

previously been detected in the wastewater, and partly on gas chroma-

" tographic screening for any substances in the eels which had become

detectable as a result of bicaccumulation. From a list of 21 substan-

- ces, a total of 7 were detected in the eels after an exposure period of -

28 days (triphosphoric acid esters). None of these had BCF values

> 10 after 28 days. For all the substances the concentration in the
‘eels fell during the test period, which suggested that the substances

were metabolized. Gas chromatography also revealed a substance in
the eels which had not been detected in the wastewater. The substance
could not be identified precisely but by means of elimination tests it

. was found {0 have a biological half-life of 2-3 dm:e and therefore to

AN REANE VW AN AN LT By TARENE SAANA LRSS

pose little risk of bioaccumulation.
Figure 3.4.8 shows an example of uptake and ehmmatmn of

" one of the substances detected in the eels.
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- posed to wastewater and uncontaminated water respectively (from

- Chromatographic methods

37}

Thin layer chromatography (reverse phase TLC) is a well- documented
and frequently used method for screening complex mixtures for
substances which are potentially bioaccumulative /33/. .
‘A hexane or pentane extract of the test substance is applied
to the thin layer plate. The plate is.eluted with an acetone/water

- mixture (70/30) and after drying the retention is measured using UV .

light. Simultaneous elution of standard substances of known P,
permits the probable P, -values to be estimated for the test substances -
extracted from the wastewater sample. For closer 1dent1ﬁcat10n of the
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Figure 3.4.8 Uptake and elimination of a tnphosphoric acid ester in
eel exposed to biologically treated wastewater. After 28 days the eels
were transferred to uncontaminated water (from /21/),

eluted substances, the "spots” may be scraped up and subjected to
HPLC/MS or GC/MS analysis. ,

. The method has frequently been used in Denmark for screen-
ing biologically treated wastewater, It should be added, however, that
at the present time the method is only suitable for substances which
absorb UV light. Furthermore, only substances which can be extracted

_ by the extraction solvents used can be measured.

Some examples of TLC screening of percolate from a number
of Swedish waste disposal sites are shown in figure 3.4.9 and 1able

3.4.4,

Table 3.4.4 Log P, values obtained from TLC-screening of a number
of samples of percolate from waste disposal sites /10/.

Before stabilization
Sample - ’ No. of substs./ log P, values

. substance groups -

: 1 2 3 4 5
Brannbacken 5 - 6.35 579 | 544 | 4.82 5.56
Ulvberget 2 6.65 | 3.68 E . T
" Révsta o - - - - - R

Ate - 2 6.12 | 3.39 - -
Rooneholm o - - - - -
Grafsasen 1 3.09 - . - -
Triab - 4 5.75 3.83 | 2.10 1.10
Misalycke 1 2.26 - - - -,_“
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- HPLC may also be used directly to determine P, for the
substances in mixtures /29/. The resolution of the chromatogram must
be expected to be relatively poor, however, even in strongly diluted
samples, because of the complexity of the mixture. In practice, there-

_fore, it is usually only possible to determine the upper and lower

limits of the P, of the mixture as a whole.

TLC-screening for potential
bioaccumulative substances
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Figure 3.4.9 Example of TLC-screening of percolate samples. "Copy”
of UV-scanned thin-layer plaze (from /10/).
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4  Evaluation of ecosystem effects
4.1 Me.tho'ds for evaluation of ecotoxicity

During the last 20 years, a number of international standard methods
have been developed for investigating the toxic effects of chemicals
on microorganisms, plants, and animals. This development has prima-
rily focused on obtaining documentation of any adverse environmental
effects of new chemicals, in order to regulate their use in refation to
their environmental hazard.

Table 4.1.1 includes an overview of standard methods recog-
nized by DS (the Danish Standards Institute), ISO, OECD and EC.
The EC basic set of tests for investigation of new chemicals inciudes
acute toxicity tests using fish, crustacea and algae. In addition, a
number of methods are being developed for investigation of chromc
effects in the same groups of organisms.

The international standard methods are often used as the
- framework for development of new methods using different test
organisms. The methods are modified with due regard to the new
organisms’ biology and vital requirements, and in this way many new
and reproduc1ble methods have been developed in recent years using
organisms from fresh water, brackish water and the sea. A selectlon ‘
of such methods is also included in table 4.1.1.°

The use of biotests serves two general ObJeCHVSS

L investigation of the "inherent" toxicity - of substances and
~ mixtures of substances (screening tests) '
° investigation of the toxic effects of substances and mixtures
of substances on specific environments or environmental -
compartments. '

Biotests which are used for mveSngatlon of 'the "inherent" - -
toxicity of substances or mixtures of substances should if possible,

fulﬁl the following requirements:

L the method should follow internationally accepted standard
. methods (ISO, OECD, EC)

® the method should give reproducibie and comparable results

e test organisms should be available through the greater part of

the year or be suitable for laboratory cultivation, while bemg
sensitive towards a great number of chemicals. -

¢ the method should be relauvely simple to carry out at a
- moderate cost. -

The requirements to be fulfilled by screening tests are thus
very similar fo the requuements apphed to chemical standard me-

thods.

On the other hand evaluation of the possible environmental
effects of substances or mixtures of substances (including wastewater
discharges, etc.) is based on methods which have a greater degree:of
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. Table 4.1.1 A Methods

Jor testing effects of chemicals on aguatic

organisms. -
) TROPHIC TYPE PRINCIPLE LEVEL*)| REFERENCES
LEVEL C . '
Bacteria Activated Simulation A EC /8/,
: sludge OECD 303 s23/
Inhibition of EC /8/,
respiration A OECD 209 /23/
(3 hour) DS 297-208
Irhibition of
- respiration A iSO DP 9509 /137
. (4 hour) ) '
Photobacterium Inhibition of
phosphorerum Luminiscens
(Microtox) (5-30 min) A Beckmann Inc. e/
Pseudomonas !nhibition of -
putida growth (72 h) c 1SD DRAFT /13/
Algae Phaeodactylum | tnhibition of -
tricornutum photosynthesis Kusk & Nyholm
(marin). (6 h) A (1990) /16/
Skeletonema Irhibition of ¢ |Erser,
costatum growth (72 h) : QECD 201 s23/
{marin) ’ Nyholm & Kdllqvist
. 1987y 7217 .
Dunaliella US-EPA (198%) /37/
marina '
(marin)
Selenastrum . [SO/DIS 8692 f13/
costatum
(fersk) .
Niteschia
palea (fersk)
Algeplankton Inhibition of .o ' )
{fersk/marin} photosynthesis A Kusk & Nyholm
T ‘ (6 h) : (1990) /167
Crustacean| Daphnia magna immobiliza- EF 19/,
{fersk) tion A OECD 202 /23/,
. (24-48 h) - : 150 6341 13/
Reproduction ¢
(21 days)-
Gammarus pulex Lethal effect A McCahon & Pascoe -
(fersk) {96 h). (1988a+b) /17, 8/
Partial life- A McCahon & Pascoe
cycle {1988a+b) /17, 18/
Early
[ife-stages sSe
{4-13 days)

*) A: Acute, C: Chronical, SC: Sub-chronical . -




Table 4.1.1 B Methods for testmg qﬂ@cts of chenucals on aquatic

orgnznasnzs
TROPHIC SPECIE PRINCIPLE LEVEL*}| REFERENCE
LEVEL ’ . ’
Crustacean| Nitocra Lethal effect | - DS 2209 57
{cont.) spinipes €96 h} A Renberg et _al.
. {brackish) ' 1980y s27/
Partial. life-
cycle c
(12 days)
Acartia tonsé Lethal effect .
(marind (48-96 h) - A 1SO DRAFT /13/
Life-cycle c Minshan & nghlen-‘
berg (1991) 720/
Egg production sC Johansen & Mgh-
{5 days) Llenberg (1987) /147
Chaetogammarus
mar inus tethal effect
{marin) (96 h) A SO DRAFT 13/
Insect Baetis rhodani Lethal effect A Williams et al.
Larvae (%6 h) . (1985) /427
Chironomus sp. Lethal effect A McCahon & Pascoe
) (96 h (1988a) /177
Fish Zebrafish Lethal effect A EF /8/, .
Rainbow trout (96 hy - ~ECD 203 /23/
(a.0.) '
Lethal "effect c OECD QRAFT 123/
. (14 days) IS0 DRAFT 713/
Stickleback Lethal effect A DS F 86/185 73/
. (95 h) ‘ -
Cod Lethal effect A DS, F 86/186 J4f
(96 h)
. ' N
Rainbow trout Inhibition of sC OECD DRAFT /237
growth IS0 DRAFT f13/
{28 days)
Zebrafish Early-tife- '
Rainbow trout stages (ELS) SC . | OECD DRAFY /23/
{7-60 days)
Plants AlLium Inhibition of SC Fisksjg (1976) /117
A D growth : . .
Lemna_minor Inhibition of sC Taraldsen & Nord-
growth berg-King (1990)
: 130/
Flax, cress Root sprouting] A OECD 208 /23/
. US-EPA (1973) 31/

*) A: Acute, C: Chronical, SC: Sub-chronical
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environmental realism, since it is important to be able to interpret the

. results in terms of the specific environmental conditions. At the same

time the tests retain the controlled conditions of the laboratory so as
to obtain reproducible results with a clear causal relationship. Thus

- species are used ‘which as far as possible occur - or could occur ~ in

the receiving water ("envuonmentally relevant tests”, SLmulat:] on
testsﬂ)

For example; the mtematmnally standardized screening tests
usmg fish include only freshwater species (zebra fish, rainbow trout
etc.). For screening of discharges to marine recipients, an "enviro-
nmentally relevant” test would use a marine species, and this requires
‘modification of the standard method (cf. DS methods /3,4/). _

Toxicity tests may also be classified according to the duration
of the test in relation to the generation time of the test organism used.

In acute toxicity tests the test organism is exposed for a relatively
- short time in relation to the generation time (short term exposure).

The acute effects recorded during this type of test are usually effects
which affect the survival of the organism (cf. table 4.1.1), such as:

®  48/96 hour lethal effects on crustacea and fish
° 6 hour inhibition of photosynthesis in algae

®  5.30 minute inhibition of light emission in - Photobacterium
("Microtox"). :

In chronic toxicity tests, the organism is exposed for a sig-
nificant part of the life cycle - sometimes for the entire life cycle. The
types of effect that are recorded (end points, effect parameters) are
often sublethal to begin with (reduced reproduction or growth, altered
behaviour or development), but indirectly they can lead to increased -
mortality. For ‘organisms with a relatively short generation time
(bacteria, algae, some crustacea), chronic tests will usually cover one -
or more entire generations. For fish, which have a generation time of
months or years, chronic tests usually cover life stages or phases
which have been found to be particularly sensitive (early life stages,
reproductive phase) or will focus on sublethal end points after a fairly
long (> 14 days) period of exposure of juvenile or adult fish (growth
or physiological end points).

In recent years there has been increasing interest in rapid
methods for evaluation of "chronic toxicity". These so-called sub-
chronic tests - or chronic surrogates - focus on life stages which have
been found to be particularly sensitive (larvae of fish and crustacea)
or on sensitive end points (such as size of offspring in crustacea or
growth in juvenile fish). Usually the knowledge base for applying the
results of such sub-chronic tests to evaluations of chronic effects has

‘been inadequate; at best it relies on comparative laboratory studies,

where the differences in effect concentrations for the two types of test
have been shown to be "insignificant" (typically within a factor 2-3)
for the same speciés using various test chemicals. For fish, for exam-
ple, there is an extensive knowledge base for application of so-called
"fish early life stage" tests (FELS-tests) as surrogates for whole life-

cycle tests /15,19,43/.




Tesr design

Test organisms

4.1.1 Measurement of toxicity

The following section presents the principles for carrying out labora-
tory toxicity tests and a short description of frequently used methods
in Denmark, '

mvesugauon of the ecoroxmuy of substances and mixtures of substan-
ces is carried out by exposing a group of test organisms-in a series of
dilutions of the test substance or mixture, under oondluons whlch are
as well-controlled as possible. :
Each dilution is examined for well-defined effect parameters
(death immobility, growth, for example) at predetermined intervals, .
for example every 24 hours. A number of controls are included to
ensure that any observed effects (or variations in effects) are not
caused by other factors than the test substance. For the same reason, ..
a number of key physical parameters in the test dilutions are also

- measured (oxygen saturation, temperature; pH, salinity etc.). These

parameters must remain within relatively narrow limits, depending on
the test organism used, to ensure normal responses. _
On the basis of the recorded effect frequencies in the various

- dilutions, the effect concentrations (EC: effect concentration, LC:

lethal concentration) are usually calculated for the 10, 50 and 950%
mortality or effect level in the population. In addition, the highest
tested concentration is often recorded at which no significant differen-
ces were observed in relation to the controls (NOEC: No Observed
Effect Concentration), together with the lowest tested concentration at
which the first significant effects were observed (LOEC: Lowest -
Observed Effect Concentranon) Sometimes the calculated LC10 or

EC10 is given as the LOEC.

The most recent OECD and EC standard methods for inves-
tigation of acute toxicity include the possibility of testing the chemical

- at one concentration only - the so-called "limit test". The purpose of
- this is to permit a briefer investigation of substances which on the

basis of prior knowledge are expected to have low toxicity. The

investigation is carried cut at the highest soluble concentration (or 100

mg/l at most). One control is included. If toxic effects are observed

at this concentration, a "normal™ run of toxicity tests must be per—

formed following the above-mentioned principles. '
- Three pnnc1pal parameters are involved in ecotox1c1ty tests:

.  the test organism
®  the concentration and exposure nme (= dose)
. the effect parameters or end points.

As mentioned above, only standardized methods are used for testing
of chemicals. Thus the test organisms are "standardized" too: e.g-
zebra fish, rainbow trout, Daphnia magna. There are two opposing
tendencies in the choice of test organism. .

On the one hand, populations of test organisms are standar-
dized to be as homogenous as possible (low genetic variation). This
will tend to produce less variability in the test results, and will in-
crease the reproducibility and comparability between results from =
different laboratories (cf. optimization of chemical analyses). On the
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Figure 4.1.1 Theoretical relationship benveen exposure concentrarion
and effect frequency (concemranon/response curve).

other hand, the use of wild populations provides a better basis for
determining NOEC-values for environmentally realistic conditions, but
will lead to greater variation in the test results (greater genetic varia-
tion).

One decisive question in the cho1ce of organism is the pro-
blem of whether the normal living requirements of the population can
be maintained for a period of time which is at least as long as the
duration of the test. Important factors relating to-this question are:

oxygen concentration
temperature

pH

hardness

salinity

feeding requirements/light (algae)
physical surroundings.

Knowledge of culture requirements is only available for a
relatively small number of species. Standard organisms are typically
robust towards variations in their surroundings, and are therefore easy
to cultivate or maintain in the laboratory. With wild populations it can
be particularly difficult to maintain satisfactory living conditions
during long-term tests (chronic tests) As a general requirement,
collected or purchased test populations should be acclimatised to the
laboratory (test) conditions for 7-14 days before commencing a test.
This serves to document that the population is thriving’ satisfactorily
under laboratory conditions and to check on the state of health of the
population. ‘




Exposure (concentration/
exposure time}

*fish species.

It should be noted that "robustness” with regard to survival
under laboratory conditions is not related to lower sensitivity towards
toxic chemicals. There is no evidence for the often-heard assertion
that eel and zebra fish, for example, are less sensifive than "finer”

Dunng exposure it is important that the reqmrements of the
test organism to the above-listed physico-chemical parameters are -
fulfilléd. Requirements as to environmental realism, or to the nature
of the wastewater to be tested may sometimes make it necessary to
perform the test under conditions that are sub-optimal for the orga-
nism, but they should never lie outside the tolerance zone. In all
standard methods a range is given for the maximum acceptable varia-

. tion in these parameters (for example, pH. + -1-2 units, temperature -

+ 0.5-1°C). In short-term tests the organisms should never be fed
unless their survival is dependent on this. The length of the standar-
dized acute toxicity tests is determined partly by the requirement to
avoid feeding (fish: 96 hours, daphnia 24-48 hours). In comparative
studies with and without feeding, the same effect concentrations were .
measured in both types of test for a number of different substances.
The density of organisms per unit volume may be very
important for some test species. For example, if is known that Gam-
marus becomes cannibalistic if the density is too high. For fish, a
density below 1 g/l is recommended for stafic tests and 1-10 g/l for

. flow-through tests. Both too high and too low densities can lead to

stress in fish: at low densities, pecking orders may arise, and at t0o
high densities aggressive behaviour -occurs.

Apart from the above-mentioned considerations as to genetic
homogeneity, it is desirable to have a test populatmn which is as
uniform as possible with regard to sex, age, size, and phy51olog1cal
condition, It is known that physiologically stressed organisms are
more sensitive than "normal” individuals, and that sensitivity generally
falls with age. In particular, there can be great differences between
juvenile and mature organisms, since the enzyme systems responsible
for metabolism and- detoxification of xenobiotic substances are not -
fully developed before the mature stage is reached. :

In addition to the inherent properties of a substance, its toxic effect
also depends both on its concentration in the medium and on the
exposure time (the dose).

In order to achieve reproduc1ble and "precise” effect con-
centrations it is therefore necessary - other things being equal - to
define the concentration and exposure time very carefully, and to

- ensure that the variation in concentration is kept within relatively

narrow limits. :
According to the latest updates to the OECD standards, the

reduction in test substance concentration during the test period must

.. not exceed 20% of the starting concentration, and the variation in the

average concentration must be within + 20% (S.D.). If adequate data
cannot be presented to document that these requirements have been
met, chemical analyses should be performed to document the sub-
stance concentration in the water. This should also be done if it is
suspected that the real concentration in the water is significantly lower

133




134

than the nommal (dxssolved) concentraﬁon (CECD update proposals

1241).

The followmg factors are Jmportant for maintenance of well—
defined and constant test substance concentrations:

“solubility in water
‘adsorptive properties
vapour pressure
dissociation constant (pK,)
degradabmty

‘ Orgamc cornpounds with Iow solubility (< 100 mg/l), rela-
tively high vapour pressure (Henry’s constant > 102 Pa-m3/mol), or
tendency to adsorb to dissolved or particulate organic material (co-
rresponding to a relatively high bioaccumulative tendency: log P, >
approx. 4, cf. section 3.4) may be problematic with regard to main-
tenance of a stable concentration. The same is true of substances
which may degrade to a significant extent dunng the test. .

Although data may be available concerning the solubility of
a substance, this information may be of doubtful value, especially for
substances of very low solubility (<1 mg/l). For these substances the
actual solubility in the test solution may often be less than the figures
stated in the references. Effect concentrations lying close to the limit
of solubility may therefore represent 31gn1ﬁcant underestimates if they
are based on nominal concentrations.

Substances which adsorb to particles or to dissolved, high-
molecular-weight substances are not biologically available to any great

extent, particularly in the case of pelagic organisms. In the case of

benthic organisms (filter- or suspension-feeders) the food may also
contribute to the “"dose”, especially with strongly bioaccumulative
substances (for example: uptake of heavy metals and organic com-
pounds such as hexachlorobenzene by mussels). That part of the
substance concentration which is in true solution will still be primarily
responsible for a given toxic effect, however (cf. section 3.4). When
testing strongly lipophilic substances, which are highly adsorptive, the
effect concentration may be significantly underestimated if reliance is
placed on the nominal concentrations; if chemical analyses are used
the concentration may still be an underestimate since both the dis-
solved and the adsorbed fractions will be analyzed. The problem may
be reduced by minimizing the amount of particulate material in the

“test medium (removal of food remains and faecal material), by correc- -

ting for the adsorbed fraction on the basis of the known adsorption

. coefficient and the content of particulate material in the test system -

(mg carbon/mg SS:1) (cf. section 3.2), and by reducing the content of
particulate material - and thus the "non-available test substance" ~ by

filtering or centrifuging prior to analysis.

For substances of low solubility in water, it may be necessary
to use solvents or carriers in order to prepare a stock solution of
sufficiently high concentration. Examples of frequently used solvents
which because of their low toxicity and low vapour pressure are well-

" suited for toxicity tests are shown in table 4.1.2 together with their
- Jethal effect level for fish.




Table 4.1.2 Solvents often used in toxicity tests. LCSO-values for fish
(fathead mmnow) are shown O‘i'om /26/).

t Solvent LC50 (mg/l), fish -
Triethyleneglycol : S 92,500
Dimethylformamide I 10,400
- Acetone 9,100
Dimethyl sulfoxide ' 33,500

In addmon to the substances shown in table 4.1.2, methanol
and ethanol are also used.

Most standard procedures indicate an upper limit for the
concentration of solvent in the test solution of about 0.1-0.5 ml/L. If -
solvents are used, an extra control must also be included to document

_the non-effect of the solvent at the h1ghest concentration used.

In later years there has been increasing criticism of the use
of solvents. Solvents may act as carriers of substances through the cell
membrane, and it is also doubtful whether the solubility of the test
substance .in water is really increased by the solvent, A better pro-
cedure is probably to prepare a saturated solution of the test substance
in the test medium and to use-this to prepare a range of dilutions,

“using chemical analysis to document the concentrauon of the saturated
- solution.

