s ENVIRONMENTAL
) ;“- POLLUTION

ELSEVI

ER Environmental Pollution 99 (1998) 379-387

The acute toxicity of phenol and unionized ammonia, separately and
together, to the ephemeropteran Baetis rhodani (Pictet)

S.H. Khatami, D. Pascoe, M.A. Learner *

School of Pure and Applied Biology, University of Wales, P.O. Box 915, Cardiff, CF1 3TL, UK

Received 14 July 1997; accepted 2 December 1997

Abstract

The acute toxicity of phenol and ammonia, singly and in combination, to larvae of the ephemeropteran, Baetis rhodani, was
examined using a computerized continuous flow system in the laboratory. The 24h LCs values (with 95% confidence intervals)
were calculated to be 29.9 (17.3-51.5)mg phenollitre~! and 8.2 (2.0-33.0) mg un-ionized ammonia litre~!. When phenol and
ammonia were together in low concentration (<20mglitre~' and <3mg litre~! [un-ionized], respectively), they expressed their
toxicity additively, but at higher concentrations they behaved in a greater-than-additive manner. When the 24 h LCso values were
used to predict the toxicity of a coking plant effluent, containing principally ammonia and phenol, it was found that the B. rhodani
larvae died quicker than expected indicating the presence of other toxic chemicals. This exemplifies the value of using direct toxicity

assessments to detect the presence of unknown toxicants. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the UK, river water quality is protected through
the application of discharge consents (National Rivers
Authority, 1994). Usually, maximum permitted con-
centrations are specified for each toxicant in the dis-
charge. The data used to determine these concentrations
are based principally on laboratory studies in which
monospecific populations of a small range of species
have been exposed to single toxicants under controlled
environmental conditions. However, in reality, surface
waters are frequently affected by a combination of toxi-
cants operating in a variable environment. Often, the
interaction between two or more toxicants is additive,
but synergistic and antagonistic interactions are also
known (Hellawell, 1986). Because studies on mixtures of
poisons are rare, the occurrence of synergistic and
antagonistic interactions may well be commoner than
the literature indicates.

The objective of the investigation reported here was
to determine the sensitivity of larvae of the ephemer-
opteran, B. rhodani (Pictet), to ammonia and phenol,
separately and together. This was part of a broader
study on the impact of a chemically complex effluent
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from a coking works on the macro-invertebrate fauna
of the receiving stream (Khatami, 1996). The Cwm
Coking Works at Llantwit Fardre, near Pontypridd,
South Wales, was constructed in 1958 and currently
produces some 350000 tonnes of coke a year, primarily
for use in the European metallurgical industry. The
process results in a waste liquor which after treatment
on site was, until 1994, discharged intermittently into
the Nant Myddlyn, a third order channel (1:50000
scale; Strahler, 1964). This liquor is now discharged into
the sewerage system. The discharge into the Nant
Myddlyn contained a complex mixture of chemicals;
principally ammonia and phenol, as well as coal parti-
cles (Khatami, 1996).

Apart from its presence in the effluent from coking
works, ammonia occurs widely as a pollutant, usually
derived from sewage works’ effluents, combined sewer
overflows and farm-animal husbandry. Its toxicity to
aquatic life is very variable and dependent on water
chemistry conditions (Alabaster and Lloyd, 1980).
Relatively little is known about its toxicity to macro-
invertebrates and studies are needed to justify consents.
Phenol is a frequent contaminant of freshwaters due to
its presence in effluents from the resin, oil, chemical and
coal industries. Knowledge about its toxicity to macro-
invertebrates is limited.
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B. rhodani is widespread and often abundant in
Britain (Elliott et al., 1988) and was found to be a
numerically important component of the macro-inver-
tebrate fauna throughout most of the Nant Myddlyn.
However, it was absent from samples collected 0.6 km
and 1.1km downstream of the coking works’ outfall,
although present in samples collected upstream of the
outfall and 2.4 km downstream of the outfall (Khatami,
1996). A provisional explanation for the absence of
B. rhodani downstream of the coking works was that the
effluent was toxic to it. Although some information
about the acute toxicity of ammonia and phenol as sin-
gle toxicants to this species is available (Williams et al.,
1984, 1986; Green et al., 1985), nothing is known, as far
as we are aware, about the toxicity of these chemicals in
combination.

