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EXECUTIVE SUMMARY

The use of ecotoxicological methods to complement traditional chemical and biological
(macroinvertebrate) surveys can aid in making regulatory decisions regarding water
quality. This relates particularly to:

1 examining discrepancies between chemically and biologically derived classes for
river stretches;

2. providing evidence of cause and effect in pollution investigations and tracing the
source of pollution events;

3. rapidly assessing the effects of effluent discharges on receiving waters.

This report describes the results of a study carried out to develop an in situ energetic
bioassay using the freshwater amphipod Gammarus pulex (L) as part of National R&D
Project 061 ‘Biological Methods for Assessing the Effects of Pollution’ (see also R&D
Notes 171, 172 and 173). The work described was carried out at WRc and under a
subcontract at the University of Sheffield where the assay was initially developed.

The mortality, feeding and respiration rates, and the Scope for Growth of G. pulex have
been used to assess the effects of pollutants in laboratory and field experiments. Feeding
rate has emerged as the most sensitive and cost-effective sublethal measurement. It is also
ecologically relevant because it is positively related to growth rate and reproductive
fitness.

Interpopulation differences in feeding rate do not appear to be important if test animals
are obtained from uncontaminated streams, although there is evidence that populations
can differ significantly in response to acute lethal concentrations of pollutants.
Differences occurred between operators and laboratories in the measurement of feeding
rate, but these would not usually have affected the conclusions. Standard Operating
Procedures for the laboratory and in situ (field deployed) versions of the technique are
included in appendices.

KEYWORDS

Gammarus pulex, freshwater amphipod, feeding rate, respiration rate, Scope for Growth
(SfG), in situ bioassay
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1. INTRODUCTION

The assessment of riverine water quality has traditionally been achieved by the use of
chemical and biological surveys. Ecotoxicological methods can provide regulators with
an additional source of information with which to make decisions relating to:

L the development of water and sediment quality standards;
2. the assessment of water and sediment quality;

3. the consenting and monitoring of effluent discharges;

4. the investigation of pollution incidents.

These methods can include:

i toxicity tests, which measure the effects caused by exposure to a measured level
of a substance or mixture of substances;

2. bioassays, which evaluate the relative effects of a substance or mixture of
substances by comparing these effects with those of a standard preparation.

Most toxicity tests and bioassays are laboratory based and use field collected samples.
However, field deployed or in situ bioassays have been used to assess both water quality
(Widdows 1985) and sediment quality (Sasson-Brikson and Burton 1991) with both
single species (Maltby and Calow 1989) and multispecies systems (Livingston 1988,
Whaley et ai. 1989). The advantage of in situ bioassays is that the uncertainty involved in
extrapolating from laboratory results to the field is avoided because test organisms are
directly exposed to ambient concentrations of contaminants in natural systems.

This R&D Note describes the important results and conclusions from a study to develop
an in situ energetic bioassay with the freshwater amphipod Gammarus pulex (L.) as part
of National R&D Project 061 ‘Biological Methods for Assessing the Effects of Pollution’
(see also R&D Notes 171, 172 and 173). The work described was carried out at WRc and
under a subcontract at the University of Sheffield where the assay was initially developed
(Naylor et al. 1989, Maltby et al. 1990a,b). G. pulex was chosen for the assay since it is a
widespread and abundant benthic amphipod found in many European streams.

The starting point for this study was the G. pulex Scope for Growth (SfG) bioassay
(Naylor et al. 1989, Maltby et al. 1990a,b), which involves the measurement of feeding
rate in caged adult animals held in situ for a period of six days. After this period they are
returned to the laboratory for the measurement of respiration rate. Food consumption is
measured by weight losses in leaf discs preconditioned with fungi, with a correction
factor applied for weight losses due to leaching, or weight gains due to sedimentation.
Weight losses in leaf discs are expressed in energy terms through conversion to Joule
equivalents derived from bomb calorimetry. Energy absorbed is the difference between
that consumed and that lost in faeces. Respiration rate is measured using conventional
oxygen consumption techniques. The Scope for Growth of an individual is determined by
subtracting the energy used in respiration from that absorbed.

R&D Note 170 3



Scope for Growth can either be:

i positive, indicating that energy is available for growth and reproduction;
2. zero, when the energy adsorbed balances energy expenditure;
3. negative, when animals have to use their body reserves for essential metabolism.