For pH-dependent d1ssoc:1at1ve substances the tox1c1ty of the
dissociated and the undissociated forms may differ greatly. One well- -
known example of this is ammonium and ammonia, where only
-ammonia is toxic. Chlorophenols have acid/base characteristics with
the acid form as the most toxic. Generally, the form with the lowest -
degree of ionization is the most toxic, since non-ionized or weakly

. ionized molecules can most easily penetrate biological membranes.
In order to prevent a fall in concentration during the test
‘period the solution may be parua]ly replaced at regular intervals
{partial replacemenr) or the organisms may be transferred to freshly
. prepared solutions in clean containers (semi-static technique). The
latter method is preferable if the test substance degrades during the
test period, since a s1gn1ﬁcant part of the bacterial biomass will be
removed along with the dirty container. If the test substance concen-
tration cannot be maintained within the prescribed limits using the
above-mentioned techniques, the flow-through technique must be used. -

Measurements of the toxicity of complex mixtures presents

particular problems with regard to maintenance of €Xposure concentra-
- tions within the limits prescribed by the standard method. It is rarely
possible to ascribe.the observed effect to some few substances in the -
mixture, and thus it is not p0331b1e to use chemical analysis to docu-
- ment that the quality requirements have been met. .

Furthermore, the mixtures may contain substances with-

physico-chemical properties covering a broad range with regard to
‘water solubility, adsorptive tendency, vapour pressure etc. In practice
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 this problem is dealt with by using semi-static or flow-through techni-
- ques and by covering the test containers to minimize evaporation of

any volatile constituents.

-Biologically treated wastewater will be considerably easier to
handle than untreated effluent, since a significant reduction in volatile,
adsorbable and easily degradable substances will take place dunng
treatment. ,

Gentle aeration of both treated and untreated wastewater will

~ often be necessary in order to maintain adequate oxygen tensions for

the test organisms. Aeration can however affect the carbonate system,
leading to unacceptable alterations in pH. ‘A combination of gentle
aeration and a flow-through system will often be the best solution. It
should be mentioned that aeration is only acceptable when the toxicity
contribution of volatile substances is negligible (for example when
testing treated wastewater or chemlcal substances with low vapour
pressure),

Storage of samples for biotesting at a later date should only.
take place at low temperature: < 35-8°C for short periods (24 hours)
and < -18°C for longer periods. It is important to point out, how- -
ever, that the toxicity of deep-frozen samples may change (fall) during

. storage, and that -toxicity tests should therefore be made as soon as
- possible after sampling. In addition, samples must be stored in the

dark to prevent photo-oxidation or algal growth. It should be noted
that glass/polypropylene containers for sampling and storage should
preferably be completely new. Even thoroughly cleaned containers can
contain traces of substances (solvents, detergénts) with sufficient
toxicity to cause "effect-artefacts” in wastewater samples which in fact
have low toxicity. The same principle holds for test aquana or con-
tainers.

Wastewater samples are usually inhomogeneous mixtures
containing both particulate material and substances at concentrations
above the true limit of solubility (emulsions/stratified samples). Prepa-
ration of dilution series before biotesting means that the initial sample
is diluted with non-poliuted water, which can cause particle-adsorbed
substances to be released, and emuisified substances to'go into (rue
solution. Since only the substances that are dissolved in water are
responsible for a given biological effect, the ultimate consequence of
these processes can be that the concentration in water of a number of
the substances will remain constant in the highest wastewater con-
centratlons and therefore, if these substances are the toxic ones, that
the test response will be the same. The method for obtaining represen-
tative sub-samples should therefore be chosen with care. Because of
these changes in-solubility- and adsorption equilibria due to dilution,

- any adjustments to the samples that are necessary to comply with the
living réquirements of the test orgamsm should be carried out in the

test solutions themselves and not in. the initial sample
In order to obtain reproducible and - in partlcular com-

parable results from biotests on wastewater mixtures it is extremely =

important to consider and describe as precisely as possible all the
important factors relating to sampling, -transport, storage, pre-treat-
ment and preparation of dilution series. As mentioned above, a tho-
rough description may often be the only way of "documentmg the




Effect parameters/endpoints

effect concentrations achieved in the tests with regard to ensuring
comparability with subsequent samples and tests.

Dilution water/medium ‘water for dilution of wastewater-
/ chemical substances may either be prepared artificially from distilled
water and salts etc., or it may be collected from a non-polluted locali-
ty or an area near the recipient which is not directly affected by the
discharge. For chemicals testing, the use of artificial medium seems
preferable, in order to ensure international comparability of data, but
this is far from being straightforward for all test organisms. For
example, it is not yet possible to obtain satisfactory reproduction in
Daphnia magna in artificial medium.

For testing for effects of wastewater ona specific rec1p1ent
one should always use medium taken either from the recipient 1tseif
or from a comparable locality.

4Toxic'ity is a rather poorly defined concept which covers a continuum

from lethal effect to inhibition of specific enzyme systems with no
apparent effect on the vital functions of the organism.

Unlike the task of human toxicology, the administrative
application of ecotoxicology aims not at protecting individuals, but at
ensuring "a versatile plant and animal life”, i.e. at ensuring that the
normal homeostatic function of the ecosystem is preserved. For

- example, demonstrating inhibition of the photosynthetic activity in one

.particular algal species does not necessarily mean that this effect is
. important for the plankion community in the free water masses, partly

because natural physico-chemical variations in the environment may
temporanly cause this type of effect too, and partly because inhibition -
of one species is not necessarily a good predlcnon of the effect on the -
plankton as a whole. :
Another example is effects on growth of early larval stages
of fish, which under laboratory conditions can be significant down to
a few mm or mg relative to the growth of controls. Whether this
statistical significance is also. biologically significant is uncertain,
since reduction in growth will also be caused by small changes in the

. natural environment relative to the optimal conditions for the species.

Alterations to swimming ability, pigmentation, reflexes etc. will be

" more likely also to have biological significance, since they will affect
“the ability to find food and avoid predation, etc.

It must be concluded that some of the effects recorded in

| single species in the laboratory are only indicarive of an effect, which

may cause changes to the structure and function of the ecosystem.
Effect criteria in laboratory tests should ideally fulﬁl the

- following requirements:

rapld and unambiguous scormg
quantifiable
reproducible -

~ biologically relévant

Effect parameters which include a subjective evaluation of the

.response are therefore not suitible. However, "subjective” obser-

- vations are also important with regard to evaluating whether other
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- . types of effects are being produoed in addition to the unambiguous -

responses which the test aims at. _
In acute toxicity tests the primary effect cntenon is death.
Completely objective determination of “death" in test organisms is
rarely possible, however, and therefore for many organisms such as
crustacea death is considered to be indicated by "lack of reaction to
external physical stimuli”. Immobility therefore becomes the criterion
instead of lethality (IC = immobility concentration), In fish and
crustacea tests any abnormalities appearing during the test period

.should also be recorded; these might include:

reduced swimming ability.

alterations in pigmentation

abnormal mucus production (irritative response)
hypervenulauon

bleeding :

altered behaviour (such as aggressivity)
reduced food upta-ke etc.

In acute toxicity tests the time-related development in the
effect concentrations is also indicated by the LC10, LC50 and LC90
after each day’s exposure. This can be used to indicate whether the
effect concentration reaches a stable level during the test period or
whether a lower effect concentration would be reached if the test were

- to be prolonged (cf. figure 4.1.2).
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- Figure 4.1.2 LC-values in relation to exposure time.

The time-related development in effect-concentration repre-
sents in fact an indication of whether the dose corresponding to the
exposure concentration has in fact been delivered in the test organism
during the test period. A continuing fall in effect concentration (figure -
4.1.2 B) may be expected for substances which bioaccumulate, and




Data processing " :

which during the short time period of the acute toxicity test do not
achieve equilibrium in the organism relative to the exposure medium;
a similar fall may be expected for substances which penetrate the cell
membrane very slowly. .

Chronic effect parameters are generally less well-defined, and
in addition to "all or nothing" responses (dead/not dead), graduated
responses such as length or weight may also be used. The latter can
be subjected to normal statistical analysis (testing of hypotheses).
Examples of frequently-used end points are growth, mortality of -
various life stages, brood size, and morphological or physiological
alterations. :
" As with acute toxicity tests, the results of chronic toxicity

_tests are presented as concentration/response curves. Only in a few

cases is it possible, however, to calculate EC50 values from the test

data. In the case of wastewater samples this is not even desirable, -

since for an environmental interpretation of the results the NOEC/-
LOEC values are more useful. :

Regardless of the effect parameter that is followed in a toxicity test,
the relationship between the response of the test organisms and the
concentration of test chemical or mixture will in theory follow a .
sigmoid curve (cf. figure 4.1.1). The classical theory underlying this
curve is that the response data are normally distributed, and that there
is a lower concentration limit below which a given effect will not be
observed in the population (0% response), and an upper concentration
limit above which all test organisms exhibit the given effect (100%

- response). Depending on the size of the group of organisms exposed

at each level of concentration, and the interval between these, the
toxicity data will in practice follow the sigm()id curve with greater or
lesser accuracy.

For economic and eth1ca1 reasons the number of orgamsms
exposed at each level of concentration is held to a minimum. In acute
tests with fish, 10 individuals per concentration level is the norm, and
in the latest update proposals for OECD standards (1989-90) 7 fish
per concentration level are proposed. For corresponding daphnia tests,
20 individuals per concentration are used. In standard methods, 5 con-
centrations and one control are recommended as a minimum. Because
of the theoretical form of the concentration/response curve, the con-
centrations should be chosen from a geometrical series, which accor-
ding to various standards should not be greater than a factor 1.8 ( =

A10, covenng one decade with 5 test concentrations) or- 2 2 (= -

3\/10 covering one decade with 4 tests).
The Jowest tested concentration should preferably reveal a -

- zero response-and the highest concentration a 100% response, which
" in theory leaves the 3 intermediate concentrations to indicate the grad-

uated response - in practice often only 1-2 of these. _ .
Because. of these limitations, to which should be added the -
genetic variation of the population and the variation in the water-

“dissolved concentration, the approximation to the theoretical curve is
- .often relatively imprecise.

In the standardized niethods the maximum penmsmble mor-

, tallty in the control population is 10%. If mortality occurs below this
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-

* level, the responses in the test concentrations can be corrected using

Abbott’s formula /10/ before proceeding with data processing.

-If a sigmoid concentration/response relationship does not’
seem to be indicated by a simple non-transformed plot, further data
processing ‘is meaningless. In such cases the effect concentration
should be given as the interval between 0 and 100% response.

Data showing a clear concentration/response relationship, i.e.
at least 2 response values lying between 0 and 100%, may be treated
statistically. For tests in which the observed effect gives an "all or
nothing" response (lethahty), the effect concentrations (EC10, EC50,
EC90) may be calculated using probit analysis /26/. Using this method

 the data from the progressive part of the concentration/response curve

is linearized in a logarithmic (concentration) probit (response) systz,m .

as shown in figure 4.1.3.

Probit analysis presupposes that response data is approximate-
ly normally-distributed (may be tested by means of the chi? test).

In addition to the linearized concentration-response curve, the
confidence limits of the curve may also be calculated (figure 4.1.3).
It will be seen from the figure that the surest estimate of the toxicity
(least variation) - other things being equal - will lie at the EC50 value.

“There is thus good reason to use ECS50 values if reproducible and

comparable data is needed (for comparison of toxicity of various
substances, estimation of temporal variation in wastewater toxicity,
comparison of wastewater discharges).
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Figure 4.1.3 Probit analysis of concentration-response data /26/.




Today commercially. available computer programmes can
calculate effect concentrations by probit analysis /28,36,38/.

7 In addition to probit analysis a number of other methods are
available for transformation of concentration/response data. In par- -
ticular, the Spearman-Karper method /12/ should be mentioned as an
alternative to probit analysis if there is low probability that the data
is normal-distributed (a non-parametric method).

Processing of data from chronic tests is often focused on
establishing NOEC- and LOEC-values. The reason for this is partly
that chronic tests - also when used for environmental hazard clas-
sification purposes - are better suited for establishing zero-effect levels
in the environment, and partly that effect concentrations above the
50% level are seldom- observed for other end-points than lethality.

The fundamental principle in statistical estimation of LOEC -
(and thus also NOEC) is a comparison of the response at each test
concentration with the control response in order to reveal any sig-
nificant difference, and whether a significant difference may be ascrib- -
ed to the test chemical/mixture, or to chance biological variation.

Statistical analysis is usually performed in the following steps:

Iy Transformation of data by means of probit analysis or "arc-
sine square root" transformation. The latter method is prefer-
red since it gives a uniform distribution of the varjance of the
individual estimates, -and because the distribution of the

transformed data approximates better to the normal distribu-
tion (permits use of "ordinary" parametric statistics)

2) The t-test is used to evaluate any d1fferences ex1st1ng between
the individual control replicates (and where appmpnate
comparison with control with added solvent). If there is no-
significant difference, the control replicates may be pooled
for evaluation of the response in the md1v1dua1 test concentra-

tions.

3) The responses in the individual test concentrations are then
subjected to Dunnett’s test procedure /6,7/, starting with the
highest concentration. This procedure is analogous to the
ordinary-t-test, but unlike this gives equal weight to all sig-
nificance tests in a single series of samples (multiple com-
parison tests). Williams /40,41/ has developed an improved

- test procedure. In this method the individual test responses
are tested against the control value as before, but in addition
the method ensures that the response data follow a monotoni-
cally increasing scale in relation to the test concentration. In
both methods the LOEC is determined at the 5% level of

- confidence (P = 0.05). The NOEC value will be the next
concentration level (2 factor 1.8-2.2 lower than the LOEC -
value). Dunnett’s test is available as a PC-programme /33/.

In tests 1nv01v1ng several effect parameters, for example
lethality and body we1ght brood size etc., it is recommended that the
first statistical test is probit analysis with regard to lethality. As the
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' second step, an exammatlon is made of the test concentrations at

which there was no significant letha.hty in relation to the control, by
means of a significance test using Dunnett’s or William’s test. The .
advantage of this sequence is that the significance tests are then

_carried out on approximately the same brood size.

" Before testing weight and length data, these should be check-

ed for homogeneity (Bartlett’s test) and normal distribution (Shapn ‘0-
Wilk’s test) /25,29/. ' :

. Figure4.1.4 presents a summary of a stat15t1ca1 test strategy
whlch is used in the USA /35/ -

———| Data (survival, growab, teproduction, etc.j l
i 1
l PROBIT ANALYSIS | lmsonm\‘nonosm';;]
" + . i pot porma distribution
End cotinates. B
|_ BEL ECS, GCH0, ECS0 i I SHAPIRO-WILKS TEST l'— —

‘orm] diarbution l "L

———— e .- ‘;h‘m:\amm
- ‘ . — BARTLETFS THST [ L
Vints E) 0 —
No i 3 Ne | 4 replicat »
is recommended I 1 P of mare - .
L= S
. | Number of replicnes cven 7 ] [umbor of repticatos von ? -
Mo * Y«s} Ytsi ¥o l

T-TESTWITH ' DUN'N'ET'I‘S STEEL'S WH.COXONS RANK STIM
BONFERRONI MANY-ONE TEST WITH BONFERRONI
ARJUSTMENT RANK TEST ADJUSTMENT -

\\"/"ﬁ’//

Figure 4.1.4 Flow sheet for statistical treatment of data /35/.

, Statistical analysis should only be used on data which on the
basis of an initial expert assessment indicates toxic effects, and it is
unnecessary if the data show pronounced effects in relation to the
control values. Statistical analysis is not conclusive in itself, but
should always be followed up by expert evaluation of the biological
significance of the results.

4.1.2 = Brief description of biotests for acute toxicity

* This section describes some of the methods frequently used in Den-

mark:

ThlS method uses inhibition of light emission by the marine bacterium

' Photobacterium phosphoreum, The test is performed using a specially

designed apparatus (Beckman Microtox Assay System /2/). Light

~ emission is measured photometrically using a suspension of bacteria




in 2 ml. cuvettes (at 15°C, pH = 7.2 and 20 %o NaCl). Measure-

ments are taken after 5, 15 and 30 min. After each reading the con-

' centration/response curves are plotted and the EC-values read off or

Activated sludge, inhibi-
tion of respiration

Actzvated sludge mhzbz-
tion of nitrification

Algdl Dhotosynthesis test

Crustacea, Nitocra spinipes
or Acartia tonsa: lethality

calculated statistically. The hlghest concentration that can be tested is
500 mU/1.

Investlganon of the effect on the respiratory activity of activated
sludge is carried out following Danish Standard (DS) 297 if the test
material contains volatile components (closed system). In other cases
DS 298 is followed.

As starting material, secondanly prec1p1tated activated sludge
is used, taken from a wastewater treatment plant which predommantly'
handles domestic wastewater. The rate of respiration is measured by
an oxygen electrode after 0.5 and 3 hours incubation in a suspension
of sludge and synthetic wastewater with the addition of increasing

~amounts of the test wastewater/test substance (minimum of 5 con-

centrations). In addition to a control, the test is also performed with
a reference material (e.g. 3,5-dichlorophenol) and an abiotic control.
The results are used to calculate/read off values for EC20 and

,ECSO as a minimum.

Investigation of the inhibitory effect on nitrifying bacteria i is carried
out on sludge with an initial nitrification rate of about 26.5 mg N/g-h.
From the known content of NH3-N (added or initially present’

in the wastewater) the concentration of NO3/NO,-N produced after 4

hours’ incubation is calculated. The nitrification rate is expressed as

NO3/NO,-N produced per gram suspended material per hour.

In addition to control and at least 5 test concentrations, a test
using a reference material (e.g. alkylthiourea, 100% inhibition at 11.6
mg/1) is included. Wastewater can be tested at concentrations of up to
400 ml/L. - :

Inhibition of algal photosynthesis 1s tested using the normal methods
for measurement of primary production.

’ -The test-can be made on single species in the exponential
growth phase, or on plankton samples from fresh or salt water,

The algae are incubated for 6 hours in growth medium con-
taining #C-marked bicarbonate at constant temperature and light
intensity. In addition to a control (5 replicates) and test concentrations .
3 rephcates), the test is also performed using a reference substance
such as potassium dichromate.

The photosynthetic act1v1ty of the 1nd1v1dua1 samples is

measured using a scintillation counter. ,
The highest concentration that can be tested is 200-300 ml/1.

Nitocra spmzpes and Acartia tonsa are both marine crustaceans (cope—
poda} that can be cultivated in the laboratory.

Nitocra is a sediment-dwelling species under normal con-
ditions, and tolerates relauvely large variations in salinity (it may be
cultivated in the laboratory at 9 and 15 %e.). Acartia is a planktonic
species and is widespread in Danish waters, It is cultivated at 28 %o.

N
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Crustacea, Daphnia

" magna: immobility

Fish, Zebra fish, rainbow

- trout erc.; lethality

* Algae, inhibition of growth
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For acute toxicity tests large copepodites and adults are used.
20 animals are used for each concentration (4 replicates; 5 animals
each). In addition to test concentrations and a control, a test series
using the reference substance potassium dichromate is also used
{(Nitocra: LC50 = 20-50 mg/l (8 %) og 40-70 mg/l (15 %0), Acartia.

T men
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The test is performed at 20°C (Nztocra) or 18°C (Acartia)

| with a duration of 96 hours.

In contrast to Nitocra, Acartia must be fed during the test.
Mortality is counted in each test glass every 24 hours, and on the
basis of the results the L.C10, LC50 and LC90 values are calculated
by probit analysis.

- Daphnia magna, which may be cultivated in the laboratory, is a natu-

ral component of plankton in lakes and ponds, feeding on phytoplank-
ton. Daphnia reproduce under favourable conditions by partheno-
genesis; under unfavourable conditions (food, temperature) males
appear and reproduction is sexual. Juveniles, < 24 h old, are used for
the test- which has a duration of 24-48 hours. No feeding is done

"during the test, but prolongation after 48 hours will make feeding

necessary in order to ensure satisfactory survival in the controls.
A total of 20 animals (4 replicates) is used for each con- -

centration. A test on a reference substance such as Potassium Dichro- -

mate is also included ICS0 (24 hours) = 0.9-2.0 mg/l).

The test is performed at 20°C and 150 mg CaCO;.

After 24 and 48 h the number of immobile animals in each
test glass is counted. Immobility is used as effect criterion instead of

lethality, since "death" is difficult to see in daphnia. The IC values

are calculated by probit analysis.

Zebra fish may be cultivated in the laboratory, while rainbow trout
are obtained from commercial fish farms. The test is performed with
juvenile fish (rainbow trout 4-6 cm, zebra fish approx. 3 cm). |

Before commencing the test the fish are acclimatized for at
least 7 days to observe for any signs of disease or poor condition.
20 fish are used for each concentration and control, and no
feedmg is done during the exposure time which is 96 hours. Mortality
is recorded every 24 hours, and on the basis of these results the ef fect

.concentratlons are calculated by probit analysis.

4.1.3 Brief description of biotests for chronic toxicity
Examination' of growth inhibition (rate of growth) in algae is per-
formed on populations which initially are in. the exponential phase of
growth. The exposure time (72 hours) is considerably longer than the
generation time of the algae and the test is thus equlvalent toa life-
cycle test. ' :
The puySICG chemical parameters during the test are specifi

for the species being tested.

~In addition to test concentrations (3 rephcates at each one)
and control (3-5 replicates) a reference substance such as potassium
dichromate is-also included. The highest concentration of wastewater ,
that may be tested is 200 ml/1. :
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- Llustacea, uuyn IZ INagr

life cycle test

Crustacea, Nitocra
spinipes.: reproduction -

&

~ ® Survival of mother organisms (F)

Crustacea, Acartia tonsa.

life cycle and egg
. production

Growth in the algal population is-measured by fluorescence
or electronic particle counting (Coulter Counter).