2. Materials and methods
2.1. The test animal

Larvae of B. rhodani (ca. 7mm long) were collected
on several occasions by kick-sampling an unpolluted
reach of the Nant Myddlyn upstream (National Grid
Reference ST068868) of the coking works. Con-
ductivity, total hardness, pH and un-ionized ammonia
content were measured on each occasion. The methods
used are described later. The conductivity varied from
266 to 397 uScm~!, total hardness from 66.5 to 77.1 mg
CaCOslitre~!, pH from 7.06 to 7.35, and the un-ionized
ammonia content was 0.005 mglitre™!. Once collected,
the larvae were transferred to a tank containing stream-
water and transported to the laboratory in Cardiff where
they were placed in a stock tank containing continuously
aerated dechlorinated mains-water maintained at the
experimental temperature (13°C). Acclimation prior to
use in experiments was for at least 24 h, and during this
period the larvae were fed on discs of conditioned
(Bird and Kaushik, 1985) horse chestnut (Aesculus
hippocastanum L.) leaves.

2.2. Single toxicant experiment

A computerized, continuous flow-through dosing
system (Water Research Centre Continuous Flow
Toxicity Test Rig, Medmenham, England), housed in a
constant temperature room at 13°C, was used to main-
tain the concentration of these volatile toxicants.
Approximately 96% of the test solution was replaced in
9h.

In the first experiment, phenol was supplied from a
400 mg phenol litre~! stock solution to give nominal
concentrations in the six tanks (each 15.5x25x15cm
and containing about 5 litres of solution) of 0 (control),
4, 10, 20, 30 and 40 mg phenol litre~!. The dilutant was

dechlorinated mains-water that had passed through
carbon filters. In the second experiment, ammonia was
added to the six tanks from a stock solution of 6000 mg
NH,CI litre~! to give nominal concentrations of 0, 10,
30, 60, 100 and 125mglitre=! . Sodium hydroxide was
added to maintain the pH at about 8.0 so that approxi-
mately 2% of the ammonia was un-ionized. The actual
quantities of un-ionized ammonia present in each tank
were calculated using the formula provided by Alabaster
and Lloyd (1980) which takes account of the environ-
mental pH and temperature. The un-ionized fraction
was ascertained because previous studies on the toxicity
of ammonia (Alabaster and Lloyd, 1980; Williams et al.,
1986) had shown that it was the un-ionized molecule
that determined the acute toxicity of ammonia to the
fish and macro-invertebrates investigated.

In both experiments, the concentrations of toxicant
used were based on information gained from the litera-
ture and took account of the concentrations known to
have occurred in the Nant Myddlyn.

Ten larvae were assigned randomly to each tank and
sufficient discs of conditioned horse chestnut leaves were
added to provide food for the duration of the experiment.
The larvae were observed regularly and death was record-
ed if an animal failed to respond to 15s of mechanical
stimulation. Dead animals were removed from the tanks.
Computerized versions of the Litchfield (1949) time-
response and the Litchfield and Wilcoxon (1949)
concentration-response methods were used to analyze
and statistically compare the mortality data. These ver-
sions enabled not only the LCsq values to be calculated,
but also their confidence intervals. The latter are
important when comparing LCs; values, although they
are rarely provided in the toxicological literature.

Various water-quality variables were monitored regu-
larly throughout the experiments. Temperature (% 1°C),
pH (£0.1), dissolved oxygen (+1% of the measured
value) and electrical conductivity (£1% of the meas-
ured value) were determined using appropriate digital
meters. Total hardness was determined by atomic
absorption spectrophotometry after filtering the water
sample through 0.45 um porosity filter paper. Ammonia
and phenol concentrations were measured using a WPA
Hydrocheck HC 6000 Photometer (WPA Ltd, Linton,
Cambridge, England). This colorimetric system used
p-nitroaniline to measure phenol concentration at 445 nm
and indophenol to measure ammonia concentration at
690nm. The limits of detection were 0.2mg phenol
litre~! and 0.05 mg ammonia litre~!.