Studies reported in this R&D Note describe the development of the bioassay in a series of
laboratory and field experiments which considered the sensitivity, discrimination,
variability, cost effectiveness and ecological relevance of the assay. The results, which
are described in greater detail in a series of previous reports (Johnson et al. 1990a,b,
1991, 1993), were used to develop the laboratory and field procedures described in
Standard Operating Procedures in appendices of this report.
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2. INITIAL DEVELOPMENT QOF THE BIOASSAY

2.1 Initial laboratory studies

211 Introduction

The feeding rate and Scope for Growth (SfG) bioassay could be applied to juvenile, adult
male or adult female Gammarus pulex. Initial studies at the University of Sheffield
assessed the effects of the common riverine pollutant ammonia on feeding rate and Scope
for Growth in all test groups.

212  Experimental procedures

The studies were carried out using the procedures described in Appendix A. All animals
were obtained from Crags Stream, Derbyshire (NGR SK 497745) and experiments were
conducted at 15 °C using artificial pond water (APW) as the experimental medium and
alder leaves (Alnus glutinosa L.) inoculated with Cladosporium as food.

The following un-ionized ammonia concentration ranges were prepared from a stock
solution for each test group:

Test group Un-ionized ammonia concentration range (mg NH31'1)
Juveniles 0.002, 0.07, 0.109, 0.167, 0.185
Adult males 0.003, 0.093, 0.155, 0.212, 0.289
Brooding females 0.002, 0.093, 0.134, 0.143, 0.188

The experiments were conducted to determine for each group the highest ammonia
concentration causing no effect on feeding rate and SfG (HNEC), the lowest ammonia
concentration causing an observed effect on feeding rate and SfG (LOEC) and the
ammonia concentration causing a 50% reduction in feeding rate and SfG (ECX0).

2.1.3 Conclusions

In the study the EC50, HNEC and LOEC values for each test group exposed to un-ionized
ammonia were the same for feeding rate and SfG, and are shown below:
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Test group ECmgr) HNEC (mg 14) LOEC (mg I'D)

Juveniles 0.169 0.109 0.167
Adult males 0.186 0.093 0.155
Brooding females 0.155 0.143 0.188

For all groups, there was a strong concentration-response relationship between feeding
rate or SfG and un-ionized ammonia concentrations. The results showed that there were
no marked differences in the sensitivity of different test groups to ammonia.

2.2 Initial field deployments

221 Introduction

In the initial stages of the assessment and development of the G. pulex feeding rate and
scope for growth techniques, a series of field trials were carried out using draft protocols
for laboratory and field studies. The objectives of the field trials were to:

1 assess the sensitivity and discrimination of the feeding rate and scope for growth
techniques in response to a range of stressors;

2. determine the effect on sensitivity and discrimination of using different
populations of G. pulex;

3. assess the extent of interlaboratory variability by measuring scope for growth in
animals deployed by two laboratories (WRc and the University of Sheffield);

4. assess whether field-induced effects persist in the laboratory.

The results of these studies were used to assess the usefulness of the methods and identify
areas requiring further attention.

2.2.2  Deployment procedure

The four field sites were selected to represent a geographically and compositionally
diverse range of environments and discharges. The two main selection criteria were the
presence of a continuous point effluent discharge and the proximity of an uncontaminated
‘reference’ site in the same catchment, for comparison with the impacted sites. Table 2.1
outlines the characteristics of the four sites, while Table 2.2 summarizes the
measurements taken during each deployment.

R&D Note 170 6



Table 2.1 Field sites used for testing the G. pulex Scope for Growth method

Trial  Field site National Grid Composition Date of G. pulex
No reference of effluent SfG field trial
discharged (1989)
1 Colne Water, East SD86703930 Domestic sewage 9 -15 May
Lancashire with metallic

industrial waste
2 River Lea, Essex TL12101800 Domestic sewage 30 May - 5 June

3 West Okement, SX56659308 Quarry effluent 26 July -1 Aug
North Devon

4 River Erme, SX63605660 Pulp mill effluent 16-22 August
South Devon

In the field trials, G. pulex were obtained from Crags Stream, Derbyshire (NGR
49707450) and from Haseley Brook, Oxfordshire (NGR SU62409930). The pre-
deployment holding conditions of animals used in the field trials are shown below:

Holding medium: Aerated ground water (pH=7.7-8.0, hardness = 270-290 mg
CaCO03P)

Photoperiod: 12 h light: 12 h dark with 30 minutes artificial dawn

Feeding regime: Alder leaves inoculated with Cladosporium fungus supplied
ad libitum

In each of the four trials, one hundred and sixty-eight adult male G. pulex were placed
one each in individual field cages (see Figure Bl) with 4 x 17 mm diameter discs cut
from alder leaves and inoculated with the fungus Cladosporium to improve palatability.