Effect concentrations are calculated by probit analysis or:
significance test.
Tho LCDL ;IIVU}.VUB UAPUDULV U.I- jl—l"\-dl;llif uxsa.u;.oulo, ( 24 h U}-d {FO},
and terminates by counting the number of offspring from this genera-

tion (F;) (21 days in ail).
10 individuals are used for each concentration (control: 20

animals). The test organisms are fed with algae (Chlorella) during the

- test.

During the test a record is kept of:

. Lethality in the F; generation - 3 times weekly
¢ Time from start of test until appearance of Fl generatmn

~® Brood size of Fy generahon(s)

The effect concentranons for lethality may be calculated using
probit analysis; the other effect parameters are calculated using sig-

~ nificance analysis.

This test consists of exposure of females with egg-sacs, and their
offspring, to the test substance for 12 days. 20 individuals (4 repli-

cates) are used per concentration and control. The orgamsms are fed

with finely ground fish food during the test.
The following parameters are measured:

® Brood size (F,) '
® Survival and age distribution of naupln and copepodltes Fp

The lethality scores are subjected to probit analysis; the othet
data are assessed by a significance test.

3-week old females are expcsed for 8 days (approx. 20 individuals per
concentration, 4 replicates). Offspring are followed through egg de-
velopment, hatching, and Juvenﬂe stage to sexual maturity, approx.

14 days in all.

Instead of this life cycle test a shorter version is often used,
which only includes recording of egg production (exposure of females

and counting eggs produced during 5 days).

In the life cycle test the following parameters are counted:

e Survival of the F, generation (mother arumals)
® Brood size Fp)
¢ Survival and age dlstnbuucn of juveniles (FI)

PR PR e,

& Growth and number of mature animals \:‘1 )

~ Results are treated as for Nitocra spinipes.
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Ekaininatiqn of effects on early life stages invol\}es exposure of eggs

‘immediately after fertilization until the end of the egg-sac stage (short-

term method: Short Term Fish Early Life Stage test, ST-FELS), or

‘through a shorter or longer part of the juvenile stage (FELS test).

A 51gn1ﬁcant (practical) difference between the two variants
is that feeding is not necessary in the ST-FELS test (cultivation me-
thods only available for rather few species) and that the ST-FELS test
is significantly shorter.

20-30 eggs are used for each concentration.

The following effect parameters are followed (ST-FELS)

® Survival of eggs and larvae

® Duration of the egg stage

® Larval growth rate

° I_arval development (deformlty)

Data processmg is carried out in two stages. First the effect

_concentrations for lethality and deformities are calculated by probit
. analysis. In the test concentrations for which survival and development

are not affected, significance analysis is employed to test for effects
on larval growth and duration of egg stage. '

4.1.4 Reproduclblhty of screening tests -
In Denmark it is customary to check the reproducibility of screemng

“methods by regular testing using a reference substance. This improves

the possibility of comparing results obtained at different times at the

“same Jaboratory.

: Only a few actual ring tests or intercalibrations have been
performed in Denmark (or internationally). Only tests of this type can
provide the foundatlon for companson of data obtamed at different

 laboratories.

The most frequently used reference substances are all metal
salts: zinc chloride, potassium dichromate, copper. sulphate. These:
substances fulfil all the requirements to a reference material:

® well-defined level of tox1c1ty

® casily handled, i.e. readily soluble in water, low adsorptivity and -
volatility .

® persistent

® Jong shelf-life at room temperature.

Below is shown a survey of the results achieved using potas-
sium- dichromate in a number of different test systems at one par-
ticular laboratory (Water Quality Institute (VKI), ATV) in 1989-90
(table 4.1.3).

' It will be seen that the ECSO value is usually determined with

| greater precision than the ECI10 value.




Table 4.1.3 EC10- 0g EC50-values in various test systems using K,Cr,0 (and
ZnS0, for the Microtox test). In addition to means are indicated: 1) mean of
the confidence intervals (C.1.) expressed as percentage of EC, and 2) the
coefficient of variation of the mean. S
No. of EC10 EC50
Method o Mean | 95%CI | Var. | Mean | 95%cCI| WVar
: value coeff. value - coeff.
mgn | % % | gl | % %
ECi0 | Ecio EC50 { ECS0
” Bagteria
Microtox {5 min) 3 .15 16 19 53 7 14
Algal photosyn- . i
thesis ‘ :
Skeletonema | 5 15 | el 25 4.0 39 | 14
- (marine) : : .
1] Phaedactylum 5 4.9 180 61 33 18 19
(marine) : o
Dunaliella . 3 263 49 19 715 26 12
(marine) 7 ' o )
Nirzschia 3 | 0.8 6 | ss 0.38 28 13
(freshwater}
!l Crustacea, acute l
Daphnia (48h) : - \ o
| (freshwater) 4 0.6 94 6.1 1.2 50 17
Nitocra (96h) .
. (marine) 6 14 112 29 | 30 48 .27
Acartia (96h) : .
(marine) 4 4.5 111 49 | 10 52 .31
Fish, acute
Zebrafish (96h) 3 - : - f 310 34 8.5
Raimbowtrout = | - 2 ) ; . 535 | (88) 2.0)
(96h) ‘ :
7 The coefficient of variation for EC50 determinations ("repro-
ducibility") is < 20% for all tests except for Nitocra and Acartia (<
30%). This variation includes biological variation and uncertainties in
parameter determinations as well as errors arising in the preparation
of exposure medium (weighing, pipefting, and preparation of dilution

series). The average confidence level (95 %-level) includes only the
biological variation and uncertainties in parameter determination.

The most important reason why the coefficient of variation

- for mean LCS50 values is usually much smaller than the corresponding

- confidence limits is presumably that the probit method overestimates

the uncertainty, since the sigmoid concentration/response curve is only

linearized around the 50% value, not at the extremities (0 and 100%),.
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which are included in the data material for. the probit analysis. The

stated variation coefficients are therefore regarded as giving .a more
realistic picture of the reproducibility of the. quoted tests. Table 4.1.4
gives a similar example of reproducibility of three test methods ata
laboratory in the USA. :

Table 4.1.4 Reproduc:bzhty of 3 acute toxicity tests using 3 reference chemzcals (from

132/).
Ir - —— |
Reference toxicant
Testorganism
SDS |- Nepcp : cd :
N CV(%) - N CV(%) N CV(%)
Pimephales promelas 9 2 | 12 | o | 9 96
_ (Fathead minnow) (96h) : - :
Daphnia pulex (43h) 10 T Y 6 |- 9 2
Daphnia magna (43h) : 3 29 13 10 8 72
a SDS. = Sodium dodecyl (lauryl) sulfate
NaPCP = Sadium pentachlorophencl
Cd =  Cadmium
N = Number of tests .
CV(%) = Coefficient of variation = (standard deviation - 100)/mean
b. Data provided by Philip Lewis and James Dryer, Aquatic Biology Section, EMSL-Cincin-
natti, and taken in part from Lewis and Weber, 1985.

It will be seen from this table that data for Daphnia sp. are com-
parable to the figures given in table 4.1.3 for crustacea, in particular
when it is recalled that 2 of the 3 reference chemicals used are con-

-siderably more difficult to handle than potassium dichromate. By way

,
® 0 00

of comparison it could be pointed out that in chemical analysis of
orgamc compounds variation coefficients of approx. 20% are obtamed ‘
in analysis at the level of detection.

4.1.5 Data sources o
More than 80.000 chemicals are produced commercially today, and
the number is steadily increasing /22/. Only a relatively small number
of these chemicals are sufficiently well described to permit evaluation
of their ecotoxicological characteristics.

Information on the toxicity of specific substances has been
compiled from the scientific literature in the following data sources: -

handbooks
~ scientific review artlcles/monographs
. data banks
reference data bases comprising scientific literature




- Handbooks

Reviews and monographs

Electronic databases

OECD has compiled a list of the sources available in 1986,
covering all four of the above types. The list is only available on

‘microfiche or in hard copy, and comprises 230 handbook titles, 401

monographs/reviews, and 58 databanks/databases /22/.

Rapid access to information is available through handbooks, but the
data should be treated with caution for the following reasons:

® Data is often collected from reviews of -the literature, and -
simple transcription errors are frequent ("third-hand data")

® ' The most recent literature will not be covered

. Data collection may be relatively uncritical. ‘Users have no

~ means of checking the quality.

For these reasons the most widely used handbook in Denmark
for information on ecotoxicology, Verschueren: Handbook of Environ-
mental Data on Orgamc Chemicals (1983) /39/ should only be used
for a preliminary screening of information, and it should not form the
sole basis for.decisions relatmg to the toxicity of a substance.

These contain data which usually have been subjected to expert evalu-
ation, and they usually draw attention to suspect data. On the other
hand, reviews are relatively difficult to use as look-up references.

Computerized databases on the ecotoxicity of chemicals must be

regarded as the best updated sources of information available today.
A great number of databases are avaﬂable on-line at relatively modest

- expense.

While databases generally supply references to the original
literature, databanks represent "handbooks" in computerized form
(e.g. ECDIN}), and like handbooks the quality of information may be
more or less well-assured. One exception is the databank “AQUIRE"
developed by US-EPA, and now available in a PC-version (diskette-
version). At present (1990) AQUIRE is being linked to US-EPA’s
QSAR programme (Quantitative Structure Activity Relationships), so
that QSAR may be used for an initial evaluation of substances for
which there is no experimental information available in AQUIRE.

4.1.6 Prediction of toxicitj/ QSAR

It is well known that the toxicity of the members of certain groups of
substances is correlated to some extent with the molecular structure

~or to the number of substituents in it - for example, the degree of

chlorination.
Thus for chlorophenols the tox1c1ty increases with the number

of chlorine atoms in the phenol ring and with the number of phenol
rings in the molecule.

This empirical knowledge has been utilized in a number of
cases to permit cautious estimates of the toxicity of a substance where
little or no data has been available (analogical prediction). This
procedure has also been employed to predlct the degradability of some
substances. ,
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During the last 10 years a considerable effort has been de-
ployed, particularly in the USA, to examine and document the physi-

co-chemical properties and molecular structure of chemicals, and to
relate these parameters to the. toxicological characteristics: so-called

- "structure-activity relationships (SAR) or “quantitative structure-ac-

tivity relationships" (QSAR). The development of QSARs has especial-
ly been centered on evaluations of bioaccumulative tendency (cf.
section 3.4), toxicity, and physico—chemical characteristics. The
development of QSARs for tox101ty proceeds in pnnmple along the
foliowing hnes

] cnt1ca1 evaluatlon of available toxicity data for substances in

the common group (primarily LC50 values)
o . collection and evaluation of physico-chemical and st01ch10me-

tric data such as-octanol/water partition coefficient (P,,),
solubility, molecular weight (MW), molecular structure -

~ (substituted groups, aromatic rings, number of carbon atoms
- @fc.)

L calculation of mathematical correlations: iteratively with
evaluation of outliers with regard to special or specific biolo-
gical action mechanisms

° documentation of the resulting correlations using additional

“substances from the group: again in an iterative process with
optimization of the corrélations.

' Clearly, the'strength of such correlations. increases with the
amount of data on which they are based and - most important - with
the adequacy of the explanations for the data which does not fit into

-the correlation (outliers).

- As of 1988, US-EPA had developed about 50 QSARs, cover-

—~ PR, . PN, S Ry

g out ‘I-U groups Ul Ulgdlllbb ! J‘H of the J.UJ.lUWlllg HILEC l.prh

a) -  Neutral organic chemicals, which are expected to have a
- general action mechanism (narcotic effect), such as solvents..

Thn 'Ff\‘l‘l\ I"ﬂﬂ XYM aro hf\‘rﬁfﬁf‘
A LiNs LUMUWJ.ILS Eluuyﬂ Gl WAVl hAl,

- alcohols, ketones, ethers, alkyl halides, acrylohalides,
aromatic and aliphatic hydrocarbons, sulphides and disul-
phides.

A total of 9 QSARs have been developed for this group: see
E examples in table 4.1.5.

b} = Organic substances with more specific action mechanisms/-

 toxicity in addition to those of the general group: substances

with reactive groups (possibly after metabolic activation),

. ionisable functional groups (such as phenols and anilines),

specific structural relationships leading to specific effects

. (e.g. alkyl phosphate esters, which inhibit acetylcholin-
esterase). The following groups are covered:




extremely variable in quality, ranging from well-documented and
highly significant relationships, to relationships which are purely
_indicative because of the modest amount of data and weak correla-

- acrylates, methacrylates, aldehydes, amhnes, benzotriazo-
les, esters phenols and epoxxdes ,

Each of the above-mentioned groups has its own QSAR, and

presumably a group-specific action mechanism, even though
this mechanism is only known for a minority of the groups
/1/. Table 4.1.5 also includes examples from tlus Zroup.

Surfactants, mcludmg the followmg groups:

- anionic (lmear alkylbenzenesulphonates, LAS), non-ionic
(alcohol ethoxylates), and cationic (11near N-alkyl quaternary
ammonium compounds).

It should be noted that the QSARs developed by US-EPA are

tions. QSARs can therefore only be used at present to indicate a level
of toxicity within the specxﬁc relationshlps on which the correlanons
are based. - ,
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i
! I: Specific acting substances:
Organism Fish, 96 hours LC50 {(zmol/)
& endpoint '
Correlation A LC50 = - 1.46 - 0.18 - log P, : c
N = 10, 1% = 0.627
Groups of chemicals Acrylates
Limitations ‘ log By < 5.0, MW < 1000
. Allyl acrylates: expected to be 30 times more toxic than caleulated from correlation ‘
Organism . Fish, 96 hour LCS0 (umotf) :
& endpoint
” Correlation log (lfLCSO) =0.46 - log P;w -3.04
' , ‘ ' N =11, =0.824
Groups of " phenols, chlorphenols
chemicals possibly also: halogenated and substituted phenols
Limitations B logP,, < 5.0,pH = 7.8 -

Table 4.1.5 A Examples of QSARs reported in US-EPA 1988 /34/.

‘ I: Neutral

organic substances: , |
Organism Fisk, 96 hours L.C50 (mob/1)
& endpoint . )
Correlation ' LCS0 = - 0.94 - fog B, + 0.9 - log (0.000068 - P, + 1) - 1.25
- N = 60, 2 = 0.942

| Groups of chemicals Aloohols, ketons, ethers, alkyl halides, acryl halides :
. possibly also: aromatic hydrocarbons, halogenated aromatic and aliphatic hydrocarbons,
_sulphides, and di-sulphides

Limitations JogPy, <50 B
e =t
Organism  Dgphnia sp., 48 hour LC30 (umol/l)
& endpoint '
Correlation . log (I’'LCS50) = 0.91 - log P, ,-4.72 .
N =19, = 0.992
Groups of . aromatic hydrocarbons, halogenated aromatic and aliphatic hydrocarbons.
chemicals . possibly alsg: alcohols, ketons, ethers, alkyl halides, acryl halides, sulphides,
g o and di-sulphides ' '
Limitations’ : log Py, < 5.0
Organism ‘ Planktonic green algae (fresh) -
& endpoint 3 hour ECS0 {zmol/1) photosynthesis
Correlation log ECS0 = 8.865 - 1.0446 - log P,,,,
- N = 74,1 = 0.865 -
Groups of ' alcanes, cyclic aleanes, polyarorﬁatic compounds, chlorinated hydrocarbons,
chemicals . possibly also: alcohols, ketons, ethers, alkyl halides, acryl halides, aromatic hydrocarbons,

halogenated aromartic and aliphatic hydrocarbons, sulphides and di-sulphides.

Limitations . log P, < 8.0

Table 4.1.5 B Examples of QSARs reported in US-EPA 1988 /34/.

152




- References -

1/

12/

/3/

4/

75/

16/

11

181

19/

107

-

Auer, C.M.; Nabholz, J V & Baltéke, K.P. (1990): Mode
of action and the assessment of chemical hazards in the pre-
sence of limited data: Use of Structure Activity Relationships

" (SAR) under TSCA Section 5. Environmental Health Per-

spectives, pp. 57 (in press).

" Beckmann Instruments (1982): Toxicity testing of hazardous ‘

waste. Microtox application notes M105. The Microtox
System Product Development Bulletin, Beckmann Instru-
ments, 6964 Carlsbad, Ca 92008, USA.

DS, Dansk Standardiseringsrad (1986): Vandundersegelse.

Akut toksicitet for saltvandsfisk. Del ‘1: Trepigget hundes-
tejle sem1stat13k metode. DS F 86/185.-

DS, Dansk Standardlsenngsréd (1986) Vandunderszgelse
Akut toksicitet for saltvandsfisk. Del 2: Torsk, gennemstrom-
ningsmetode. DS F 86/186. '

DS, Dansk Standardiseringsrad (1988): Vahdundersagélse

- Akut gkotoksikologisk test med krebsdyret Nitocra spinipes.

DS F 88/225.

Dunnett, C.W. (1955); A'multiple comparison procedure for
comparing several treatments with'a control J. Am Stat.
Assoc. 50(1955) 1096 1021.

Dunnett, C.W. (1964): New tables for multiple cdniparlsons‘
with a control. Biomg:uics 20(1964):482-491,

EEC (1984): Commissions Directive of 25 April 1984 adap-
ting to the technical progress of the 6th time Council Direc-
tive 67/548/EEC on the approximation of the laws relating to -
the classification, packaging and labelling of dangerous sub-

stances. Official Journal of the European Communities -

L 251, 27 (Dir. 34/449/EEC, Base set test methods accord-

ding to Annex VIII, Dir. 79/831/EEC).

EEC (1988): Commissions Directive of 18 November 1988

" adapting to the technical progress of the 9th time Council

Directive 67/548/EEC on the approximation of the laws
relating to the classification, packaging and labelling of dan-

.gerous substances. Official Journal of the European Com-
" munities L 133, 31 (Dir. 88/302/EEC, Level 1 test methods 3

according to Annex VIIL, Dir. 79/ 831/EEC)

Finney, D.J. (1971): Probit Analysis_, 35rd ed. Cambridge &

University Press, Cambridge, England, 1971, pp. 333.

153




154

11/

/2

113/

114/

/15/

116/

17/

/18/

19/

120/

121

122/

123/

124/

Fisksjo, C. (1976): Alliumtest - En-enkelt och billig metod
for at studera biologiska effekter av vattenfororeningar. Milje
och Fremtid 10(1976):6-7.

Hamilton, M. A. (1979): Robust estimate of the ED50. J.Am.
Stat.Assoc. 74(1979):344-354.

| ISO, International Standardization Organisation (1987): Water

Quality.

Johansen, K. & Mghlenberg, F. (1987): Impairment of egg ’
production in Acartia tonsa exposed to tributyltin oxide.
Ophelia 27(1987):137-141.

Kristensen, P. (1990): Evaluation of the sensitivity of short

term fish early life stage tests in relation to other FELS test

* methods. Commission of the European Communities, 53 pp.

Kusk, O. & Nyholm, N, (1991): Evaluation of a phytoplank-
ton toxicity test method based upon 4C-assimilation as a .
biotest for water poliution assessment and control.(in press)

McCahon, C.P. & Pacoé, D. (1988): Culture techniques for
three freshwater macroinvertebrate species and their use in
toxicity tests. Chemosphere 17(1988):2471-2480.

McCahon, C.P. & Pacoe, D. (1988): Use of Gammarus
pulex (L) in safety evaluation tests; culture and selection of
a sensitive life stage. Ecotoxicol.Environ.Saf. 15(1988):245-
252.

McKim, I.M. (1977): Evaluation of tests with early life
stages of fish for predicting fong-term toxicity. J.Fish.Res.
Board Can.

Minshan, C. & Mghlenberg, F. (1991): A novel life-cycle :
test with Copepods; a comparative study of the acute Iethal,
acute sublethal and chronic toxicity of 8-HCH to Acartia
tonsa.{in press).

Nyholm, N. & Killquist, T. (1989): A critical review on .
methodologies for growth inhibition toxicity tests with fresh-
water algae. Environ.Toxicol.Chem. 8(1989):689-703.

OECD (1986): Existing chemicals, Systematic investigation.
Priority setting and chemical reviews. OECD Paris, 19'86

OECD (1987): Guidelines for Testmg of Chemlcals OECD,
Paris, 1987 : ‘ . p

O_ECD (1989): Draft updated guideline 203 "Fish Acufe
toxicity Test". OECD, Paris, 1989..




1251 |
_/26/.

s
128/

. 129/ _'

130/
131/

132/

/33/

134/

. 135/

136/

Pearson, E.S. & Hartley, H.O. (1972): Biometrika Tables

for Statisticians, Volume II. Cambndge Umversﬁy Press

| -Cambridge, 1972.

Petrocelli, S. R (1984): Chronic tox1c1ty tests. I Rand C.M.
& Petrocelh S.R. (eds.): Fundamentals of Aquatic Toxicolo-
gy, Hemisphere Publ. Corp., Washington, 1984,

Renberg, L. & Rosén-Olofsson, A.-C. (1982): Karakterise-
ring av potentiellt bicackumulerbare substanser i industriella -
avloppsvatten. Statens Naturvardsverk, rapport 82-3, 1982.

SAS Institute (1985): SAS Users Guide. Statistical Version,

5th edition. SAS Institute Inc., P.O. Box 8000, Cary, 27511

North Carolina, 1985.

Sokal, R.R. & Rohif, F.J. (1981): Biometry, the Principles
and Practice of Statistics in Biological Research. W.H. Free-
man and Co., San Francisco, 1981.

Taraldsen, J.E. & Nordberg-King, T.J. (1990): A new me-

thod for determining effluent toxicity using duckweed (Lemna
minor). Environ.Toxicol.Chem. 9(1990):761-767. o

US-EPA (1975): Test methods for assessing the effects of
chemicals on plants. US Envuonmental Protection Agency,
1975. EPA 560/17-75/008 FINAL.