2.3. Combined toxicant experiments

The first experiment was carried out as described
already, except that the stock solution supplied com-
prised a mixture of phenol (400 mg litre~!) and ammo-
nia (6000 mg litre=!), which, when diluted by the dosing
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system, provided phenol-ammonia mixtures of increas-
ing total toxicity in the five test tanks.

In the second experiment, B. rhodani larvae were
exposed to effluent collected from the coking plant. This
was obtained from the effluent pipe leading from the
biological treatment plant. Except for the different stock
solution, the experiment was carried out as before. Dilu-
tion of the stock solution was such that the six tanks
contained effluent concentrations of 99, 90, 80, 70, 60
and 0% of the full strength effluent. The flow rate to each
tank ensured 98% replacement of the effluent every 6 h.

3. Results
3.1. Single toxicant experiment

Water quality data, phenol and ammonia concentra-
tions are displayed in Tables 1 and 2. The dissolved
oxygen concentration was at least 85% of the air
saturation value throughout. No mortality occurred
amongst the control animals during the phenol study; a
10% control mortality was recorded during the ammo-
nia study.

All the phenol concentrations used were toxic to
B. rhodani; the lowest concentration (2.1 mglitre=!)
caused a 50% mortality within 11 days (Fig. 1). How-
ever, comparison of reaction time ratios (Litchfield,
1949) showed that there was a sharp and significant
(»=0.05) increase in phenol toxicity once the concen-
tration exceeded 17.6mglitre~!. There was no sig-
nificant difference amongst the slope functions. The 24 h
LCso value (with 95% confidence interval) was calcu-
lated to be 29.9 (17.3-51.5) mg phenol litre~!.

Un-ionized ammonia was also toxic to the B. rhodani
larvae at the concentrations used in the experiment; the

lowest concentration, 0.32mglitre~!, caused a 50%
mortality in 36 h (Table 2). The LTsq values declined as
the un-ionized ammonia concentration increased, but
unlike phenol, there was no sharp increase in toxicity
over the range of ammonia concentrations used (Fig. 2).
There was no significant difference amongst the slope
functions. The 24h LCsy value (with 95% confidence
interval) was calculated to be 8.2 (2.0-33.0)mg un-
ionized ammonia litre=!.

3.2. Combined toxicant experiments

3.2.1. Phenol and ammonia

Water quality data, phenol and ammonia concentra-
tions are shown in Table 3. Control mortality during
this experiment was 10%. The concentrations of phenol
and ammonia used in the combined toxicant experiment
differed from those used in the single toxicant experi-
ments. Therefore, a direct comparison of LTs, values
between the single and combined toxicant experiments
was not possible. Instead, we predicted the LTs, values
for the combined toxicants from the sum of fractions of
the 24 h LCsq values (Brown, 1968) for phenol and un-
ionized ammonia, as derived from the single toxicant
experiments (Table 4). A value of 1.0 for the sum of
fractions indicates that 50% of the animals would be
expected to die within 24 h if the toxicity of the com-
bined toxicants is additive. If the value is less than 1.0,
the LTso would be expected to be greater than 24 h and
if more than 1.0, the LTsg value would be less than 24 h.
The predicted LTsp values for the combined toxicants,
assuming a linear relationship between the potency of
the combined toxicants and the LTs, value, are com-
pared with the observed LTs, values in Table 5. The
results indicate that at the lower concentrations of phe-
nol and un-ionized ammonia, at least up to 2.73mg