Full protocols for the laboratory and field assessment of SfG, feeding rate and respiration
rate are provided in Appendices A and B. The only two differences between the initial
methods used in these deployments and the final methods described in Appendix B were:

1 the holding baskets that contained the field cages were orientated vertically and
perpendicular to the flow of the streams, so that water flowed through the bore of
the cages;

2. both sides of each holding basket were covered in 1cm2 mesh.
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Table 2.2 Summary of the measurements made during each field deployment

Deployment Populations Feeding  Respiration SfG Body burdens Persistence of
rate rate Gammarus Leaf discs effect
Colne Water - Crags Stream Y Y Y Y1 Y1 Y
East Lancashire Haseley Brook Y Y Y Y1 Y1 Y
River Lea - Essex Crags Stream Y Y Y N N Y
Haseley Brook Y Y Y N N Y
West Okement - Crags Stream Y Y Y Y2 Y2 Y
North Devon Haseley Brook Y Y Y Y2 Y2 Y
River Ernie - Crags Stream Y Y Y N N Y
South Devon Haseley Brook Y Y Y N N Y

1- Cadmium, chromium, copper, lead, nickel and zinc
2 - Aluminium, chromium, iron, manganese and nickel



In all the trials a random number table was used to assign 56 field cages containing
animals from Crags Stream (Population 1) and 56 cages containing Haseley Brook
(Population 2) animals to a series of six holding baskets, each of which held 22 field
cages. Ten field cages without animals were also randomly assigned to each set of six
baskets to act as controls for leaf disc weight loss or gain in the field. This is necessary
because dried leaves are known to lose weight when immersed in water, by leaching of
soluble substances (Barlocher 1991, 1992). Sedimentation of solids onto leaf material
may also be a source of error in some stream systems. This random assignment of field
cages was repeated twice more to produce three sets of six holding baskets for
deployment at three stations (see Figure 2.1).

Discharge (Only in West Okemenl,
and River Erme deployments) Discharge

Figure 21 Holding basket positions during the initial field deployments

In the Colne Water and River Lea deployments, Station 1 was an uncontaminated
reference site in the same catchment as Stations 2 and 3, which were located upstream
and downstream respectively from the discharge point. In the West Okement and River
Erme deployments, Station 1 was an uncontaminated upstream site located just above the
initial discharge point and Stations 2 and 3 were located downstream from the initial and
secondary discharges respectively. Figure 2.2 illustrates the relative positions of stations
and discharges in each of the four field trials.
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Sewage effluent

Figure 2.2 Relative postitons of stations and discharges during the initial field deployments
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When the field cages had been distributed the holding baskets were secured to the
substratum so that water could pass through the bore of the field cages. The following
physical, chemical and biological parameters were taken at all stations:

Physical measures: Channel width and depth, flow rate, substratum size,
temperature, pH and conductivity;

Chemical measures: Metals (Al, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Ni, Pb, Zn);
(One set per station) Total organic carbon (TOC) as an indicator of organic
contaminants;
Alkalinity, total ammonia, chloride, nitrate, nitrite, soluble
reactive phosphorus, sulphate, and suspended solids.

Biological measures: Three-minute kick-samples with a standard 0.5 mm net at
each station. Invertebrates were sorted, counted and
identified to family or species level. A Biological
Monitoring Working Party (BMWP) biotic score was then
calculated (Armitage et al 1983, Extence and Ferguson
1989) to provide an indication of macroinvertebrate species
richness.

Phenol and organochlorine concentrations were also determined for samples taken from
the River Erme.