US-EPA (1985): Methods for measuring the acute toxicity of

-effluents to freshwater and marine organisms, 3rd ed. US

Environmental Protection Agency, 1985. EPA/600/4-85/013,

" pp-.216.

US-EPA (1988): Dunnetts Procedure. D.L. Weiner, Com-
puter Sciences Corporation, 26 W. Martin Luther King Dri- -
ve, Cmcmnatl Ohio 45268, 1988.

US-EPA (1988): Esnmanng‘tommty of industrial chemicals

to aquatlé organisms using structure activity relationships.
Volume 1. US Environmental Protection Agency, 1988,

EPA/5606/88/00.

US-EPA (1988): Sﬁort term methods for estimating the chro-
nic tox1c1ty of effluents and receiving waters to estuarine
organisms. US Environmental Protection Agency, 1988. EPA

1600/4-87/028.

US-EPA (1988): EPA -Probit Analysis Programme (Vers.
1.4). D.1.. Weiner, Computer Science Corporation, 26 W.

-Martin Luther King Drive, Cincinnati, Ohio 45268, 1988.

155




156

{37/  US-EPA (1989): Short term methods for estimating the chro-
~ nic toxicity of effluents and receiving waters to freshwater
- . organisms, 2nd ed. US Environmental Protection Agency,
1989. EPA/600/4-85/001. - .
138/ ~ Vandkvalitetsinstitutiet, ATV (1988): TOXEDO, Program for
statistisk beregning af EC-vardier baseret pa eksperimentelle
- data fra gkotoksikologiske tests (PC-udgave). VKI, 1988.

/39/  Verschueren, K (1983): Handbook of environmental data on
organic chemicals, 2nd ed. Van- Nostrand Reinhold, New
York, 1983, pp. 1310. :

/40/  Williams, D.A. (1971): A test for differences between treat-
ment means when several dose levels are compared with a
zero dose control. Biometrics 27(1971):103-117,

' levels with a zero dose control. Blometncs 28(1972):519-
531.

/42/  Williams, K.A.; Green, D.W.J. & Pascoe, D (1985): Studies
' on the acute toxicity of pollutants to freshwater macroinver-
tebrates. 1. Cadmium. Arch.Hydrobiol. 102(1985):461-471.

/43/  Woltering, D.M. ( 1984): The growth response in fish chronic

and early life stage toxicity tests: A critical review. Aquat.
Toxicol. 5(1984): 1-21

4.2 - Assessment of' toxicity of chemical substances

A large volume of data has gradually been built up concerning the
toxicity of chemical substances to a large number of different aquatic
organisms. These data are available in databases, reference works,
and in the scientific literature. The majority of data are the results of
tests for toxxcity towards a limited number of species under short-term
exposure in the laboratory (LC50 or EC50 values).

Ore of the purposes of investigating the toxicity of substances

/41/  Williams, D.A. (1972): The comparison of several dose -

s .

is to deternine the size of the effect at different concentrations, and ul-

- timately to determine a "No Effect Concentration” (NEC) or a water

quality objective setting a concentration at which there is only a small
risk of damage to the ecosystem. Since in the great majority of cases
there is only limited data available for the substance in question, there
is a need for a series of methods for extrapolating NEC values from
the available data set. These extrapolation methods will be presented

£ x4 __ .

and discussed in the IOLlOWng section.

42.1 Extrapolation between different types of effect on the
same spec1es

In many cases it is wished to determine the toxicity caused by long-

terin exposure to a chemical substance using data on toxicity after




short—temi exposure, which may be the dnly data available. A number
of comparisons between acute and chronic tox1c1ty will be described

here.

Slooff et al. /16/ calculated the relationship between acute
and chronic toxicity for the same species on the basis of data for the
effects of 164 substances on ﬁsh and daphma The resultmg correla-

- tion equation was:

log NOEC = '-_1.28 + 0.95-log L(E)C50

-95% of the NOEC values lay within an uncemnnty factor of
25.6 (ﬁgure 4,2.1).

5B E B E P

"
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Figure 4.2.1 Correlation between acute and cronic toxicity towards
the same species based on 164 data pazrs The dotted lines represem

" 95% safety margins /16/.

Suter & Rosen /18/ compared the acute toxicity with the
MATC (Maximum Acceptable Toxicant Concentration) values for a
number of substances relative to appr. 10 marine species, of which the
sheepshead -minnow . (Cyprinodum variegatis) and the crustacean

- Mysidopsis bahia provided 88% of the data sets. The MATC is
defined as the geometric mean between the lowest concentration

giving a statistically significant effect and the highest concentration
which gives no effect on survival, growth or reproduction at any stage
of the species’ life cycle. The following extrapolation equations were

worked out for fish and crustacea respectively:

log MATC = -0.60 + 0.98°10g LC50 (fish)
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log MATC = -0.88 + 1.00-log LCS0 (crustacea)

95% of the MATC values Iay within an uncertainty of 18.6
(=.10"27) and 7.9 (= 10%-%9) respectively.
‘ The extrapolatlon equatlons in these two papers have a slope

: Ul dappi. l U, UUL LII.K'; llll.CIbcbllUll W.ll..ﬂ LIIU )"d.)&lb Lb l.UWCl lll Q.I.UU'J.L et

" al.’s equation. This may be because this equation uses the NOEC

whereas Suter & Rosen calculate the MATC, which is larger than the
NOEC. Thus there appears to be good agreement between the results
of these two exercises.

Kihn et al. /9,10/ have carried out acute and chronic tests on
Daphnia using 73 different environmentally relevant chemicais from
a wide range of different groups of inorganic and organic substances.
The lowest concentration found to cause an effect in the chronic tests
(mortality, rate of reproduction, generation time) after 21 days was
taken to be the NOEC. The ratio between the 24 h EC30 and. the
NOEC (acute/chronic ratio, A/C ratio) was calculated for each sub-
stance and was found to have a mean of 140 with a standard variation
of 410. The ratio was highly variable with a range of 2 to 3000.

On the basis of the above data it must be concluded that there
appears to be no simple relationship between acute and chronic toxici-
ty. The 'relationship also varies according to the type of chronic
toxicity that is studied, since the development of more sensitive test
para.meters for chronic toxicity will naturally result in an increased
A/C ratio.

'I'he above comparisons between acute and chromc toxicity

_have been made using well-defined substances. Only few comparisons

have been made of acute and chronic toxicities of complex samples

" (such as wastewater). On the basis of a relatively small data-set on the
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acute and chronic toxicity of complex wastewater, US-EPA has
recommended /4/ using a factor of 10 for calculating chronic toxicity
on the basis of acute toxicity values in cases where no chronic toxicity
tests have been performed.

4.2, 2 Comparison of acute toxicities for different species
A considerable number of comparisons have now been made of
toxicity of a given substance towards different species, including
studies with the purpose of determining whether some species are
generaily more sensitive than others, since such species would be
useful as test organisms.

~ Slooff et al. /16/ have compﬂed a Iarge set of data on toxicity
of 15 substances towards 35 freshwater species. On.this basis they
have attempted to calculate transformation factors for calculation of
the LC50 for a chosen species from data taken from other species.
Such a calculation can only be made on the basis of a very high
application factor, since the differences between the sensitivity of the
various species towards the same substance are considerable (from 4
to 1985). The spread of the differences is shown in figure 4.2.2, It
was also concluded that the taxonomic difference between the species
was not reflected in the actually measured difference in toxicity, and
that the use of one single indicator organism fo test unknown tox1c
substances therefore seems 10 be 1mpossfole




7y

t . 32 10 32 100 320 1000 3200

Figure 4.2.2 Dz‘stﬁbutian of uncertainty factors for.the variation af

© acute toxicity between various species, based on data for toxicity of 15

substances to 35 freshwater species /16/.

In an earlier investigation of the toxicity of 15 substances -
towards 22 freshwater species, Slooff et al. /15/ also concluded that

‘ - the effect concentration for even the most sensitive of 3 test organisms-
in a standard test combination (planktonic algae, crustacea, fish)

would be more than 10 times higher than the effect concentration for
the most sensitive of the 22 tested speciés. .

LeBlanc /11/ has examined the correlation between species
using a data set of acute toxicities of appr. 50 substances and appr. 10
test species. For organic non-pesticides, of which the majority were -
non-specific narcotically acting substances, the toxicity in closely
related species was more or less the same. The correlation weakened

- with increasing taxonomic distance between the species.. For pes- -

ticides, there was a high correlation between toxicity in closely related
species, but it was not possible to predict the toxicity towards species
belonging to a different taxonomic group (for example, extrapolation
from fish to crustacea or algae). For metals a correlation was found
between fish and daphnia, which were the only groups of organism
studied. For all other substances, there was a high correlation between
the acute toxicities for closely related species. In contrast to Slooff ez
al. /16/; therefore, LeBlanc found a correlation between acute toxi-
cities for some types of chemical substances -(organic non-pesticides
and metals) but only within a rather limited number of species.

- Suter & Rosen /18/ also compared a large number of data
sets and concluded ‘that the toxicities towards sheepshead minnow
were representative of the toxicity towards other species of fish. For
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crustacea, however, it was not possible to identify a representative
species, since the sensitivity towards various toxic substances was
highly variable.

. Holcombe ez al. /7/ have also compared acute toxicity data .
sets - in this case mainly EC50 values for fathead minnow, Pime-
Phales promelas. The toxicities of a total of 64 organic substances
towards 44 freshwater organisms, mainly fish and crustacea, was
compared. Out of the total 309 data sets a correlation could be es-
tablished for acute toxicity values. The correlauon equation was

determined to be:

log LCSOGall) = -0.42 + 0.91-log LCS0(fathead minnow)

The figure for the 95% protection level was not stated.
Holcombe er al. /7/ themselves consider that the method can be used
for initial risk evaluation, and that with the addition of data for other
groups of organisms and for chronic toxicity, a tool can be created for
calculation of concentrations which will give protection t0 a specific
proportion (for example 95%) of the species in an ecosysten.

" In a comparison of the sensitivity of various species towards
73 priority substances, US-EPA concluded /4/ that the most sensitive
of the species Daphnia magna, Pimephales promelas and Lepomis
macrochirus had an L.C50 value lymg within a factor 10 of the most
sensitive of the other tested species. This was the case for 71 of the
73 tested substances. The number of species tested was not reported,
however. ‘

1t is characteristic of most of the above-mentioned studies that .
they primarily use data for fish and crustacea for their comparisons
and attempts to describe correlations between the sensitivities of
different species. The investigation covering the most taxonomically
varied range of test organisms is that of Slooff ez al. /16/. Here the
toxicity of 15 substances towards 35 specues from 11 taxonomic

groups was compared.

A standard set of toxicity tests often consists of 3 acute

. toxicity tests using a planktonic algae, a crustacean, and a fish. The

sensitivity of these speci€s in relation to that of other species can be
evaluated if a sufficiently large data set is available. Slooff ez al. /15/
have compared a large quantity of data concerning toxicity of 15
different chemicals tested on 22 different freshwater spec1es from 9 .

. different taxonomic groups.

If a standard set is chosen consisting of Selenastrum capricor-
nutum, Daphnia magna and Poecilia reticulara, the ratio between the

-lowest effect concentration for. these three species and the lowest

effect concentration for any other species will give an index of the
usefulness of the standard set (see table 4.2.1).




Table 4.2.1 Ratios between lowest effect concentration for'S. capricornutum, D.
magna and P. reticulata and the lowest eﬁfect concentration among the other 19

species (from /15/).

Substance Lowest BEC (standard sef) Lowest BEC (standard sct)

‘ Lowest EC (other species) Lowest NOEC (other species)
Mercury(I)chloride 1.7 1)} 3.8 - o .
Cadmium nitrate: - 1 D) 1.8 . D) -
n-Propanol ' 2 . (A) 22 , (A)
n-Heptanol 8.8 (A) 8.8 ) (A)
Ethylacetat 1.7 (3] 2.1 @
Ethylpropionat 8.9 - ® 8.9 - F

H« Acetone 97 (A 97 TN
Trichlorethylen 2.2 D) 3.8 D)
Allylamin 34 F) 34 : &)
Anilin 6.4 @™ 8.1 ' D)
Benzen 12 D 17 o
"Pyridin 13 (A) 13 " (A)
_o0-Cresol 1.4 D) 2.5 (D)
Salicylaldehyd 3.9 . & 3.9 B

L
A,D, and F indicate that the alga, the daphnia, respectively the fish is the most sensitive of
the three species of the standard set. '

As seen in the table, the ratio between the lowest acute

 toxicity within the standard set and the lowest acute toxicity for other

tested species varies between 1 and 97 (mean = 15, s.d. = 25), while
the ratio between the lowest acute toxicity within the standard set and
the lowest NOEC for the other tested species varies between 1.8 and .
97 (mean = 16, s.d. = 25). Which species of the standard set is most
sensitive varies evenly between the three species. The reason for the
similarity between the ratios for acute toxicity and the NOEC is that

the most sensitive species is often a microorganism (bacteria, algae,
protozoa) in which there is no difference between acute toxicity and

NOEC in the tests that are used, because of the short generation time.

On the basis of the above-described studies it must therefore
be concluded that there is no single "most sensitive species", and that
a standard test battery consisting of an algae, a crustacean and a fish

~ is not suitable either for indicating the general sensitivity of other spe-

cies. Caimns & Niederlehner /2/ arrive at the same conclusion after a
review of various attempts to compare the sensitivity of different
species. In other words, it is not possible to predict whether a given
species belongs to the most ‘or least sensitive with regard to a par-
ticular substance. The best way to increase the certainty that the tested
species reflect the sensitivity of relevant species living in the recipient

- water body will therefore be to increase the number of species tested_.
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423 Exti‘apolatidn methods for calculation of protection levels

*. The consequence of the conclusion of the previous section, that no

“most sensitive species” exists, must be that the available test results

‘are to be regarded as more or less random samples from the total

quantity of efféct concentrations for all species in the ecosystem in
question. On_the basis of this assumption, a number of different
extrapolation techniques have been developed for calculating the .
concentrations which will give a specified level of protection for the
ecosystem and its species. In this section a number of available exfra-
polation techniques are described and compared with the aim of es-
tablishing their suitability for evaluating the environmental effects of
chemical substances.

Under the terms of the Toxic Substances Control Act (TSCA) the US-
EPA has developed a method /3/ for calculating the "Environmental
Concern Level" (ECL) using measured or calculated data from regi-
strations of new chemical substances, with the aim of ‘protecting
human health and the environment. The method may be used to

identify the concentration of a chemical that will cause undesirable
effects in the environment, and to select chemicals which ought to be
tested (additionally) under the requirements of TSCA. The.method is
thus intended for use in an initial environmental risk assessment, and
the calculated ECL is therefore not a “safe" concentration, but on the
contrary a concentration which, if exceeded, will cause undesirable

~ effects on populations for at least 95% of the time /12/. The advan-

tage- of the method is that it'is extremely simple to use and requires
only a small data set, since ECL is calculated by dividing the results

for acute or chronic" toxicities by an application factor (see table
4.2.2).

Table 4.2.2 Application faciors for calculatzon of "Environmental

Concern Level” /3/, <
Available data Application factor (AF)
1 acute L(E)CS0 or QSAR . 1000

Lowest of 5 L(E)C50 for
invertebrates and fish 100

i _
Lowest cronic NOEC for most

sensitive of above ' _ 10

Ecosystem tests ' 1

In December 1990 OECD organized a workshop on extra-
polation methods /23/, where the US-EPA ECL method was discussed
amongst others. It was decided to modify the method to include more




) teast alga, crustacea, and fish

|| calculation for cronic toxicity

than just fish and invertebrate data; algal toxicity data would also be
included (see table 4.2.3). This would make the method more ap-
propriate, since this would allow the data submitted in the minimum
data set or used for environmental hazard classification (cf. section

. 4.1) to be used directly for calculation of the ECL.

Table 4. 2 3 OECD application factors for calculation of "Environ--
mental Concern Level” /23/. :

Available data. ‘ , " Application factor (AF)

Lowest L(E)CSO or QSAR . 1000
calculation for acute toxicity ‘ '

Lowest acute L(E)CS0 or _ 100
QSAR calculation towards at

Lowest NOEC value or QSAR - 10

towards at least alga, crustacea,
and fish ~

probability frequence
as -

~  normal

04 -~ . ]
, — triangular
03 -

02 -|

01 -

0 ) T : i - ; : l '
vy 2 0 2 4
' Number of standard deviations -

Figure 4.2.3 Companson berween normal and triangular distribution
of effect concentrations.
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US-EPA has also developed a method /5/ for calculation of the “Final
Acite Value" (FAV) of chemicals in surface waters, based on data on
the acute toxicity of the substance in question, ("Mean Acute Value”,

- MAYV), either towards individual species or defined as the mean acute

toxicity towards species belonging to the same taxonomic group. The
method has been developed further /17/ for calculation of "Final
Chronic Value® (FCV), By means of this method, "Ambient Water
Quality Criteria” (AWQC) may be calculated for 1 hour (acute) and .
96 hour (chronic) periods from a data set consisting of test results for
at least 8 different animal species, mainly fish and crustacea.

The FAV is defined as the concentration that protects at least

95% of the ecosystem species against acute toxic effects. It is also

supposed that the available MAVs are random samples of ail the
species in the aquatic ecosystem, and that the effect concentrations for
the species are log-triangularly distributed (figure 4.2.3). This distri-
bution function is not scientifically based, and it presupposes implicit-
ly that a 100% safe concentration level exists at which there are no
toxic effects on any species. Furthermore it may be concluded that the
method in general will be sensitive towards the discovery of new
sensitive species, since this will result in a relatively large reduction
in the FAV. _

Komjman /8/ has presented a method for calculation of "Hazardous
Concentration for. Sensitive Species" (HCS) on the basis of infor-
mation on LC50 values for a number of species. The HCS is defined
as the concentration at which the probability that the LC50 for the
most sensitive species is lower than the HCS is equal to an arbitrary

~value 61, i.e. usually 5 or 10%. Thus:.

p {LCSO(most sensitive spec1es) < HCS} = §

The basic assumption of Kooijman’s method is that the
observed LC50 values are random and independent samples from an

. ecosystem consisting. of n species, whose LCSO values are distributed

log-logistically. Data in XKooijman’s paper seem to confirm this as-

" sumption for the substances examined (figure 4.2.4). However, it can-

not be evaluated whether the variation of the sensitivity of species
towards substances with a specific mode of action (pesticides, for

- - example) follow this distribution. Whether the organisms tested may -

bé considered to represent random angd independent samples cannot be
decided either on the basis of the material presented. Finally, it is
assumed that the variance of the individual measurements of LC50 for
each species is negligible compared with the variance of the LC50
values for different species. ThlS assumption may be assumed to be
correct,

In general Kooijman’s method produces a value for HCS
which is very sensitive towards the lowest measured LC50 value, so
a very sensitive spec1es w111 produce a large reduction in the value of
the HCS. -
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van Straalen & Denne-
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Figure 4.2.4 Correlation of LC50-values among various species for

14 different substances /8/. .

In contrast to Kooijman, van Straalen & Denneman /20/ have atternpt-
ed to develop a method for calculating the concentration at which p%
of the species in an ecosystem will be affected by a toxic substance.,
This concentration is called "Hazardous Concentration for p% of
Spec1€s" (HC,). p may be set at 5%, for example, 50 that 95% of the
species will be protected if the concentration in the environment is
kept below HC,. In contrast to Kooijman, van Straalen & Denneman
use chronic effgcts and HC is therefore defined as follows:
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Figure 4.2.5 Comparison between the normal and the logistic distribu-
tion of effect concentrations for various species.

P {chronic NOEC < HC_} = §; = p/100
By means of the formula
HC = exp(X,)/ T

HC,, may be calculated on the basis of the mean (xm) of the
logarithm of the individual NOEC values anid a factor T, which may
be regarded as an extrapolation factor, which is dependent inter alia
on the variance of the NOEC values, a computer-simulated correction
factor d dependmg on the number of tests, and the protection per-
centage (100-p%)

Isolated extremely sensitive spec1es will not produce such
large reductions in HC, as in HCS, since HC, does not aim to protect
the p% most sensitive species. Whether the cﬁosen level of protection

-is'adequate can not be decided easily, since amongst the p% most sen-
" sitive species there may be species of vital importance to the com-

position and function of the rest of the ecosystem, or species of great

_commercial inferest etc.,

The Netherlands environmental research 1nst1tute RIVM is

~ currently engaged in further development and improvement of Kooij- -

man’s and van Straalen & Denneman’s extrapolation techniques on the
basis of statistical considerations /1/. The preliminary results of the
statistically more correct method show that van Straalen & Den-
neman’s HC,, values are in fact overestimated by a factor of about 2.




Wagner & Lokke’s
method

—t

The extrapolation factor T -

Wagner /21/ and Wagner & Lokke /22/ have also produced a further
development of van Straalen & Denneman’s extrapolation method. As
in the Dutch method, a concentration Kp is calculated at which p% of

the species in the ecosystem may be expected to be affected by the

toxic substance in question. The method rests on more or less the
same assumptions as van Straalen & Denneman’s, except that the
effect concentrations for the species in the ecosystem are assumed to
be.log-normally distributed instead of log-logistically. The logistic
distribution is largely identical with the normal distribution, but the
latter has the advantage of being considerably better described and in
many cases available in table form. For this reason it is not necessary
- as for van Straalen & Denneman’s method - to use Kooxjman 3 /8/
computer-simulated correction factor (d_, )

Kp 18 calcﬁlated from the formula:
K.p = exp(xm)/T

which corresponds to that of van Straalen & Denneman, but without
the need for computer simulations to calculate the factor T.