Table 1
Water chemistry (mean + SE), median lethal times (LTso) and slope functions (S) recorded for the phenol toxicity experiment
Parameter Tank
Control 1 2 3 4 b
T (°C) 13.1+0.1 13.1+0.1 13.1£0.1 13.1+0.1 13.1£0.1 13.1+0.1
(n=12) (n=12) (n=12) (n=12) (n=12) (n=12)
pH 7.85+0.03 7.79+0.04 7.74+0.07 7.13+£0.07 7.86+0.03 7.88+£0.02
n=12) (n=12) (n=12) (n=11) (n=4) (n=4)
Electrical conductivity (uScm~1) 251+3.8 249+3.4 248+3.3 247+3.0 240+1.8 240+1.6
n=12) n=12) (n=12) (n=10) (n=4) (n=4)
Hardness (mglitre~! CaCO5) 144.8 +18.6 1409+£204  138.5+17.0 13754159 1258+11.4 1202428
n=12) n=12) (n=12) (n=11) (n=4) (n=3)
Phenol (mglitre~!) Below detectable 2.1+0.15 8.5+0.22 17.6+0.39 26.4+0.87 36.3+0.44
limits (n=15) (n=14) (n=12) (n=4) (n=3)
LTso (hour) — 250 132 110 21.5 12.6
(95% C.L) (136-461) (61-288) (67-180) (11.9-38.6) (6.6-24)
S — 2.5 34 2.1 25 2.8
(95% C.1) (1.7-3.6) (2.1-5.3) (1.6-3.1) (1.6-3.9) (1.7-4.5)

n=number of samples.



382 S.H. Khatami et al.| Environmental Pollution 99 (1998) 379-387

NH; litre~! and 17.6 mg phenol litre™!, these toxicants
conformed to the additive model and their combined
toxicity could be predicted by summing fractions of the
24h LCso values. However, at higher concentrations,
phenol and ammonia in combination behaved in a
greater-than-additive, i.e. more toxic, manner.

3.2.2. Coking plant effluent

Water chemistry data, phenol and ammonia con-
centrations are displayed in Table 6. The conductivity of
the water in this experiment was much higher than in the
previous experiments, except for the control. The pre-
dicted LT s, values for the various dilutions of the coking

Table 2
Water chemistry (mean = SE), median lethal times (LTs) and slope functions (S) recorded for the ammonia toxicity experiment
Parameter Tank
Control 2 3 4 5
T (°C) 13.1+0.1 13.1+0.1 13.1+0.1 13.1+0.1 13.1+0.1 13.1+0.1
(n=38) n=3) (n=9) (n="T) (n=7 (n==6)
pH 7.80+0.05 7.98+0.10 8.25+0.07 8.26+0.04 8.28+0.03 8.32+0.01
n=9 (n=9) (n=8) n="7 n="7 (n=6)
Electrical conductivity (uScm™!) 296+ 6.6 354+1.5 516 +£3.0 760+5.5 1022+6.2 1235+12.5
n=9) (n=9) (n=8) n=7) n=7 (n=6)
Hardness (mglitre~! CaCOs) 153.4+13.0 152.7+5.3 156.3+12.1 157.7+8.0 156.8+13.4 1442145
(n=8) (n=38) (n=8) (n=7) (n=7) (n=16)
Total ammonia (mglitre™!) Below detectable 10.39+0.8 32.86+19 62.71+3.5 99.69+3.9 127.38+7.3
limits (n=38) (n=28) (n=7 n=7 n=>5)
NH; (mglitre~!) Below detectable 0.32+0.07 1.39+0.1 2.69+0.2 4.34+0.38 6+0.37
limits (n=8) n=8) (n=7 (n=7) (n=25)
LTso (hour) — 36 30 26 18 13.5
(95% C.1.) (27-49) (18-51) (15-44) (10-32) (5-34)
S — 1.6 22 23 25 43
(95% C.1.) (1.3-1.9) (1.7-3) (1.5-3.4) (1.6-3.8) (2.2-8.6)
n=number of samples.
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Fig. 1. Concentration-mortality curve for the toxicity of phenol to larvae of Baetis rhodani obtained by the present authors (ll) compared with that
obtained by Green et al. (1985; A). Vertical and horizontal error bars indicate 95% confidence intervals.
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observed LTsg values. The predicted LTso values assume
a linear relationship between the potency of the com-
bined phenol and un-ionized ammonia concentrations