Both in Wagner & Lokke’s method /22/ and in van Straalen & Den-

‘neman’s method as modified by Aldenberg ez al. /1/ it is possible to

evaluate how the calculated protection concentration depends on the
number of tested species and the variation in their sensitivity. In these
methods it is possﬂ)le to distinguish- between objective parameters
which are given in the data set available, and subjectlve parameters, -
whose values may be chosen at will.

The data set includes three different objective parameters: the -
number of test results (m), the mean tOXiCity (X)), and the standard

" deviation of the data set (8- The subjective parameters, whose

values may be chosen at will, include the level of protection (100-p) -

and the probability of overestimating this (3,). :
In both methods the extrapolation factor T is defined as:

InT = s, K

where k isra factor depending on m, p and d,. The-value‘ of k for
different values of p and &, may be derived from tables for the normal
distribution, or it may be calculated by computer simulations, as done :

by Aldenberg et al. /1/.
In figure 4.2.6 the value of In T is illustrated schematically

as a function of m and 5. It will be seen that the extrapolation factor
T will be very large for small data sets with large standard deviations,

‘but the value falls with increasing numbers of test results and a lower

standard variation in the data set.

42.4 Evaluation of the extrapolation methods -

Of the above-mentioned extrapolation techniques the two American
ones are used in practice today: for example Water Quality Criteria
have been set for almost 100 different chemicals using the method
described by Stephan ez al. /17/. Furthermore, the USA water quality
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Figure 4.2.6 Ekstrapolation factor T as a function of the number of
test results (m) and the standard deviation of these (S,,). :

criteria are widely used in other countries, since they are regarded as

© being reasonably well-documented. | _

Theoretically speaking, van Straalen. & Denneman’s method
120/ and Wagner & Leokke’s method /22/ must be admitted to. be more
soundly based, since they presuppose a log-logistic and log-normal
distribution respectively, and aiso assume that there is no lower effect
limit, in contrast to the method of Stephan et al., which presupposes

“that effect concentrations may be described by a log-triangular distri-
‘bution, and thus that there is a lower limit below which no-effects on

organisms occur. The use of van Straalen & Denneman’s method is
recommended by the Netherlands environmental protection authorities
16,19/, but as yet no thorough investigations have been made to
establish whether this method, or that of Wagner & Leokke, is usable
in practise. In the following sections the four different extrapolation
methods will be evaluated and compared. ‘ -

/ ‘

- Comparison of the extrapolation methads described above may be un-

dertaken by applying the various methods to the same data set and
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wmp&ﬂi‘lg the results. Table 4.2.4 shows the results of extrapolations
- of one data set consisting of toxicities of 8 different substances to-
wards 11 different freshwater organisms under chronic exposure
(NOEC values). The data set has been compiled by Slooff & Canton
- /14/. The extrapolations were performed by Okkerman et al. /13/ and
Wagner /21/ respectively.

Table 4.2.4 Comparison of extrapolation methods applied to the same data set, consisting of
NOEC-values for 8 substances tested on 11 different freshwater /14/. Calculations by Okkennan
et al. /13/ og Wagner /21/. All concentrations are pg/l. ,

ECL FCV HCp L , Lo

0 ' {5=If)'305} {5:%?10} {6=I(<}I.’15}
X,Cr,04 10 42 29 20 | 13 21 31
NaBr 1000 = 2,000 {1000 200 | 290 620 | 1100 .
TPBS ‘ 32 430 | 110 41 52 83 120
2,4DCA 3.2 23 25 8.0 10 17 26
p-NT 32 1500 | 230 | 100 120 180 240
DNOC , 3.2 320 10 |} 27 ) 3.7 6.8 S
Dimethoat | 32 20 3.0 | 035 . 0.57 1.5 3.4
Pentachlor- 032 8.0 1.2 0.32 0.45 0.85 1.4
phenol ‘ ‘

In 6rder to compare directly the results of the extrapolations, they are
expressed as the ratio between the individual results and Kp calcu-
lated for & = 0.03 (table 4.2.3).

Table 4.2.5 Comparison of results obtained from various extrapolation methods applied to the
same daza set consiszing of NOEC-values for 8 substances tested on 11 dzﬁ‘érem ﬁeshwater

owantan Tharn rnzarnsazron avmncoad o sho watia hoatiisnne nyrYyy IrrT rea At
LT AL O A ] UIUHG I.l.‘l‘lj LI (.UI”_P“!&L)UIG m myrco.)cu L2A] ne raiio UGIW{:UI& DL:L:, LNV, LIV, .I'.J Uri

K, and K, calculated for & = 0,05 (From /13, 21/).

ECL | FCV | HCp L Kp- | Kp Kp

: ‘ : (6=0,05) | {6=0,10} | {6=0,15)
K,Cr,0, 0.77 3.2 2.2 0.77 | -1 1.6 | 24
NaBr - ~ 3.4 | 4000 3.4 0.69 ¥ 2.1 3.8 [}.
TPBS 062 ). 83 21 | - 079 1 1.6 2.3
2,4-DCA 0.32 2.3 2.5 0.80 1 1.7 2.6
p-NT : 027 13 1.9 0.83 1 1.5 .20
DNOC 0.86 86 2.7 0.73 1 1.8 3.0
Dimethoat 5.6 35 53 0.61 1 2.6 6.0
PCP : 071 | -.18 2.7 0.7% 1 1.9 3
Mean 16 ) 520 | 29 | o074 1.9 3.2
s.D. . 1.9 | 1400 1.1 0.07 0.36 1.3
Max. value 5.6 4000 5.3 1 2.6 . 6.0
' ' 0.83
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The K., value has been chosen because, as described above,’
it is the scientifically best established estimate of the concentration

. which will protect 95% of the species of the ecosystem in question.

Furthermore, '§ = 0.05 has been chosen since it corresponds to a
probability of 95% that K, has not been overestimated, since in such

a case the level of protection would be less than 95%.

Table 4.2.5 shows the ratios between the K, values calcuiatcd

- for & = 0.10 and 0.15, and the K,, values calculated for § = 0.05. 1t

will be seen that the K, values increase with increasing values of 3,
which of course can be ascribed to the fact that the Kp_valu'es are
calculated with decreasing probability. In general there is no great
difference between calculations of K at 85, 90 or 95% probability.

The other two methods based on statistical principles; van
Straalen & Denneman’s HC, value and the further development of this
by Aldenberg et al. /1/ (the L-value) also produce results with very
little scatter, in which the HC, values are always rather larger than
the corresponding K., value and more or less equal to X, calculated
for 6 = 0.15. The L value is always appr. 25% less than

Compared with these largely identical statistically-based
results, the two American methods produce rather more variable

concentrations. The calculation of FCV forms the basis for US-EPA’s -
.Water Quality Criteria, which like the statistically-based methods are

claimed to provide protection for 95% of the speciés in an ecosystem.
However, in spite of this, the FCV values on average lie considerably

‘higher than the K, values, and the ratios are also very variable.

The reason why the FAV/FCV figures lie generally hlgher '

_than the K, and HC values must be that there is a difference in the

assumptions underlying the calculation methods, since a triangular
distribution will implicitly signify the existence of a lower limit below -

~which there is no toxic effect on any organism in the ecosystem (see

figure 4.2.3). This assumption is not necessary when log-normal or
log-logistic distributions are.used, and therefore the and HC

~ values will generally be lower than the FAV/FCV values. It has not

been proved that such threshold values for toxic effects on species in
ecosystems exist - on the contrary, an increase in the amount of data
almost always results in a lowering of the LOEC value. '
The ECL values are grouped fairly evenly around the
values within a factor of about 5. The ECL values are by definition
concentrations which may be expected to result in damage to the
ecosystem, but despite this the ECL values are always lower than the
FCV values, which by definition signify protection of 95% of the

~ species in the ecosystem. As already mentioned, the ECL values are
- not very much different from the K, values, which also by definition

should protect 95% of the species. However, this should be viewed
in light of the fact that the ECL method was developed to screen
substances on the basis of very little data, Okkerman er al. have

- calculated ECL values for the 8 substances on the basis of data on

their acute toxicities for only 3 species. In general this calculation did
not give very different results.
'On the basis of the results presénted above it may be con-

" cluded that the calculated ECL values, with some uncertainty, cor-

respond approximately to the caleulated HC,, values, and that the ECL.




‘Importd‘nce of the amount |
of data for the size of
the safe concentration level

_value w111 presumably be adequate to glve an estimate of the con-

centration which, when exceeded, should give grounds for concern.

Thus it cannot be ruled out that US-EPA’s extrapolation technique of

1984 may be just as adequate as Wagner & Lokke’s and van Straalen

~ & Denneman’s methods.

* Naturally, it is 1mpossxb1e to draw far-reachmg conciusmns

. from this comparison, which as mentioned is based on a relatively

small amount of data. However, it must be concluded that the extrapo-
lation methods of van Straalen & Denneman /20/, Aldenberg et al. /1/

~ and Wagner & Lokke /22/ give results which lie very close to each
other. ..

'As mentioned above, both Aldenberg ef al.’s /1/ and Wagner & Lek-

ke’s extrapolation methods are based on the assumption that the va-
rious sensitivities (for example the LC50s) of the species in the ecosy-
stem towards the substance in question are log-logistically or log-

. normally distributed, and that the species whose effect concentrations

are used for the calculation are randomly chosen from the ecosystem
. species. As shown in figure 4.2.4, the first assumption appears to hold .
for the 14 investigated substances, and unless special circumstances

- come into play it must be assumed to hold generally. The second .

species.

- assumption, of randomly selected species, must also be assumed to

hold, even though when planning test programmes, species from
different organism groups -are usually selected, even though the test

~organismis are also selected for their ability to survive under labora-

tory conditions. ,
Assuming these assumptions to be vahd the level of con-

fidence of the calculated values of HC, and Kp can then be calculated
using statistical techniques. Generally 1t will be true that the larger the
data material, the more precise the calculation of HC, and KP Con-
trariwise, the less data that is available, the greater the uncertainty
that will attach to the calculated value of HC,, and K. Since there will

| normally only be a small amount of data available concerning the

toxmty of a given substance, a discussion of the importance of the
size of the data material will now be presented.
‘Okkerman et al. [13/ calculated the HC, values for 8 sub- .

stances on the basis of a data set containing chronic toxicity results for

11 different species (cf. figure 4.2.7). A general .tendency may be

. seen for an increasing data quantity to produce higher HC, values. If

HC, is calculated from a standard test battery consisting of an algae
(Scenedesmus pannonicus), a crustacean (Daphnia magna) and a fish
(Oryzia latipes), the 'HCP value for 6 of the 8 substances will be
underestimated by a factor ranging from'5.9 to 910 compared with the
HC, value calculated from all 11 species. :
However, for 2 of the substances the HC | value was overesti-
mated by factors of 2.5 and 7.7 respectively. In both cases this is due
to the fact that the variation between the toxicities towa:ds the test .
orgamsms was less than between the tox1cmes towards the other

~ On the basis of the available data, the b,est estimate of the
"true" concentration at which 95% of the species are protected will be
HC, calculated from all the available data (HC,(11)). The importance
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HCp(3) HCp(5) HCp(7) HCp(9)

HCp(11) HCp(11) HCp(11) HCp(11) -
K,Cr, 04 * 0.016 0.16 0.45 - 0.97
NaBr C 0032 | 012 0.37 0.77
TPBS 2.5 0.51 0.49 0.84
2,4-DCA 0.012 0.076 0.36 0.68
p-NT - 0.17 0.19 0.40 0.70 -
DNOC 0.008 0.061 0.30 0.61
Dimethoat 0.0011 -0.067 0.50 | 1.37

{{ PCP . 7.7 0.072 0.33 0.53

Mean 1.3 - 0.16 0.40 0.81
S.D. f 2.7 0.15 . 0.074 0.26
Max. ratio 1.7 0.51 . 0.50 1.37
Min. ratio 0.0011 0.061 0.30 0.53
Max./min. 7000 8.4 1.7 2.6

of the quantity of data available may then be evaluated for each sub-
stance in the data set by calculating the ratio between the HC_s cal-
culated for 3, 5, 7, and 9 species respectively, and HC (11) (see table
4.2.6). The HCP(3) calculation includes the data for algae, crustacea
and fish, and in the other calculations, data is added for species from
other taxonomic groups. It will be seen that the ratio for each in-

~ dividual substance gradually approaches 1 as the number of included

test resulis increases. This will also be the case for the average of the
ratios. It will also be seen that the ratio for individual substances will
be very variable when the amount of data is small.

The relationship between the maximum and minimum ratio

for the 8 substances is an expression of the uncertainty of the HC,
- calculation on the basis of the different sized data sets. It will be seen

that this uncertainty will be very large if HC,, is calculated on. the
basis of only 3 effect concentrations, whereas the uncertainty falls
‘when the amount of available data increases.

On this basis it may be concluded that when data from only

~ three species are used, there will be a large uncertainty attached to the

calculation of HC, using van Straalen & Denneman’s method. By
increasing the quantity of data to cover 5 or more species, the uncer-

- tainty falls significantly.

Table 4.2.6 Imporiance of the amouni of data for the size of HC,,.
expressed as the ratio between HC (n) and HC (J 1) (Calculated from
data in./1 3/)

In table 4.2.7, Wagner & Likke’s method has been used to
perform the same calculations as in table 4.2,6, where van Straalen
& Denneman’s method was used. It will be seen that the ratios are -
smaller in every case, and especially when the quantity of data is
small, the ratios are very extremely small. Wagner & Lekkeé’s method




is thus much less robust than van Straalen & Denneman’ s when the
amount of data available is small.

' _ The same is true of Aldenberg et al.’s improvement of van
Straalen & Denneman’s method, since as already mentioned there is
not much difference between this method and Wagner & Lokke’s.

: The general conclusion must be that van Straalen & Den-
neman’s /20/, Aldenberg er al.’s /1/, and Wagner & Lekke’s /22/
extrapolation te:chniques should not be used on small data sets, since
the results in such cases will be very dependent on whether the effect
concentrations for the "randomly” chosen species lie close together or
further apart. In addition the protection concentration will in many
cases be extremely low because of the large T-values :

Table 4.2.7 Importance of the amount of data for the size of K,
expressed as the ratio between K (n) and Kn (I 1) (Calculated Jrom
data in /22/)

K,(3) K (5) 7 K (9 '
3 .

K, (11) K,(11) K,(11) K1)
K,Cr,04 0.58-16% | . 0.022° 025 .| o085
NaBr 0.16-10° 0.012 0.13 . 0.55
‘TPBS 10.25 0.16 0.27 - 0.71
2,4-DCA 0.71-10° 0.0073 0.18 0.56
p-NT 6.8-10°6 0.053 0.25 0.59
DNOC 5.9-10 0.0035 0.11 0.43
Dimethoat 0.03-10° | 0.0033 0.18 1.04

PC, 0.98 0.0049 0.11 0.33
Mean 0.15 0.033 0.19 0.63
S.D. 0.34 0.054 0.065 0.23
Max. ratio 0.98 0.16 0.27 1.04
Min. ratio 0.03-10° 0.0033 0.11 0.33
Max./mig. 33-1017 48 - 2.5 3.2
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Figure 4.2.7 (Setﬁz)cromc NOEC-values for ecosystems for 2 substances calculated according
to van Straalen & Denneman /20/ based on a dzﬁ"erent number of species and on different
protection levels /13/.
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43  Evaluation of the toxicity of complex mixtures

-In practice it is extremely rare for an ecosystem or a recipient to be
affected by one hazardous substance alone. In wastewater discharges
there will usually be several known or unknown hazardous substances
present. In this section methods will be discussed for evaluating the
effects of such complex mixtures.

4.3.1 Toxicity of mixtures
In a mixture consisting of several different toxic substances, the
resulting toxicity will depend on the mode of action of the individual

substances and on the interactions between the substances. Joint action . ..

toxicity is best illustrated as in the following table (after /9/):

Table 4.3.1 Classzﬁcatton of mteractmg toxicity (joint actlon) from

/9/.
Similar Dissimilar
Non-interactive Simple similar * |  Independent
Interactive | Complex similar Dependent

If two or more substances act in the same ‘way and possibly -
also at the same site, this is a case of ‘similar action. The opposite
situation is dissimilar action. If the toxic effects of the individual
substances are independent of the presence of other substances, then .
they are non-interactive. If the substances influence .cach others
bioavailability or toxic effect, they are interactive. Examples of this
are synergism and antagonism. As shown.in table 4.3.1, combinations
of these categories produce four d1fferent types of joint action between
substances. '

"~ These types should however be viewed as the extreme cases
in a continuum of different degrees of joint action. .

These relationships may also be described graphically (ﬁgure
4.3.1) and mathematically, and development of the theory of joint
action has developed mainly within the field of pharmacology. The
following section presents a bﬁef account of the theoretical back-
ground,

Figure 4.3.1 /9/ shows various pos31ble combinations of JOlIlt
action of a mixture of two different toxic substances. The curves in
the figure are “isoboles", where the resulting tox1c1ty of the mixture
is equally great at every pomt on the curve. '

The simplest form of combined effect of two- different toxic

substances is the simple additive effect (r‘nnr‘pnrrnnnn-nffd;nvp or

uuvuwu.nvvu RS F AT BT ab RS T e

simple similar actzon), where the two substances act in the same way,
- and where the resulting toxicity therefore only depends on the com-
bined molar concentration of the two substances. This is depicted by
curve I in figure 4.3.1. o
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ngre 4.3.1 Isoboles for mtemctmg toxicity between two substances.
See text for explananon 9/,

In cases where the two substances increase each others action

- (synergistic effect, curve 1I), a smaller combined concentration or dose

will be required to achieve the same toxic effect.

If the combined effect is smaller than the sum of the effects’
of the two substances mdependently, but greater than the individual
effect of either substance, this is a case of a partly addmve qgﬁ’ect

(curve D).

I the substances act completely mdependently of each other :
i.e. the effect of substance A is independent of the concentration or
dose of substance B, and the opposite is also the case, then the effect
will be as shown by curve IV. .

Antagonistic acting substances (i.e. the substances must be
applied at concentrations higher than theé effect concentrations for the

" individual substances in order to achieve the same effect) are repre- -

sented by curve V.

' Finally, curve VI depxcts a dependerzt effect (coalitive action),
where neither substance is toxic in itself, but where the combination
of the two substances has a toxic effect.

For estimating the combined toxicity of a mixture of two or
more known substances, the assumption that the toxicities are con-
centration-additive will give the most conservative estimate of the
combined toxicity, if the possibility of synergistic effects is dis-
counted. Measurement of the contribution of the individual substances
to the combined toxicity is expressed in foxic units, TU, which are
defined as the relationship between the actual concentration of the
substance and the effect concentration (such as LC50); i.e. TU, =
C;/LC50;. The combined toxicity af a mixiure of several known
substances at known concentrations may thus be calculated as the sum
of the TU;. In those cases where the toxicity of the individual substan- -




ces is concentratlon-addmve, the toxicity of the mixture (TUM) may
~ be calculated as:

C;.

TUyy is defined as 1/LC50y; (= 100 [%]/LCSOM [%2] =
1000 [ml/1]/1.C50y; [ml/1]}. The LC50y of the mixture may thus be
calculated as LCSOM = 1/ZTU;, if 1t is assumed that the individual
substances’ contnbuhons to the combmed toxicity is concentration-
additive. - \

‘ * For interpreting the results of investigations of the tox1c1ty of
mixtures, the sum of TU; is a very insensitive indicator of the joint-
action, In the effect concentration of the mixture (EC50 or LC50 etc.)
the toxicity of the individual substances is additive if the sum is equal
to 1. If it is greater than 1, the toxicity is partly additive or antagoms—

- tic, and if it is less than 1, the toxicity is synerg1suc

. In mixtures of substances whose toxicity is partly addltlve
the sum of the TU of the individual substances at the effect concentra-
tion will not give any indication of the type of joint action which is"
involved (cf. figure 4.3.1). To solve this problem, Kénemann /10/ has -
~ proposed a "Mixture Toxicity Index” (MTI) which describes the

- degree of joint action quantitatively. The MTI is defined as follows: -

G

MTI = 1 - —omemieran
- log(X TU;/max TU,)

| where max TU is the greatest toxicity contnbutmn from any indivi-
dual substance. In table 4.3.2 the relationship between M‘I‘I and the
various types of. jomt action tOXlClty is shown

Table 4.3.2 Relationship between MTI and the interacting toxicity
(from /10).

MTI Interacting toxicity (from /97 )
<0 Antagonism
C= i Independent action -
0-1 - - | Partly additive action .
=1 Concentration addition
> 1 ‘Synergism

, Calculating the MTI-value at the effect concentration (EC50,
LCS50 etc.) of a mixture of known substances in known concentrations
- will therefore give an indication of the type of joint acuon that occurs
between the substances in the mixture.
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4.3.2 Investigations of the toxicity of known mixtures
“In recent years a number of investigations have been published con-
cerning the toxicity of known mixtures. In the experimental studies,
. equitoxic mixtyres have mainly been used. These are mixtures in

which the concentration of the individual substances are at the same
percentage of that substance’s effect concentration (1.C50), or in other

-words the TUs of all substances are the same and thus, each substance

is contributing equalty to the joint toxic effect.

Only few references have been found describing observation of syner-
gistic effects. Warne et al. /13/ measured the individual toxicities of
a number of substances from crude oil towards a mixed culture of
marine bacteria, and also measured the toxicity of equitoxic mixtures
of the substances. The toxicities of mixtures of homologous substances
could generally be interpreted as being concentration-additive, wheras

- mixtures of substances from different homologous series generally

seemed to display synergistic effects, with an increase in toxicity of
up to 4 times compared to a simple additive effect,

- de Zwart & Slooff /3/ investigated the toxicity of a great .
number of mixtures towards the frog Xenopus laevis and identified
synergistic, concentration-additive, and partly additive effects. A .
mixture of heavy metals and a mixture of amines both showed a
synergistic effect. :

In a great number of experiments, the toxicity of mixtures has been

found fo be best described as a simple addition of the individual
toxicities of the substances in the mixture. This is especially the case -

. for substances which have a non-specific action mechanism but are

generally membrane-damaging (narcotic or anaesthetic action)
/1,4,5,10/. In mixtures of 50 different substances it was found that
each substance contributed to the total toxicity, even when the con-
centration was as small as 0,25% TU /4,5/. The NOEC for Daphnia
could also be calculated by concentration addition in mixtures of up
to 25 narcotic-acting substances /7/.

In a study by Hermens & Leeuwangh /6/, the toxicity of
mixtures of substances with different specific modes of action could

be described as approximately concentration-additive, although the

total toxicity tended towards partial additivity.

Hermens et al. /8/ studied the effect of mxxtures of narcotic-acting
substances on the reproduction of Daphnia magna, and found that the
toxicity of the mixture appeared only to be partially concentration-
additive. However, the total toxicity approached complete additivity
with increasing numbers of substances in the mixture (from 5 to 25
substances).

The toxicity of mixtures of substances havmg specific action
mechanisms was found by Kénemann /10/ to be partially con-

-centration-additive in LC50 determinations for guppy. Deneer et al.

14,5/ found partial addition in a study of the effect of mixsres of
substances with different action mechanisms on the growth of Daphnia
magna. Since they previously had examined the acute toxicities of a
mixture of the same substances, and here had found a clear concentra-




Independent response and

antagonistic response

Conclusion

tion-additive effect, Deneer er al. concluded that the use of more
specific and more sensitive response parameters would lead to a lower
degrée of additivity.

No references have been found describing independent responses or
antagonistic responses between toxic substances. However, there are
many examples of investigations which found that the bicavailability
of toxic substances is reduced by the presence of other substances in
the test mixture (for example, complex formanon by humus substan-
ces and heavy metals)

On the basis of the above material it may be concluded that the effect

of substances with the same toxicological mode of action ("simple
similar action”, cf, table 4.3.1) may be explained as a consequence of
the combined concentration of the substances, regardless whether
specific or unspecific toxicity is involved. This is the case, for exam-
ple, for substances with a non-specific narcotic action. It has been
estimated that up to 60% of all chemical substances only exhibit non-
specific toxicity; for such substances the joint action toxicity can be
calculated simply by addmg the toxicity contnbuﬁons of the individual

substances (TU). -
If a number of substances have different mechanisms of

~action, and therefcre different toxicological endpoints, the joint action
~ toxicity will in the most extreme case be independent (cf. table 4.3.1).

This will probably only happen in theory, however, since it is hard to
imagine that the toxic effect of a specifically-acting substance will not
lead to a weakening of the general health of the organism (stress), and
thus make it more sensitive to other substances, even though these
may have other action mechanisms. For this reason the joint action in

- these cases can probably be described as partially concentration-

additive. Assuming that there are only a limited number of different
specific action mechanisms it can be proved mathematically that MTI

. will approach 1 when increasing numbers of substances are involved,
~which corresponds to the joint action effect approaching the con-
centration-addition type.

A description of the joint action will also depend on how
specific the measured effect is. The effect "death" is very unspecific,
since it may be the result of a great many different effects, which in

- combination express themselves as the death of the organism. On the
other hand, effects of increasingly sub-lethal character, for example o

at sub-organism level, will have an increasing specificity (for exam-.
ple, inhibition of reproduction, MFO-induction, enzyme inhibition).
It must therefore be assumed that the joint action toxicity will be less
toxicity-additive when sub-lethal effects are measured than when

~ lethal effects are measured.

4.3.3 Investigatlons of the toxicity of complex mixtures.

In recent years, in connection with official approval of industrial
wastewater discharges in Denmark, a considerable number of inves-
tigations have been made into the toxicity of the whole effluent, in
order to decide the dilution necessary so that toxic effects would not
be expected to occur in the receiving water. Only in a very few cases,
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however, have so many investigations been carried out that it is
possible to evaluate the relationship between the toxicity of the whole

- effluent and the toxicity of the individual substances in the effluent,

In Denmark it is probably only the wastewater from A/S Cheminova .
that has been characterized to such an extent. This procedure will -
therefore be presented below as an example

The most thorough and extensive mvestlgatlon of industrial waste-
water in Denmark has been carried out on the effluent from A/S
Cheminova. The investigation was summarized in the environmental
approval issued by Ringkjebing County Counci} under the powers of
§38 of the Environmental Protection Act /11/. All the calculations -
presented below are based on the data in this approval. '

The enterprise discharges .an average of 3,000-3,500 ms3.
wastewater per day. The effluent contains approx. 100 dlfferr-‘nt'
chemical substances, of which the majority are xenobiotic substances.
Since 1966 the toxicity of the whole effluent towards guppies has been
measured daily in order to test whether the wastewater conformed to
the requirements of the discharge permit. In recent years the LC50
has been higher than 100 ml/l. The acute toxicity of a great number
of the substances in the whole efﬂuent has also been tested by means’
of the guppy test.

From a knowledge of the concentrations of the individual

. substances in the effluent, it is therefore possible to calculate the

toxicity contributed by each substance (TU;). The calculations use
conservative estimates, i.e. they use the lower figure for the volume
of effluent discharged (3000 m?/d) and the greatest estimate of the

concentration (highest figure of Cheminova’s and Ringkjobing C.C.’s

estimates of discharges quantities per day). It is possible to calculate
the toxicity contributions of 70 substances to the whole effluent. The
sum of the contributions of the individual substances is found to be
11.6; in other words, if the toxicities are concentration-additive, then
a dilution of the effluent by a factor 11.6 would give a concentration
that was just at the acutely toxic concentration for guppy.

This result may then be compared with the fact that the whole

 effluent showed no toxicity towards guppies at a dilution of 10 times

(160 ml/l). The County Council considers that the whole effluent is

* acutely toxic to guppies at a dilution of about 5 times (Christensen,

pers.comm.). However, this toxicity is probably due to the salinity of
the effluent, which corresponds more or less to normal seawater
(Bastholm, pets. comm.). Since the acute toxicity of the whole ef-

fluent to guppy is thus incompletely known, a calculation of MTT will

therefore be very uncertain. However, with this proviso the MTI for
the toxicity of the whole effluent to guppy may be calculated to be
about 0.6. ' ' ‘ '
Tt may therefore be concluded that the toxicity of the whole
effluent from A/S Cheminova can be accounted for on the basis of the
toxicity of the individual substances, but that the toxicities of these
substances are only partially additive. Of course, considerable uncer-

tainty attaches to these calculations. Since the concentrations of the
. individual substances in the whole effluent have been calculated

conservatively (see above), the sum of the toxicity contributions will




tend to be overestimated. On the other hand, only toxicity contribu-
tions from 70 of the approximately 100 substances in the effluent have
been included, and this implies that the sum of the toxicity contri-
butions will be'undereStimated. In addition, the whole effluent con-
tains a quantity of particulate material to which some of the substances
identified in the wastewater may adsorb. If this occurs, they will only
be partially bioavailable, and will not contribute to the toxicity of the
whole effluent to so great an extent. This will lead to an overestimate
of the wastewater toxicity if addition of toxicity is assumed to be the
rule. : ' . ‘

The calculated NOEC-values for the individual substances
have also been compared with the NOEC for the whole effluent in
order to evaluate whether addition of toxicity occurs /2/. As will be
-seen from figure 4.3.2, it was concluded that several of the substances
- are present in the effluent in such high concentrations that they alone
can account for almost all the toxicity of the whole effluent.

Concentration in waste water diluied to ellect limit
fthe limit value of the substance (%)

100

80

]

60 -

8'8--25;“l..ﬁl'°$:3-l°-l;:
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ggg;.;géz :: t 4.3 43
R S
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Figure 4.3.2 Toxicity balance for Wasfewater fromA/S Cheminova. 17
substances, making out the majority of toxicity, are included.

Ringkjebing County Council has estimated the NOECs for 18

- substances in the wastewater from AS Cheminova. On the basis of the
concentrations of these substances in the wastewater, the TU of 17

substances can be calculated. The sum of the TUs was found to be

about 50,000: this means that, if the toxicities of the individual sub-

stances were additive, the wastewater would need to be diluted 50,000

times before reaching a concentration at which no toxic effects oc-

curred. This should be contrasted with the fact that the lowest ob-

183




184

served effect concentration for the whole effluent in practice was

found to be at a dilution of 6,600 times. This suggests that the toxicity

is only slightly additive, and that in a few cases an antagonistic effect

may be operating, since the TU for two of the substances is greater
than 6,600.
However, an evaluation such as the above raises a number of

. problems In the first place, the NOEC for the individual substances

is calculated on the basis of available data, which are of highly vari-
able quality. In all cases, though, data were available for acute toxici-
ty to guppy, an and in several cases the NOEC has been calculated from
these data using an application factor of 10*-10°. It must be assumed

that such NOECs are realistic. The estimate of NOEC for the whole -
~ effluent is based on the lowest observed effect concentration - a

dilution of 6,600 times - at which an avoidance response was elicited

in shrimp. If the NOEC for the whole effluent is calculated in the -

same way as for the individual substances, by taking the NOEC for
acute toxicity to guppy ‘a dilution of appr..5 times - and using an
apphcatmn factor of 10%, an NOEC value of an appr.- 50,000 times

dilution is arrived at, corresponamg to the sum of the TU IOI‘ the

~ individual substances.

It is clear that there are so many uncertamtles attaching to

 these estimates that it is impossible to draw firm conclusions about the

possibility of adding the TUs of the individual substances, calculated
from NOEC data, in order to reach a meaningful figure for the NOEC

for the whole effluent. In this connection it is important to consider .

whether the same types of effect are being compared. For example,
it is not very relevant to compare calculated NOEC values, i.e.

concentrations which are not expected to cause any sort of effect, with

a particular type of observed effect, such as - in this case - an avoid-

- ance reaction.

So many tests have been ‘carried out on the whole effluent
from AS Cheminova (se¢ table 4.3.3) that it is possible to calculate

the 95% protection concentration using Wagner & Lokke’s method

/12/. Using the acute LC50 values the 95% protection level for acute
effects is found to be 0.2 ml/l, and using EC50 values the protection
level for chronic effects is found to be 0.06 ml/], corresponding toa
dilution of about 17,000 times if untreated effluent is being

discharged. This dilution is of the same order of magnitude as the .

dilution -that was estimated to be necessary to reach a NOEC level
assuming additive toxicity.

'4..3.4 Conclusion

The estimation of the toxicity of complex mixtures of chemical sub-
stances is obviously carried out best and most accurately by perfor-
niing a series of toxicity tests on the mixture itself (see section 4.1).
However, for a preliminary evaluation of the toxicity of a complex

mixture, a knowledge of the concentrations and effect concentrations

B EL 3 Al e ] arihadanema S ke smivbien whlll give o lat ol Tafar
UL UG LIEVIMIUGL SUUatiVGS Gl LG THIALULG will ELIYC 4 UL WL dliur=
- mation. A reasonable and perhaps conservative estimate of the toxicity

of the complex mixture towards a particular species may be obtained
by adding the toxicity contributions of the individual substances in the
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Fish _

Herring ' 6.7 :
Eel ‘ ' 33 '
‘ Flounder 25 0.8
IGuppy - > 100 . 0.8

mixture, assuming that all the substances of toxicological importance
in the mixture are known.

1Y

12/

/3/

/4/

Broderius, S. & Kahl, M. (1985): Acute toxicity of organic

“chemical mixtures to the Fathead minnow. Agquat.Toxicol.
6(1985) 307-322.

Christensen, H. W (1989) Udlederkrav og kontrolstrategi i
miljegodkendelsen af Cheminova. Vand & Milje ( 1989) 267—
272. :

~ de Zwart, D. & Slooff, W. (1987): Toxicity of mixtures of
“heavy metals and petrochemicals to Xenopus laevis. Bull.-

Eaviron. Toxu:ol 38(1987):345-351.

- Deneer, J.W_; S:mmge, TL _Seinen, W. & Hermens,

J.LM. ( 1988) The joint acute toxicity to Daphnia magna of
industrial organic chemicals at low conoentratlons Aquat.
Toxicol. 12(1988) 33-38. '

185




186

5/

7,

7

/8/

/9

/10/

11/

112/

113/

4.4

Deneer, J.W.; Seinen, W. & Hermens, J.L.M. (1988)
Growth of Dap]mza magna exposed to mixtures of chemicals

with diverse modes of action. Ecotox. Environ. Safety
15(1988):72-77.

Hermens, J & Leeuwangh P. (1982): Joint toxicity of mix-
tures of 8 and 24 chemicals to the guppy (Poecilia retzcula—

~ 1a). Ecotox. Envu'on Safety 6(1982):302-310.

" Hermens, J.; Broekhuyzen, E.; Canton, H. & Wegman, R,

(1985): Quantitative structure activity relationships and mix-
ture toxicity studies of alcohols and chlorohydrocarbons:

. Effects on growth of Daphnia magna. Aquat.Toxicol.

6(1985):209-217.

 Hermens, J.; Canton, H.; Janssen, P. & de Jong, R, (1984):

Quanutatwe structure—actlvny relationships and toxicity stu-

dies of mixtures of chemicals with anaesthetic potency: Acute

lethal and sublethal toxicity to Daphnia magna Aquat.Toxi-
col. 5(1984):143-154.

Héwlett, P.S. & Plackett, R.L. (1979): The Interpretation of
Quantal Responses in Biology. Edward Arnold Publishers

 Limited. London. ISBN 0-7131-2742-2.

Kobnemann, H. (1981): Fish toxicity tests with mixtures of

‘more than two chemicals: A proposal for a quantitative ap- -

proach and expenmental results Tomcology 19(1981) 2)9-
238.

Ringkjebing Amtskommune (1988): A/S Cheminova. God-
kendelse efter miljelovens § 38. Bind IL.1: Spildevand. Ring-

- kibing Amtskommune, Teknik- og Mlljaforvaltmngen

1988.

Wagner, C. & Lokke, H. (1991): Estimation of ecotoxicolo-

gical protection levels from NOEC toxicity data. Wat.Res.
25(10):1237~1242. : : ‘

Warne, M.St.J.; Connell, D.W.; Hawker, D W. & Schiiiir-
mann, G. (1989) Prediction of the toxicity of mixtures of

~ shale oil components Ecotoxicol. Environ. Saf. 18(1989) 121-

128.

i

Predxctlon of no-effect-concentratmns on the basis of

7 laboratory tests

,One of the reasons for using Iaboratory toxicity tests on chemical

substances and wastewater discharges is.the wish to predict the no-
effect levels for the receiving environment. Since laboratory tests can

~only encompass a limited range of effect concentrations on a limited -




‘number of the relevant ecosystem species, a precise prediction of no-

effect levels in the environment is impossible - in theory at least.
Experience has shown, however, that laboratory tests may be used to
find a concentration level below which toxic effects will not be ex-
pected to appear. The use of laboratory tests will thus continue to be
necessary, and it is therefore also necessary to attempt to decide how
well laboratory tests combined with extrapolation techniques can
succeed in predicting effects on natural ecosystems.

-4.4.1 Effects on ecosystems

Parameters which may be used to describe the state of the ecosystem

may typically be classified as structural or functional parameters /1/.
Effects on structure: Effects on the structure of an ecosystem .

are a reflection of effects on populations and in the final analysis of

“effects on individuals. In order for effects on organisms to produce a -

structural effect, such as a change in species composition for example,
the effects must be so large that they affect the fitness of the species
(i.e. the ability of the species to compete successfully with other

" species within the ecosystem). This need not necessarily result in
.changes in the functional parameters of the ecosystem, since other

species can take the place of the affected species within the ecosys-
tem.

Effects on function: Effects on the function of the ecosystem
must also reflect effects on individual organisms (for example, reduc-
ed photosynthetic activity or slower mineralization), but the effects
need not necessarily be reflected in-a change in the species composi-
tion of the ecosystem, since the various species may still be present
in the same numbers despite the toxic effect.

Some types of ecotoxicological effect will mamfest themsel—

' vés primarily as structural changes, while other types of effect will

manifest themselves primarily as functional changes. Presumably the
precise type of effect will: depend on a combination of the substance
or wastewater in question and the recipient affected.

At first glance it would seem that effects on the functional
parameters of an ecosystem would be less sensitive than effects on the
ecosystem’s structure, since the difference in sensitivity between

different species will presumably rapidly result in differences in

species oomposition On the other hand, however, it is more time-
consuming to detect such changes in the envzronment than to detect

- functional effects.

The following section will present a number of studies of the
effects on ecosystems produced by chemical substances and waste-
water discharges respectively, in order to decide whether it has been -

_ possible to predict the env1ronmenta1 effects on the basis of the labo-

ratory tests.

4.4.2 Imvestigation of effects of chemical substances on ecosy-
stems

~ Okkerman et al. /3/ have exammed a large number of multl-spec1es

and ecosystem experiments in order to find ecological "No Observed.

“Effect Concentrations” (NOEC) for chemical substances. The NOEC
'values thus obtained were compared with the toxicity of the substances
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towards individual spe01es and with NEC values calculated usmg

various extrapolation methods.

A literature search produced about 2,000 references to multi-
species and ecosystem experiments. Of these experiments only 16
were judged to be of such a type and quality as to permit calculation
of a reasonably reliable NOEC value. The results are shown in table

. 4.4.1.

| For 8 of the substances it was possmle to compare the sen-
sitivity of the species which were most sensitive to these substances

- in the multi-species expenments, with the corresponding sensitivities

of the same or similar species in single-species chronic tests. The
ratios between the NOEC values in multi-species and single-species
tests are shown in figure 4.4.1. The ratio for the 12 most sensitive
organism groups varies between 0.3 and 50, and for 9 of the organism

- groups between 0.3 and 3.3.

Ratio (MS/SS)
. 100 —
50

i 0BT 33 o§F % o§od

1,2, Frictlorabonceas N

Figure 4.4.1 Ratios between NOEC—values for multzspeczes respec—
 tively single species expenments /3/. .
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Table 4.4.2 Classification of tested species in taxonomic groups /1/.

Taxonomic Example " Taxonomic Example
group group
1 Bacterophyta Ba - bacteria ) 17 Bfanchipoda B . brachiopsds
2 Cyanophyta Cy blue-green algae 18 oOstracoda o] ostracodes
3 Chrysophyta Chr diatoms 19 Copepoda ¢ water fleas
4 Euglenophyta Eu eye algae 20 Malacostraca M malacostracas
5 Dinophyta Din dinoflagellatae 21 Chelicerata Che chelicerates
6 Cryptophyta Cr - yellow algae 22 Ephemercptera - Ep May flies
" 7 Chlorophyta ¢hl green algae 23 Odonata Od dragon flies
8 Macrophyta -Ma = duckweed 24 Plecoptera Pl stone flies
9 Mycophyta My fungi 25 Heteroptera He ' bugs | ‘
10 Protozoa Pr .protozoans 26 Coleoptera Co beetles
-11 Coelentherata <Coe jellyfish 27 Diptera : pDi flies
12 Rotaria R rotifers 28 Trichoptera Tr caddis flies
13 Nematoda N nematodes 29 Heminoptera = He bees
14 Gastropoda ] snails 30 Pesces P fish
15 Oligochaeta ol ollgochaetes/worms 31 Amphibia Aam frogs
16 Hirundinea H leeches
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- For the 15 substances for which it was possible to determine
reliable NOEC values, a literature search was made for single species
tests of chronic toxicity. The test results that were obtamed were used

. to calculate the 95% protection level (HCp) at 50 and 95% probability
respectively, and the ECL. Furthermore the ratio between NOEC and
the extrapolated values was calculated. The results of these compari-
sons are shown in table 4.4.3. ' '

It will be seen that the ratios vary between 8.8-107% and
'1.6-10°. There may be several explanations for this enormous varia-
tion: the NOEC values may be wrong because of imprecise methods
for determining NOEC; there is a shortage of data for single-species
chronic toxicity; no sufficiently sensitive species have been tested in
multi-species and single-species tests; or the extrapolation methods
may not be appropriate for the substances in question. The latfer
explanation should be viewed in the light of the fact that most of the
substances for which data was found are substances with specific toxic
action - particularly biocides.

Thus there appears to be 2 marked lack of usable data partly
as a consequence of the fact that most of the studies which have been
made, on effects of substances in multi-species systems have not been
des1gned in such a way, or at such a level of quahty, as to perm1t the
determination of a NOEC.

On the basis of this relauvely limited material it may be
concluded, however, that the protection concentrations that can be
calculated using the available extrapolation methods are in most cases
lower than the NOEC values produced by multi-speéies and ecosystem
cxpenmems Therefore it seems to be an acceptable procedure to

“calculate concentrations below which no effects are expected by means
of these extrapolation methods, if sufficient data is available on the
toxicity of the substances in question towards sensitive species /3/.




Table 4.4.3 Expenmentally determined NOEC values, extrapolated HCp values (from Aldenberg et al. ,

1990) and ECL values (from van de Meen: et al., 17Wj as well as ratios between these /3/.