Table 3
Water chemistry (mean % SE), median lethal times (L Tso) and slope functions (S) recorded for the experiment that used a combination of phenol and
ammonia
Parameter Tank
Control i 2 3 4 s
T (°C) 13.1+0.1 13.1+0.1 13.1+0.1 13.1+0.1 13.1£0.1 13.1+0.1
(n=10) n=10) (n=28) (n=4) n=3) (n=3)
rH 8.03+0.03 8.18+0.03 8.32+0.06 8.36+0.1 8.42+0.18 8.48+0.2
(n=11) n=11) (n=11) (n=6) (n=3) (n=3)
Electrical conductivity (uScm~') 307+59 370+3.6 553+£2.8 870+8.7 1211£7.2 1483+9.0
n=11) (n=11) n=11) n=6) (n=3) (n=3)
Hardness (mg litre~! CaCOs) 163.7+8.2 157.9+6.1 1454+79 142+6.4 141.7+15.1 139.9+8.9
(n=10) (n=10) (n=8) (n=4) n=3) n=3)
Phenol (mg litre™") Below detectable 1.9+0.15 8.5+0.28 17.6+£0.58 26.2+1.01 37.4+1.21
limits (n=11) (n=9) (n=6) (n=3) (n=3)
Total ammonia (mg litre~") Below detectable 8.83+1.20 2492+2.04 6548+5.63 83.65+3.68 105.23 +£8.31
limits (n=11) n=9) (n=6) (n=3) (n=3)
NH; (mg litre™?) Below detectable 0.28 +£0.49 1.01+0.12 2.73+0.28 3.74+0.37 5.31+0.69
limits (n=11) n=9) (n==6) (n=3) (n=3)
LTsq (hour) — 213 63 24 29 1.6
(95% C.1) (159-286) (46-86) (8-74) (1.84.7) (0.9-3.6)
S — 1.6 1.6 6.1 2.1 24
(95% C.1) (1.3-1.8) (1.3-2.0) (2.6-14.1) (1.5-3.0) (1.6-2.6)
n=number of samples.
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Fig. 2. Concentration mortality curves for the toxicity of un-ionized ammonia to larvae of Baetis rhodani obtained by the present authors (@) and
by Williams et al. (1986; A). Vertical and horizontal error bars indicate 95% confidence intervals.
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and the LTso values. The B. rhodani larvae died much
faster than predicted on the basis of the phenol and
un-ionized ammonia components of the effluent alone.
No mortality was observed amongst the control
animals.

4. Discussion

There are few studies with which the present investiga-
tion can be compared. In particular, the need for further

data on the toxicity of ammonia to aquatic invertebrates
has been emphasized by Adams and Bealing (1994).
Green et al. (1985) studied the toxicity of phenol to
several aquatic macro-invertebrate species including
B. rhodani. They used a flow-through system, as in this
study, but their experiments were carried out at a lower
temperature (11°C) and in softer water (99.5mg CaCO;
litre~!). Also, their B. rhodani larvae were obtained
from a different river and were larger (8-10 mm; pers.
comm). Despite these differences, the results obtained
by Green et al. (1985) for B. rhodani are very similar to

Table 4

The concentrations of phenol and un-ionized ammonia used in the combined toxicant experiment, and expressed as fractions of the 24 h LCs values
obtained for phenol and un-ionized ammonia, and the sum of these fractions for each mixture

Combined toxicant Concentration (mg litre™!) 24 h LCs of single test Toxic unit of 24 h LCs,

(mg litre™!)
Tank Tank
1 2 3 4 5 1 2 3 4 5
NH; 0.28 1.01 2.73 3.74 5.31 8.2 003 012 033 046 065
Phenol 190 8.50 17.60 2620 37.40 29.9 006 028 0.59 0.88 1.25
Sum toxic unit 009 040 092 134 190

Table 5
Predicted and observed median lethal times (LTs values) for phenol and un-ionized ammonia in combination
Tank
1 2 3 4 5
Sum of toxic units 0.09 0.40 0.92 1.34 1.90
Predicted LT5, based on toxic unit value (hour) 267 60.0 26.0 17.9 12.6
Observed LT, (hour) 213 63 24 29 1.6

95% C.I) (159-286) (46-86) (8-74) (1.84.7) (0.9-3.6)

The predicted values assume that, when in combination, these toxicants express their toxicity in an additive manner, and also that a linear rela-
tionship exists between the potency of the combined toxicants and the LTs, value.