=

Chemical NOEC HCp(95)  HCp(50y  ECL Ratio® Ratio® Ratio®
' (ng/l) (zg/l) (eg/) {ug/) HCp(95) . HCp(50) ECL
Azinphosmethyl 0.25° 0.014 0.0908 001 | 18 2.8 .25
Parathion 0.1° 0.0000082  0.0023 0.002 12,000 - 43 50
Atrazine - 5¢ 013 2.6 0.15 38 . 1.9 33
1,2,4-Trichlorbenzen . 57° 2 47 19 29 1.2 3.0
3,4-Dichloranilin o1 - - 0.51 - - 24
Diflubenzuron 0.1° T - 0.001 - - 100
Methylparathion 0.1¢ . . 31 - 0.0032
Trichlorethylen 2.8 46 5400 3200 0 061 0.00052  0.,00088
Pentachlorphenol 20 . 0.3 1.9 0.32 67 11 63
Permethrin 0.023 - - 0.033 - - 0.70
Trifluralin 10000 | - - 02" - - 50,000
Dichlorbenil® 5 . - 7.8 - - 0.64
Endosulfan 219 { 000011 °  0.066 0.04 170,000 290 470
Mejathion = 4500 | 2.910%¢ 0001 0.0008 16-10° 41-10° 56-10°
Toxaphene = 1.5 0.000018  0.0024  0.0025 £3,000 630 600 -
2; Ratjo: Quotient between NOEC values and extrapolated value '
b, NOEC value from field studies are used here -
;: Relisble NOEC values ‘

Extrapolation values for which the smgle species toxlcxty data do not follow a log log:st:c d:smbutwn ‘ ' ‘ Jl

Insufficient data for using the extrapolation method and the calculation of ratio

4.4:3 Tnvestigation of the effects of whole effluent on ecosystems

" In the early 1980’s the US Environmental Protection Agency (US-

EPA) carried out a series of studies on the possibility of using toxicity
tests for prediction of environmental effects in. recipients as a result -
of effluent discharges. These studies were reported in 8 US-EPA

: reports and a series of scientific papers (see /2/ for references) It

o o P TS, I, [ R

MIUULU be stressed that different methods were used to coinpare me la-

boratory results with the ecosystem effects in freshwater and marine
recipients respectively. For this reason the results are not immediately .
comparable but taken together they give valuable mformatmn The‘

m01 I\l\ﬂ/\’llﬂi!\ﬂﬂ 111111 ;\ﬁan‘- l‘la s e 4 cnrz kﬂ-‘a
Haki: CULIVIUDIVIID WLl LILICILY UG PiloULICAL i,

In the marine studies /5/, the toxicity of complex effluent was
tested using 5 different species: Champia parvula (macroalga), Ar-
bacia punctulata (sea urchin), Mysidopsis bahia (mysid shrimp),
Cyprinodon variegatus (sheepshead minnow), and Menidia beryllina
(inland silverside (fish)). For comparison, toxicity tests were also
conducted on -undiluted receiving water in which the wastewater
concentrations were estimated by d1scharge of coloured tracer substan-
ces. Generally speakmg, the receiving water was found to be toxic to
the test species in those situations where the wastewater concentrations .
exceeded the effect concentrations that had been recorded in the
wastewater toxicity tests in the 1aboratory The results of the studies
are shown In figure 4.4.2 /2/. The studies did not attempt to compare
the laboratory tests with the actual impact found in. the receiving
waters, and even though US-EPA has utilized the results of the stu-

 dies, they are not considered directly relevant to the further discus-

sions in this secnon They will therefore not be referred to any fur- .
ther.
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In the freshwater studies /2/, the toxicity of complex effluent
and receiving water (stream/river) samples were tested using Pime-
Dphales promelas (fathead minnow) and Ceriodaphnia sp., measuring

. survival and early life stage growth (minnow), and survival and

reproduction (daphnia), after 7 days. The general conclusion of the
studies was that the receiving water samples for which toxic effects
were recorded corresponded in their wastewater concentration to the
efféct concentrations determined in laboratory tests of wastewater
samples, using the same test species. From these results, as with the
results of the marine tests, one can conclude that in the time elapsing
from the discharge of the wastewater into the recipient until it reachés
the sampling station there does not appear to be any diminishing of
toxicity as a consequence of any factors other than dilution. In other.
words, no significant adsorption, evaporation, or degradation seems
to occur. : :

t predicted o o
-ﬁg%cﬂgcrfg{)sewcd Effect predicted
(6 %) Effect observed

S (14 %)

Effect not predicted
Liffect ohserved
%)

.
£
AT
oY

&2
‘0:0'0

Efiect not predicted §
No effect observed
(715 %)

Figure 4.4.2 Results from comparison of predicted effects based on
toxicity measurements with effects in recipient water (79 stations at 4
outlets in marine areas) in the USA /2/. ‘

In addition to the above-mentioned studies, field investiga-
tions (monitoring) were performed, and the density and number of

-species of planktonic organisms, periphyton, benthic macroinver-

tebrates, and fish were recorded. This material was used to compare
the results of the laboratory studies with the state and species com-
position of the receiving waters. At the stations where the recipient
water was measured as being toxic to the most sensitive of the two -
test species, it was generally found that there was a reduction in
number of .species in at least one of the organism groups examined.
The results of the studies are shown in figure 4.4.3 /2/.
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Figure 4.4.3 Results from comparisbn of predicted effects based on
toxicity measurements with effects in recipient water (83 stations in 8
Jreshwater outlets) in the USA /2/. '

It should be added that the monitoring carried out in the -
-receiving waters corresponds closely to the monitoring carried out in
Denmark by the regional authdrities, particularly in marine areas.

o In the US-EPA studies the number of species was used as a
parameter for recipient quality' The repbrts state that one of the

realraacemne AL cafmo srmaaldon slaliaaca Ja

WEAKTICSSCS O1 using SpeCies TICNCss is thata SpéCIeS may be Se'v'i‘:fi".ly

affected but still present, and this will not be reflected in the monitor- .

ing data. The method in itself is thus not particularly sensitive.
US-EPA concluded, however, that the number of s'pecies is

tha naramatar mnact nlncaly raflasting tha tnvin offant in tha rasiniant -
i yal.alll\ll.\dl. H1iVaL UJ.UWAJ L\Ill.wulls Wl (VALY WlluArh AR WEHIN J.WA.P.I.\'HL,

and that number of species (or in other words, a structural parameter)
is the best parameter to use for comparisons with toxicological data.

. Another weakness in the study was that the proportion of
correct predictions depends on how the concept of effect is defined.
In the studies cited here, 20% mortality in the laboratory tests is taken
to represent the lowest observable effect concentration. Similarly, in
the monitoring studies a 20% reduction in the number of species or-
number of organism groups was accepted as 4 positive effect. An
alteration of these definitions of "effect” in the direction of greater
mortality in the toxicity tests produces a fall it the proportion of

results in which an effect was correctly predicted, whilst the propor-
tion of results in which an effect was found, but was not pred1cted :
increases correspondmgly 12/.

Effects on species richness in rec1p1ents may not be due
solely to effluent discharges, however, since leaching of chemicals
from waste disposal sites and agricultural land, and direct physical
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effects on ecosystems, can also. influence the number of species,

‘whilst there will be natural fluctuations in numbers too.

Finally, the positioning of the sampling stations is very
important in determining how- many of the predictions will be ful-
filled, since a relatively large number of sampling stations close to the
discharge point will make it easy to predict correctly that there will -
be an effect, whereas a large number of stations far from the dis-
charge point will result in many correct predictions that there will be
no effect. Bearing this in mind it can be seen in the reported results

- that the proportion of incorrect predictions in the freshwater studies

was 26.5% (3.6 + 22.9).

Environmentally speaking the most problematic result would
be an incorrect prediction that the discharge will have no effect (i.e.
a false negative), since such predictions could resuit in no action being
taken to limit discharges where this in fact was necessary. In the

freshwater studies cited here (figure 4.4.3), effects were found in the

recipient in 83% ( = 22.9/(22.9 + 4.8)) of the cases where effects -
had not been predicted.

Partly on the basis of these studies, US EPA recommends that -

a concentration that protects against acute effects in the environment

~ be set at 30% of the LCS50 for the most sensitive of three test species.

The correction factor 0.3 is applied to extrapolate from 1L.C50 to 1.C1,

- which in the studies in question was considered by US-EPA to repre-

sent the NOEC value. A concentration protecting against -chronic
effects in the environment should be set at the ECS50 for chronic
toxicity for the most sensitive of three test species /2/. :

"In addition to the above-mentioned US-EPA Studies, a num- °
ber of other comparisons have been made of the effects of complex

‘effluent in laboratory tests and in the recipient. Pontasch et al. /4/

investigated the toxicity of a complex wastewater in acute and chronic
laboratory tests, in various microcosm systems set up in the labora-
tory, and by means of investigations of species composition in the
recipient. The most sensitive of three species in the acute toxicity tests
was Daphnia magna, in which the LCS0O was found to be a waste-
water concentration of 188 mi/l. At a wastewater concentration of 30
ml/1, inhibition of reproduction was observed in laboratory tests using
Ceriodaphnia dubig. In the microcosm experiments, using foam
rubber mats colonized by protozoa, effects were found at wastewater
concentrations of 10 ml/l, and in experiments with microcosms con-
taining macroinvertebrates (insects) a reduction in the number of
sensitive species was observed at 10 ml/l, while the number of in-

dividuals of less sensitive species incréased at a concentration of only

1 mV1. In investigations of the species composition on foam rubber
mats placed in the recipient, effects were found at wastewater con-
centrations of about 140 ml/l, while the macroinvertebrate species
composition in the recipient was affected at a concentration of 35 -
ml/l, and no significant changes could be detected at about 10 ml/l.

On the basis of the above-mentioned results, Pontasch ¢ al.
consider that application factors of 100 for the lowest measured acute

-toxicity and 10 for the lowest measured chronic toxicity are sufficient

to protect the recipient against the effects that were observed in the
microcosm and recipient investigations respectively.
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4.4.4 ° Conclusion

The results presented above lead to the conclusion that at present there
is insufficient knowledge about how. toxic effects in ecosystems mani-
fest themselves, and thus how they can be detected in practice.” The
effects that have been detected in various studies have in many cases
been difficult to distinguish from natural variation and thus no clear

 cause-effect relationship has been obvious. Generally speaking, ecolo-
. gical monitoring will not reveal effects at the substance or effluent

concentrations that have been established as effect concentrations in
single-species tests. The conclusion thus appears to be that the use of
laboratory tests on single species is an acceptable method for evaluat-
ing the environmental effects of discharges.

Another conclusion must be that the methods available today
for extrapolating from laboratory tests to environmental NEC values
have not been validated. Among the reasons for this situation are the
lack of sufficiently precise determinations of NOEC for ecosystems,
and the fact that there is no clear relationship between a calculated
concentration which in theory will protect 95% of the species, and an
actual description or demonstration of this protection level in the
environment. A 95% protection concentration is in itself "merely"” a
concentration which has a certain probab111ty of ensunng an adequate

level of protection.
It must therefore be concluded that at present there are extra-

.polatIon techniques for calculating concentrations (NECs) of individual

substances at which there is reasonable probability that unacceptable
effects in the environment will not occur. These methods are based on
knowledge and experience concerning the variation in the sensitivity
of ¢ertain species towards specific toxic substances. Knowledge about
this variation also forms the basis for determining the size of the
application factor for calculating the ECL.

Similar knowledge and experience concerning the variation
in the sensitivity of certain species towards complex samples is not
available today. Thus the application factors recommended by US- .
EPA today are not very securely based. The Danish EPA therefore
intends to initiate studies of the variation in sensitivity of test orga-

~ nisms towards complex samples, in order to improve the basis for -

determination. of application factors and for developing extrapolation
methods for calculating protection concentrations for complex mix-

tures and discharges.
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5. Strategy for env1ronmenta1 as-
sessment

5.1 Principles for environmental assessment of chemicals

In connection with their work of evaluating and regulating chemicals
 which are hazardous to health or the environment, governments have
. developed a series of different methods and definitions. The principles
involved will be described in this section, since they also have con-
31derab1e relevance for the assessment of complex mixtures.

~ The concept "hazardous" may initially be defined as the
potential of a substance or an effluent to cause damage to health or to -
the environment. The concept of risk is used in the evaluation of an
actual scenario in which the probabilities and the size of the damage
can be quantified in relation to the actual exposure (see figure 5.1.1).
The evaluation may in fact consist of a stepmse process /1 2/ consis-
ting of: -

L hazard identification
o hazard assessment
° risk assessment

| A hazard identification aims to identify those mherent proper-
ties which are of importance for the substance’s potential for causing
damage to the environment. This could-for example be the biodegra-
dability, bioaccumulative potential, foxicity, and 'physico-chemical
characteristics. The hazard 1denuﬁcat10n may. result in a classification
or rankmg
N In a hazard assessmem an evaluatlon is carned out of the
inherent properties of the substance. The effect-related data are as-
sessed in order to determine the dose-response relationships and from
"-this the "No Observed Effect Concentration” (NOEC), which is the
highest concentration at which no toxic effects could be detected in the
tests that have been performed. The NOEC is determined for each
spe01es tested, and from these results a combined NOEC is derived
covering all the tested species. If sufficient data is available on the .
‘toxic properties of the substance it will also be possible to establish
environmental quality criteria.
Physico-chemical characteristics, bioaccumulative potennal

and biodegradability are included as elements in the assessment of the
. distribution, spreading and fate of the substance in the environment.
Finally, using the knowledge about potenual sources, a calculation can
be made of the expected or potential concentrations in the environment
("Predicted Environmental Concentrations” - PEC). On the basis of
these results, a preliminary assessment. may be made of potential
effects on the environment if the substance is emitted.
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Figure 5.1.1 Concepts and correlations in hazard and risk as-

_sessments /3/.

A risk assessment is related to a specific scenario such as the
usage pattern for a chemical, or actual discharges of the chemical,
where the concentration (PEC) in the environment or in relevant
compartments can be quantified (size, frequency, duration). Further-
more it is necessary to gather as much information as possible about
effects so that an ecological "No Effect Concentration” (NEC) can be

_calculated; this is defined as the highest concentration at which there

is a (defined) probability that no toxic effects affect a given percentage
of the species of the ecosystem, or where there are no unacceptable
effects in various parts of the environment or on the ecosystem as
such. This concentration will normally be regarded as an acceptable
concentration, and will therefore be used to derive discharge criteria

. or water quality criteria. In the risk assessment for a specific scenario

it will often be p0551b1e to quantify the probability that damage will
occur, and the size or extent of the likely damage.

A more detailed presentation of the elements and relaﬁonships
between hazard assessments and risk assessments will be found in
references /1,2,3/. ,

The purpose of carrying out environmental assessments of
chemicals is usually to assess whether the substance can be expected
to occur in the environment at sufficiently high concentrations so as
to give a likelihood of unacceptabie effects. In other words, whether
the concentration in the environment {(C) can be expected to be higher

- or lower than the concentratxon which just does not cause unacceptable

effects (NEC).
If the concentration in the env1ronment (C) is lower than the
no-effect-level (NEC), then it is reasonably certain that no ecotoxico-

" logical effects will occur. Thus the following criterion may be estab-




lished for when a substance can be expected riot to cause ecotoxico-
logical effects in the environment:

NEC >'1

- If NEC or C is determined on the basis of inadequate or .
msufﬁc1ent knowledge, this can be compensated for by applying an
uncertainty factor (UF). The size of the UF will depend on the a-
mount of knowledge available, and the quality and relevance of the
data. An increase in the amount of knowledge will therefore result in
a reduction in the UF. The introduction of an UF into the calculation
~ of NEC or C will therefore lead to the following modified criterion:

NEC _ NOEC/UFy,

= >1 '
C PE(':-UFC ‘

. or:

NOEC . '
PEC: > 1 - UFgc - UF,

This means that the greater the uncertainty in the calculations.
of NOEC and PEC respectively, the greater the difference must be
between the two concentrations before there is a reasonable oertamty
that no ecotoxicological effects will occur in the environment.

5.2 Strategy for mvestlgatmn and assessment of waste-
water

In studies and assessments of industrial wastewater and other complex
effluents, the same stepwise procedure as described above is often
followed. The aim of an assessment is to determine whether there is
any risk of damage to the recipient if the discharge is permitted, and
-if this is the case, to determine what sorts of effects may be expected.
The assessment can focus either on individual, identified hazardous
substances in the discharge, or on the complex effluent as a whole.
* The substances to be focused on may be priority substances (included
on national priority lists, the EC List I, or the "North Sea Conference
List" etc.) or substances which on the basis of their inherent charac-
teristics must be defined as particularly hazardous to the environment
{toxic, bioaccumulative, .or persistent). -
~ The steps described in-the environmental assessment process
can be combined into a stepwise strategy for investigation and as-
sessment of industrial wastewater (figure 5.2.1). The basis of the
strategy is that at each step an evaluation must be made as to whether
the available data is sufficiently reliable to permit administrative
decisions. to be taken with regard to the discharge, or whether ad- .
ditional information is needed. The administrative decision will usual-
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ly result in the approval of a discharge permit, in which there may be
requirements concerning steps to reduce the discharge of particular
substances or qualities (by means of substitution of chemicals, process
modifications, effluent treatment, etc.} if on the basis of the available

‘information it is regarded as likely that unacceptable damage will be

caused in the recipient..
The following sections will discuss the individual steps in the
investigation and assessment strategy. i

BASIS Basic information
. : possible screening -

Hazard
identification

SIEP1 Total . _L Identified
L waste water I substances
| B g
Step 1 with ¢
_chemimlgdznﬁﬂcaﬁon ' &Nt?r%%%?
i .
Qualitative environmen- Collecti
talhazard asaesme:t "' ‘ ogcé?}am
--- . - e )
Aﬂm‘m’, ..“'a-'“"m
STEP2.
Quantitative environ-~
mcntalnsk:sumoenﬁt
Administrative
decision
' ¥
SIER3 Quantitative eaviros-
mental risk assessment

© Figure 5.2.1 Strategy proposal for zestmg and assessment of mdusmal

wastewater




5.2.1 Wastewater hazard ldentlficatlon
The purpose of this step is to make an initial assessment, on a conser-
vative but realistic basis, of the potential ecotoxicological properties
of the industrial discharge, so that a decision can be taken as to
‘whether the wastewater potentially could cause. ecotoxicological effects
in the recipient. |

‘The initial hazard identification is made on the basis of all
available information on the properties of the wastewater and its
spreading in the receiving environment (basis mformauon) As exam-
ples of relevant information can be mentioned: '

. information on substances used or produced in the process;
drawn up in a mass balance with the aim of determining
which substances may be present in the effluent,

° information on measured quantities of substances in the ef-
fluent :

L information on the phys1co~chem1ca1 propertles of the sub-
stances -

L information on the b1010g1ca1 properties of the substances, for

example biodegradability, bioaccumulative potentlal toxicity
and genotoxicity,

L information about the environmental hazard classification of
o the substances
L information about measurements of physico-chemical proper—,' N
ties, degradability and persistence of the whole effluent
® information about currents and possible spreading pattems in .
- the environment
® . information about uncertainties and quality of data used in the
C o above

P

In the initial assessment the use of simple screcning tests
- could also be considered, such as sludge inhibition tests, or limit tests
with undiluted effluent (see section 4.1), or measurements could be
.made of simple overall parameters if these results are necessary for

" permitting an administrative decision to be taken.

5.2.2 Wastewater hazard assessment
- In the first step a preliminary investigation programme is camed out
on the whole complex effluent in order to obtain a minimum data set
for use in the qualitative environmental hazard assessment. The data
must be sufficient both for determining dose/response relationships -
~ thus providing data concerning the toxicity of the whole effluent - and
for determining exposure-related parameters such as biodegradability,
bioaccumulative potential, and a number .of physico-chemical data.
‘The programme could include a small number of tests for
acute toxicity on recipient-relevant species (fish, crustacea, algae).
From these the NOEC is determined; as mentioned in section 5.1, this
is not an indication of the NEC, but it is still an important item of
information for an environmental hazard assessment.
- In addition, in order to evaluate the spreading of the efﬂuent
- in the recipient (PEC), it will be necessary to perform a number of
. physmo—chenucalmvesngauons investigations of biodegradability, and
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an evaluation of the dilution patterns. If the effluent is not treated -
biologically before discharge to the recipient or to the sewerage
system, it may also be appropriate to carry out an aerobic stabilization
of the wastewater and to evaluate the effects on microorganisms-
/treatment plant, and afterwards to test for "persistent toxicity".

In parallel with the investigations on the whole complex
effluent, information must also be collected about the substances
which have been identified in the effluent, either from information
about raw materials' and production processes, or from chemical
analysis of the effluent. If any of these substances are classified as
hazardous, discharge criteria (limit values) or water quality criteria
(NEC). may have been established by national authorities, EC (List I
substances) or US-EPA (Water Quality Criteria). For substances for "
which no discharge criteria have been set, as many data as possible
must be collected concerning the inherent characteristics.

The results of these investigations will make it possible to .
carry out a detailed evaluation of the potential of the effluent to cause
ecotoxwologxcal effects in the recipient.

Both in the hazard identification and the hazard assessment
processes, the focus is mainly on the situation in the industrial enter-
prise itself: production and wastewater characteristics etc., but if it is
possible to establish NEC and C from this mformauon then it may be

. possible to quantify possible environmental effects.

If NEC and C can not be established using the information
available, preliminary and less precise parameters may be used in-
stead. For assessing the whole ‘effluent, the NOEC divided by an
application factor may be used as a rough indication of the NEC. For
assessing individual substances the calculated "Environmental Concern
Level" (ECL) may be used (see section 4.2) - this parameter is only
defined for individual substances. Instead of C, the concentration of
the substances after initial mixing may be used.

At this point the decision can be taken to initiate steps to
reduce the discharge of certain problematic substances or to reduce

. some of the overall parameters of the wastewater, or to reduce the

AW WA Rdiws ¥ wadial L=t R 5 S WA WGy W 2 LA

_ size of the dlscharge as a whole. Examples of thls type of initiative

are process modifications, substitution by less hazardous substances,
or treatment steps. Amongst the methods used to identify where such

‘initiatives need to be taken are source-tracing and tox101ty identifica-
tion / 10/

5.2.3 Wastewater risk assessment o

In this step (step 2), an ecotoxicological test programme must be
carried out in sufficient detail so as to permit the calculation of NEC
and C with so large a degree of certainty that a quantltatlve environ-

- mental risk assessment can be carried out. This is then used to es-

tablish discharge criteria for the whole éeffluent or for hazardous
substances in the efftuent. '

Step 2 can include tests for acute toxicity using a greater
number of species, or it can include tests of longer duration, which
can permit an assessment of sublethal effects caused by longer ex-
posure (particularly relevant if the effluyent is known to. contain bioac-

- cumulating or persistent substances) (see section 3.3). The tests may




be made on the whole effluent or on relevant components, or on
identified substances for which insufficient data is available for es-
- tablishing the NEC. ‘

In addition, supplementary tests and analyses of the effluent
will be necessary to determine the fate of the effluent after discharge.
The objective is in fact to collect so much information and data that
the effluent concentration in the recipient can be quantified on a
statistical basis.

If necessary, a third step may be added, consisting of ad-
ditional tests which are chosen and adjusted to suit the actual effluent-
/recipient situation. They may for example focus on.specific effects
of individual problematical substances in the effluent mixture, or tests
may be made on the turnover and effects in specaﬁc environmental
compartments (sediment for example), or studies might be made of
effects on the interaction between species (multi-species tests). In
addition, recipient studies and monitoring activities could also be

mcluded in step 3.

5.2.4 Environmental assessment of effluent

The objective of the individual steps in the environmental assessment
‘procedure will always be to calculate both the actual concentration (C)
of the wastewater or of specific chemical substances in the recipient
(exposure assessment), and the concentration (NEC) at which no
unacceptable ecotoxicological effects- are expected in the recipient
(effect assessment). A comparison of C with NEC will then give a
measure of the expected harmful effect in the recipient.

' The actual concentration in the recipient (C) may be cal-
culated at various distances from the discharge point, or in several
different areas of the recipient water body. The effluent concentration
may for example be calculated on the basis of the initial mixing or in
relation to the establishment of an allocated impact zone. The con-
centration which it is relevant to calculate must be decided on the
basis of the official environmental quality objective for the rec1p1ent
in question.

Calculation of effluent concentrations at spemﬁc points in t‘ne
recipient can be done either on the basis of conservative dispersion
calculations, in which only the hydraulic dispersion is taken into
account, or corrections may also be made for physico-chemical pro-
perties and degradab111ty
, - For assessing the likelihood of acutely toxic concentrations
occurring at a specific point in the recipient, the first step is to cal-
culate the maximal concentration of effluent which can occur as an
average over [ hour or 1 day (for example). Using an appropriate
uncertainty factor, C may be calculated from PEC. Correspondingly,
a concentration which will not give unacceptable acute-toxic effects
(NEC,) may be calculated from the results of acute toxicity tests. This
environmental assessment procedure is shown in ﬁgure 3.2.2.
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Figure 5.2.2 Assessment of porential acute toxic concentrations at one
specific point in the recipient. :
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Figure 5.2.3 Assessment of potential cronic toxic concentrations at
one specific point in the recipient.

.~ For assessing the likelihood of chronically toxic con-
centrations occurring at a specific point in the recipient, thé starting
point is the maximum effluent concentration which will occur over a
period of 4 days. This concentration must be compared with a con-




centration wﬂich will not cause unacceptable chronic-toxic effects on
the ecosystem and its species. (NEC,). This is shown in figure 5.2.3.

As already mentioned, assessments of this type may be made
for various areas within the recipient. The areas selected for assess-
ment will depend on the environmental quality objectives for the -
_areas, but often the need will be for criteria for the situation after =

initial mixing and at the impact zone boundary.
5.3 A proposed stepwise investigation programme

In order to carry out the environmental assessments at the various
‘stages explained above, it is necessary to collect information and data
concerning either the individual substances or the whole effluent. To
~ illustrate what data is needed for these assessments a proposal has
been drawn up for a stepwise investigation programme (table 5.3.1).
This section describes how the results can be employed to carry out
environmental assessments- of individual substances, fractions of the
whole effluent, or the whole effluent itself. Since in many cases it will

" be impossible to obtain information on individual substances from the

literature, it will often be practical to concentrate the effort on inves-

tigating the whole effluent,

- Ttisnot the purpose of this proposal to stlpulate mvesngatlons

‘both of the individual substances and of the whole effluent. In- many

. cases the problems of toxic effects, for example, may be dealt with
- satisfactorily using invéstigations of the whole effluent, whereas
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can be dealt with separately.

Generally speaking it is not poss1b1e to formulate a fixed

. investigation programme which can be used for all types of waste-

water discharge. Therefore it will always be necessary to carry out a
specific expert review of the information needed in order to establish
. the criteria to be applied to the discharge in question.

5.3.1 Assessment of individual substances '

On the basis of the inherent properties of chemical substances and
information about the quantities discharged it is possible, if the a-
mount of data is sufficient, to assess the exposure-related aspects such
as dispersion in the water phase, adsorption to particles and tendency

- to settle, bioaccumulation and biodegradation. Toxicity tests provide
- information on the possible effects of the substance. Some of these
parameters, however, will be less suitable for assessment of individual

-substances in whole effluent, since they are affected by the presence

of other substances in the complex mixture. Toxicity is the most

obvious example, but properties such as adsorption and blodegradatlon

may also change dependmg on the presence of other substances in the
- whole effluent. .

The coniposition and variability of the wastewater with regard

to the individual substances it contains can be assessed at the prelimi-

nary stage using information about mass balances and production

processes. Additional information is obtained in stage I from a chemi-
cal analysis programme and supplementary analyses at stage II can

provide information about the variability of the content of chemical >
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substances-in the wastewater. Finally in stage III more precise infor-

mation can be obtained about the variability by means of continuous

recording of selected indicator parameters through a period of time.
The bzologzcal degradation of the substances may be assessed

at the preliminary (basis) stage on the basis of handbook literature and

'data on chemical classification. At stage I a more detailed literature
~ search may be made if necessary, to which may be added tests for

ready or potential degradability. At stage H and IIT simulation tests
may be carried out which reflect more closely the sitvation in the
recipient in question. -

Initial assessment of bioaccumulation of chemical substances

| in wastewater discharges may also be made using handbook material
~ and classification data. At stage I more detailed searches of the pri-

mary literature may be made supplemented with HPLC or TLC
screening. At stage II the use of bivaccumulation tests is recommend-
ed, using fish for example, and at stage III more specific bioaccumu-
lation tests or monitoring studies in the recipient may be carried out
if necessary.

Finally it is proposed that the toxzczty of the chemlcai substan-
ces is determined in the preliminary stage on the basis of handbooks,
classification data, existing environmental quality criteria or lists of

- environmentally hazardous substances. At stage I the primary litera-

ture may be searched for additional information, QSAR-evaluations
may be undertaken, and acute toxicity tests on up to three different

. species (planktonic algae, crustacea, fish) could be carried out. On the

basis of this-information, NOEC values can be established, and if
there is sufficient data in the literature, environmental quality criteria
can also be defined. At stage IT an additional 2 tests for acute toxicity
could be added so that enough data is obtained to permit calculation

/. ~ of the NEC and the probability of toxic effects. Alternatively, chronic

toxicity tests after 'more lengthy exposure could be made if the sub-
stances in question are not readily degradable. If further investigations

" are necessary then tests for spécific effects on individual species or on -
- multi-species systems can be carried out under stage IIL. ‘

5.3.2 Assessment of complex wastewater mixtures :
Investigation of complex effluent will primarily produce data-on the
overall effects. On the other hand it is more difficult to-draw conclu-
sions about the dispersion and distribution of the effluent mixture in
the external environment, since biodegradation and bioaccumulation
in particular are. quahnes which primarily derive from the individual
substances or fractions in the effluent mlxture These questwns will
be discussed further below.

As already mentioned, in' the preliminary stage an- mltxal‘

- assessment could be made of the composition and variability of the .
- effluent based on a knowledge of the production process and mass

balances. . Already available results from earlier studies can also
provide. important information. If it is judged necessary to carry out
investigations during stage I it is proposed that a number of physico-
chemical parameters should be measured (for example: temperature,
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pH, density-,' suspended solids, DOC, AOX étc.). Additional inves- ~

tigations at later stages of the assessment can then focus on the varia--
tion of these parameters with time, and the possible dependence of
this on production, or on recording of specific indicator parameters.

The dispersion of the effluent in the recipient may be assessed
on the basis of the physico-chemical data using simple or more ad-

vanced spreading models (see section 3.2). For evaluating the distribu-

tion in the external environment, detailed knowledge about which
substances are present will of course give the best prospects, -but in
the great majority of cases extensive analytical work will be needed
to get this far. Other types of assessment may be carried out based on
the results of biodegradation and bioaccumulation tests.

Assessment of biodegradation.of the complex effluent mixture

can most easily be carried out by measuring BOD and. COD. In
addition to this, stage I could include (aerobic) stabilization studies or
simulation of wastewater treatment plants. In the following stages
degradation studies may be carried out, simulating the conditions in
the recipient or parts of it. If substances or fractions of the effluent
are found not to be readily degradable they may persist in the environ-
ment and spread more widely, and they should of course be assessed

- more carefully. The natural variation in the degradability test results

will probably be so large, however, that on the basis of the biodegra-

- dation parameters alone it is almost impossible to rule out the pos-

sibility that persistent substances or fractions may be present in small
concentrations in the wastewater. Some progress can be made by

mvectwatmo the persistence of some of thess’ parameters (such as

R e PR A A

b1oaocumu1at10n or toxicity) following stablhzauon of the complex
effluent {cf. section 3.3).

Assessment of the bzoaccwnulatzve fractions or substances can
be made in stage I using HPLC- or TLC-screening. Any bioac-
cumulative fractions can then be identified more specifically by chemi-
cal analysis. Additional investigations of the content of bioaccumula-
tive substances can be made by means of test organisms such as fish,
or by collecting organisms such as mussels from the recipient and
subjecting them to chemical analysis. Bioaccumulative substances
which also-are persistent or toxic are of partxcular interest, and inves-
tigations of remanence after biodegradation tests in order to reveal any

" bioaccumulative substances or fractions will give valuable information.

The effect of the whole effluent can be assessed at the preli-

minary stage on the basis of existing test data or from a knowledge of

the substances present in the effluent, assuming addition of toxicity. .

At stage I, as with assessment of individual substances, acute toxicity
tests using three species can be made in order to establish a NOEC
value. At stage II it is recommended either that a further 2 species be

- tested so that the probability of ecotoxicological effects can be quan-

tified, or that tests for chronic toxicity after longer exposure time be

performed. The latter will be particularly relevant if there are persis-

tent (remanence in stabilization tests) or bicaccumulative fractions
present in the effluent. Finally, at stage III, tests may be made for
specific effects-on individual species or on multi-species systems.
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- .5.3.3 Concluswn

This section has presented a proposal for a stepwise industrial effluent
investigation programme, in which at each step a consistent environ-
mental assessment may be made if the required amount of data is

available. It should be underlined that the proposal has been developed -

wwrtth avrailahla saathade and avietivnag Aata A n that nar Y-
Willl avdalauie 1LGHIVAD allild CAlouE uam lll uuuu, ang mat new mc

thods and new knowledge may lead to changes in the programme.

54 Strategy for establishing criteria and momtormg
' comphance :

Corresponding to the proposed strategy for investigation and assess-
ment of effluent (section 5.2), it is possible at each stage to make an
administrative decision on which an effluent discharge permit conld
be based. The permit will normally contain a series of requirements
or criteria for the composition and characteristics of the effluent, and
a description of the conditions to .be fulfilled for the permit to be
valid. The effluent criteria are established in such a way as to ensure

. that the effluent discharge will not make it impossible to fulfil the
rec1p1ent quality objectives established by the regional authorities.

According to current Danish law it is the responsibility of the dis-
charger (the enterprise, or the local authority in the case of a munici-

- pal treatment plant) to provide documentation showing that the criteria

have been met; this must be done via a momtormg programme which

is specified in the discharge permit.

The effluent criteria can be of the followmg types:

. criteria based on water quality, setting an upper limit for the

toxicity of the effluent based on the diversity and functioning
of the ecological community in the recipient. These criteria
may be monitored by means of biotests;

®  criteria based on clean technology principles, setting an upper

limit for the content of particularly harmful substances (persi-
stent, bioaccumulative, and/or highly toxic -substances).
These criteria may be monitored by means of chemical analy-
sis. - o '

In cases where the tox1C1ty of the effluent can be ascribed to

relatively few substances in the effluent, the water—auahtv-based

~ criteria may be replaced in whole or in part by cntena concemmg the

content of individual substances.
The following section outlines an expanded strategy for

- establishing criteria for toxicity of mdmdual substances and whole
‘efﬂuent respectively.- :

- 5.4.1 [Establishing criteria and momtormg comphance' indivi-

dual substances
In the Danish EPA Gu1dehnes for rec1plent water quality plannmg in

- coastal waters /5/, a series of guidelines are laid down for establishing

criteria for xenobiotic substances. - According to the guidelines, no

© - acute toxicity is permitted in the receiving water within the impact -
zone of the effluent discharge, in which the less stringent quality.
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objective applies (this may, however, exclude the immediate mixing
zone around the outlet). Any chronic effects are only tolerated within

‘a zone which ‘should be as small as possible, and must not occur

outside the impact zone boundary. The discharge of substances dis-

playing both chronic toxicity and either persistence or bioaccumulation

must be reduced as much as possible ("clean technology”). .

~ Protection of the recipient with regard to the acute toxicity of
individual substances should be related to the maximum criteria which
apply after the initial mixing; i.e. concentrations which must not be
exceeded in any samples. The criteria may be set on the basis of the
NEC for acute toxicity (NECa) and the lowest expected initial dilution
(for example at turn of tide in marine recipients or at lowest flow in

 rivers). The values$ should be set both as a.concentration in the was-
tewater (mg/l) and as a total discharged quantity (kg/d).

- With respect to the potential chronic effects of individual -
substances (including bioaccumulative and persistent substances),
continuous.average criteria should be set based on NEC for chronic
toxicity (NEC,), the critical dilution in the impact zone (impact zone
boundary, 95% fractile) and an assessment of the variability of the
effluent (statistical calculation' of mean and variance). Continuous
average criteria must be complied with, using an averagmg period on

‘a rolling basis, i.e. after each new sample the compliance is assessed

on the basis of a constant number of samples from the elapsed averag-
ing period. :
* The criteria (and an acceptable variance) must be compared
with the mean and variance for the data from each period usmg the

followmg relauonshlp

C=M+k, s o

where ‘C. - the snpulated value to be achieved
- M:  mean of measurements during the monitoring period

S: variance ("spread") of the mean
k. a constant determined by the normal dxstnbuuon
function, which depends on the acceptance probabili-
'~ ty and number of samples (Normally set at 0,95; i.e.
' 95% probability that the criterion is fulfilled if for
example the 80%-fractile is lowei' than C). ‘

The above method for estabhshmg and momtonng contmuous
criteria is in agreement with standard practice as applied today to

- virtually all municipal and a considerable number of industrial was-
tewater discharges in Denmark. The method has been described in -~ -
.detail in a- Danish Engmeenng Federation (DIF) recommendation of

1981 /9/.

54.2 Estabhshmg criteria and monitoring compliance: whole
- effluent .

Criteria for the overall propertiés of effluent have typically been

established on the basis of the individual substances detected in the

effluent and on available knowledge of the fate and effect (and exis-

' ting criteria, if any) of the substances in the environment.
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In recent years, the parallel use of overall chemical 'pa.réme«

ters, such as NVOC, and biotests have revealed a number of weakres-
ses in this traditional practice, especially with respect to assessment

1)

2)

3)

- of the combmed toxicity of the wastewater /10/:

Experienoe in general shows that even after a considerable
effort only a small proportion of the total carbon content of
the effluent (measured as NVOC) can be identified by chem-
ical analysis. Apart from the contribution from humic acids,

.etc., even advanced techniques such as GC/MS are unable,

according to /10/, to detect about 80% of the more than
50,000 synthetic chemicals which are commercially available
today. To these must be added a potential content of known
and unknown degradation products

~ Even for detectable chemicals the analysis of complex sam- -

ples can be problematical due to the high detection levels and
poor resolution of the GC/MS chromatogram, with a relative-
ly high analytical uncertainty in consequence. It should be
noted that substance concentrations below the chemical detec-
tion level are not necessarily below the "toxicological detec- -
tion level”. This situation has been observed in several Da-
nish examples, especially where highly soluble orgamc com-
pounds are involved.

[

~ The variability in the combined toxicity of the wastewater can

not be expected fo coincide with the variability in the indivi-

-dual substances giving rise to the toxicity, unless the toxicity

is related 'to an individual substance or to substances with
identical distribution functions. Thus, establishing protection
levels for individual substances (in accordance with the DIF
norm /9/) will not give the same level of protection for the
combined toxicity.

Effect-based water quality criteria are only available inter-
nationally for less than 150 chemicals, as mentioned in sec-
tion 2.3. For the great majority of the remaining substances

the documentation of environmentally relevant characteristics

is sketchy or non-existent. A detailed assessment of the NEC-
level for individual substances will therefore only be possible
for a relatively limited number of substances. It should be
pointed out, however, that calculation of an "Environmental
Concern Level" (ECL) using application factors can be made
using relatively small amounts of ‘data (cf. section 4.2).

The above-mentioned .comments relate specifically -to the

possibility of assessing complex effluents. For effluents in which the
toxicity derives from a relatively small number of well-documented
- substances, it will in most cases be most cost-effective to relate the

criteria and compliance monitoring programmes to individual substan-
ces in the effluent.
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5.4.3 Establishing discharge criteria on the basis of recipient
quality objectives

Criteria for discharge of industrial efﬂuent can also be based on

objectives for the environmental quality of the recipient. For example,

the objective could be that the effluent must not be acutely toxic after

 the initial mixing /12/, or that it must not give rise to chronic effects

after mixing or within the 1mpact zone.

.. For the critical point(s) in the recipient the objectlve can be |
formulated as C < NEC, where.C = effluent concentration at the
critical point(s). Depending on ‘whether the criterion focuses on acute
or chronic toxicity C can be formulated as C(; g pax.) a0d Ciq g max.)»
and NEC can be defined as NEC, and NEC, respecuvely (cf. section

. For complying with. the requirements eoncermng toxicity in
the recipient (C < NEC) it is possible to use the same extrapolation

_methods as used in the environmental assessment (section 5.2.4) and
calculate backwards to a criterion for the toxicity of the wastewater.
If the recipient quality objective is based on acute toxicity, the re-
quirements to toxicity will be based on a maximum value which never
- or only at a certain frequéncy - may be exceeded. If the recipient

quality objective is based on chronic effects, it will be most useful to

- - define the effluent toxicity criteria as an average (maximum) toxicity

- which must be complied with-over a specified control period.

In connection with the establishment of discharge criteria it
will also be necessary to specify precisely the sampling methods; the.
frequency of compliance monitoring, and the procedures to be used
in biotests. The nature of these specifications will depend on the

criteria being used. For example the sampling duration (such as ° -

whether it should be 1- day or. 4-day flow-proportional composite
samples) will depend on whether the discharge criteria are based on
‘maximum (acute) toxicity or average (chronic) toxicity. - ‘

Similarly, the compliance monitoring frequency will be
correlated to the way in which the discharge criteria are formulated,
since more frequent compliance monitoring will give a more defailed -
picture of the variation in the wastewater, permitting more precise
criteria to be established. Less frequent compliance monitoring will of
course give a less detailed picture of the variation, and therefore the
requirements to the types of compliance testing to be performed must
be stricter if the same degree of certainty is to be achieved that the
discharge criteria are being respected.

‘Finally, the biotests used for compliance monitoring must be
chosen as the most "cost-effective” on the basis of the characterization
of the effluent using a variety of test methods. Cost—effectlveness is
here understood to include the followmg factors

o the effluent is toxic to the chosen orgamsm(s) at such a level "
that the "toxicity"” can be measured ("low level of detection")

e  the method has a high degree of reproduc1b1hty (low "analy— o

\ tical uncertainty") :
L the cost of performmg the test is as low as possﬂ)le
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Ideally, biotests used fof monitoring of compliance should be

chosen on the basis of knowledge of the variation in the effects caused
by the effluent on at least three trophic levels of organism (such as

. algae, crustacea and fish).

If the distribution of the results is relatively uniform, i.e. the

tests that are used give similar predictions as to the relative level of

toxicity, then the most cost-effecnve method should be used (cf. figure
5.4.1 A). o
Effest concextration
ECS0/LC30 :
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._.. . . . /1
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Figure 5.4.1 Iheorezzcal example on A) homogeneous distribution

function and on B) dzﬁ’erenz distribution function of results from rkree
di ifferent biotests.
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