Table 6

Water chemistry (mean + SE, n=5), median lethal times (LTso), and slope functions (S) recorded for the experiment that used dilutions of the coking
plant effluent

Parameter Control Effluent concentration (%)
99 90 80 70 60
T (°C) 16.96+0.4 16.96+0.4 16.96+0.4 16.96+0.4 16.96+0.4 16.96 +0.4
pH 8.06+0.05 6.41+0.42 6.83+0.31 6.93+0.29 6.99+0.30 7.32+0.21
Electrical conductivity (uScm™!) 390+0.01 7500+0.08 7270+0.14 6590+0.11 5870+0.12 4920+0.12
Total ammonia (mg litre~!) Below detectable  0.258 +0.03 0.228+0.03 0.201+0.31 0.178+0.02 0.162+0.02
limits
NH; (mg litre™") Below detectable  0.0010:0.0007 0.0013+0.0008 0.0014+£0.0009 0.0015+0.001 0.0018 £0.001
limits
Phenol (mg litre~") Below detectable  4.619+0.08 4.265+0.11 3.800+0.13 3.338+0.10 2.280+0.05
limits
LT (hour) — 21.3 219 28.6 29.2 >42
(95% C.1) (19.7-23) (18.4-26.0) (9.1-89.6) (20.3-41.8)
S - 1.1 1.3 6.2 1.7 —
(95% C.1) (1.0-1.2) (1.1-1.5) (2.6-14.7) (1.3-2.1)
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ours (Fig. 1). This helps confirm the validity of their
results and hence their conclusion that B. rhodani has a
greater sensitivity to phenol than most aquatic species,
including fish species, that have been investigated
(Green et al., 1985). However, the 24h LCs, value of
19mg phenol litre~! obtained by Green et al. (1985)
indicates a greater sensitivity to phenol than is shown by
our results (24 h LCso=29.9mglitre~!). While this may
be due partly to differences between the experimental
conditions provided, particularly temperature (e.g.
Green et al., 1988, reported increased toxicity of phenol
to the isopod Asellus aquaticus at lower temperatures),
we suspect that the difference largely reflects experi-
mental variation (Fig. 1); the 95% confidence interval

Table 7

calculated for the 24h LCs, value in the present study
(17.3-51.5) overlaps the 24h LCso value obtained by
Green et al. (1985). Unfortunately, these authors did
not provide a confidence interval for their value.

The sensitivity of B. rhodani to ammonia has been
studied previously by Wiiliams et al. (1986) who also
used a flow-through system. However, they used a lower
temperature (11.5°C) and softer water (97.6-105.8 mg
CaCO; litre™!) than we did. Their results differ mark-
edly from ours (Fig. 2); the B. rhodani larvae used in
their experiment were less sensitive than ours at the
lower concentrations of un-ionized ammonia (<2mg
NHj; litre~!), but more sensitive at higher concentra-
tions. The environmental differences between the

Predicted and observed median lethal times (LTsp) for dilutions of the coking plant effluent

Dilution of coking plant effluent (%)

90 80 70 60
Sum of fractions of the 24 h LCs, values 0.14 0.13 0.11 0.076
Predicted LTsq value (hour) 160 171 184 218 316
Observed LTsq value (hour) 21.9 28.6 29.2 >42
(95% C.I) (19.7-23.0) (18.4-26.0) (9.1-89.6) (20.3-41.8) —

The predicted values are based on the sum of fractions of the 24 h L.Csq values for phenol and un-ionized ammonia. The actual concentrations are

given in Table 6.
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Fig. 3. Concentrations of phenol (A) and un-ionized ammonia () 0.6km downstream of the coking plant outfall, and the concentration of
un-ionized ammonia (@) 1.1 km downstream of the outfall in 1993. These data were provided by the National Rivers Authority.
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experiments carried out by Williams et al. (1986) and
ourselves do not appear to account for the different
results obtained. The 24h LCso value of 2.3mg NH;
litre™! (no confidence interval provided) obtained by
Williams et al. (1986) is less than the 8.2 mg NH; litre~!
calculated by us, although it lies just within the con-
fidence interval (2.0-33.0). These values show B. rhodani
to be one of the less sensitive macro-invertebrate species
to un-ionized ammonia amongst those studied (Williams
et al., 1986; Maltby, 1995) and they are well in excess of
the 24 h LCs, values that have been obtained for various
fish species, and of the water quality standard (95 per-
centile; 0.025 mg un-ionized NHj litre~!) set to protect
freshwater fisheries in the European Union (Alabaster
and Lloyd, 1980; Lloyd, 1992; Adams and Bealing, 1994).

No study has been carried out previously on the toxi-
city of mixtures of phenol and ammonia on B. rhodani,
in fact, few such studies exist for any species (Alabaster
et al., 1994). Our study indicated that these toxicants
were additive at lower concentrations (less than about
3 mg un-ionized NH; litre~! and 20 mg phenol litre—!) but
greater than additive at higher concentrations. Herbert
(1962) examined the toxicity of mixtures of phenol and
ammonia to rainbow trout. He observed a greater than
additive relationship over the range of concentrations
used (almost entirely within our lower concentration as
defined earlier) so that the fish died faster than pre-
dicted. However, he considered the deviation from
additive to be small enough for the toxicity of a mixture
of phenol and ammonia to be acceptably predictable on
the basis of the additive model although a physiological
mechanism that would account for an additive interac-
tion between these toxicants remains elusive (Alabaster
et al., 1994). The differences between our observations
and those of Herbert (1962) probably reflect the differ-
ent physiologies of the species involved, but differences
between the experimental conditions provided may be
important. Further work is needed.

One of the reasons for investigating the toxicity of
ammonia and phenol was to establish whether the
absence of B. rhodani from sites immediately down-
stream of the coking works was caused by the coking
works’ effluent. It is apparent from our results that,
during 1993, when the longitudinal distribution of
B. rhodani in the Nant Myddlyn was surveyed (Kha-
tami, 1996), the concentrations of phenol and, in par-
ticular, un-ionized ammonia at the sites downstream of
the coking works from which B. rhodani was absent
were sufficiently high when considered individually
(Fig. 3) or in combination to be acutely toxic to this
species. These two chemicals were the major components
of the coking works’ effluent, but direct toxicity assess-
ment using dilutions of the effluent (Table 7) showed
that it was about 7.5 times more toxic to B. rhodani than
expected from the concentrations of ammonia and
phenol alone. Other chemicals toxic to B. rhodani must

also have been present. This exemplifies the difficulties in
setting consent conditions for such complex discharges
and supports the use of direct toxicity assessment as
part of the strategy for protecting surface water (Hunt
et al., 1993).

In most studies of the impact of a discharge on the
fauna of a river, the assumption is made that, in the ab-
sence of the discharge, the faunal community down-
stream of the outfall would have had the same structure
as that upstream. Therefore, any observed differences
are considered to be the consequence of the discharge.
There is rarely an opportunity to test this assumption
which may be wrong. It is known that small-scale vari-
ation is manifest in rivers and that, even where replicate
channels have been manipulated to make them similar,
their faunal communities have displayed differences
(Armitage, 1995). During the present investigation, the
coking works’ effluent was, in August 1994, perma-
nently diverted into the sewerage system for further
treatment at a sewage works. This has provided us with
the opportunity to monitor the response of B. rhodani
(and other macro-invertebrates) in the Nant Myddlyn to
the cessation of the coking works’ effluent. On three occa-
sions in 1993, B. rhodani was not found in samples col-
lected 0.6 km and 1.1 km downstream of the coking works’
outfall, although it was present upstream of the outfall and
in samples collected 2.4 km downstream. In October 1994,
one B. rhodani larva was found at the 1.1 km site, and by
October 1995, the abundance of B. rhodani at the 1.1km
site (but not at the 0.6km site) was the same as that
upstream of the coking plant. The assumption that the
1.1km site would have supported a similar population
density of B. rhodani to the upstream site appears to have
been valid in this case, but monitoring is continuing,.
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