The field cages were recovered after six days, when a further set of water samples were
taken for laboratory analysis. The retrieved cages were divided equally by station and
population between the University of Sheffield (‘Laboratory 1°) and WRc
(‘Laboratory 2°) using a random number table and returned to the respective laboratories
in large plastic tubs containing site water.

223  Measurement of feeding rate, respiration rate and scope for growth

Upon return to the laboratory, the food material remaining in the field cages was
removed, rinsed in clean water and its weight determined after drying in an oven at 60 °C
for 2 days. Surviving animals were selected randomly either for respirometry, for
investigation of persistence of effect, or for immediate sacrifice and determination of dry
weight.

The sub-sample of G. pulex selected for respirometry by each laboratory comprised eight
animals from each population deployed at each station. A flow-through system was used
with a Strathkelvin 78 Ib oxygen meter and Radiometer Copenhagen E5046-0 electrode
in a 15 °C constant temperature room.

Animals were acclimatised to the system for at least three hours prior to measurement of
their oxygen uptake. Respiration rate was determined by comparing the dissolved oxygen
content of water leaving respirometry chambers with that leaving blank chambers.
Measurements of respiration were made in water taken from the field station at which
animals were deployed. Two or three sets of readings were taken for each animal. After
the mean respiration rate of each animal had been determined, they were killed and their
dry weight measured.
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2.2.4 Persistence of effect

Laboratory 2 (WRc) alone undertook an investigation into the persistence of field effects.
Fifteen animals from each population deployed at each station were placed in 250 ml
chambers containing clean groundwater and four alder leaf discs of known dry weight
prepared in the manner described in Appendix A. The chambers containing the G. pulex
and ten extra chambers containing only leaf discs, to act as leaf weight gain or loss
controls, were distributed randomly on a flat, uniformly lit surface in a 15 °C constant
temperature room. After six days, the remaining leaf material and animals were removed
from the chambers and their dry weight determined. The faeces produced over the six day
period were filtered from the chamber and their dry weight determined.

225  Statistical analysis

The statistical procedures used to analyse the feeding rate, respiration rate and SfG data
from the field deployments have been described in detail in Johnson et al. (1990a) and
consisted of analysis of variance with either Tukey or Scheffe tests. The main effects
analysed were Station (Station 1, Station 2 and Station 3), Population (Population 1 and
Population 2) and Laboratory (Laboratory 1 and Laboratory 2).

First-order interactions (between two factors) and second-order interactions (between
three factors) were also investigated with this ANOVA. If higher order interactions were
found then these were considered to be more important than lower order interactions or
main effects. After completing an ANOVA, the power of the test was calculated.
Mortality was analysed using a Generalised Linear Model (GLM) with a logit link
function and binomial distribution. Analyses were carried out using either the GENSTAT
or MINITAB statistical packages. Manual calculations were performed according to
Sokal and Rohlf (1981) and Zar (1984). In the analysis of the results from the persistence
of effects experiments the factor ‘laboratory’ was omitted because the experiment was
only performed by WRc (Laboratory 2).

2.2.6 Conclusions

Figures 2.3 to 2.6 show the results for feeding rate, respiration and scope for growth
measured in each population at both laboratories during the field deployments. Table 2.3
shows the elevated levels of substances downstream of discharges in water and sediment
samples, the mortality of G. pulex during the field deployments and the British
Monitoring Working Party (BMWP) scores for all stations. Table 2.4 summarizes the
results of the statistical analysis on the feeding rate, respiration and SfG data based on
two stations (that is excluding the upstream reference) or three stations (including the
upstream reference).
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Sfotion 1 Station 2 Slalion 3

Station 1 Stalion 2 Slation 3

Crags Stream G pulex measured at the University of Sheffield
ream G pulex measured at WRe
Haseley Brook G pulex measured at the University of Sheffield
Brook G pulex measured at \RC

Figure 2.3 Mean energy consumed and respired and resulting Scope for Growth of G. pulex deployed in
Colne Water. Numbers in parentheses refer to the number of individuals
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Slation 2 Station 3

Sallon 1 Station 2 Station 3
20
3
95 15
%
%P 10
0
§ 05
2% 0.0
Station 1 Stalion 2 Station 3

Crags Stream G pulex measured at the University of Sheffield
Crags Stream G pulex measured at WRC

Haseley Brook G pulex measured at the University of Sheffield
Haseley Brook G pulex measured at WRe

Figure 2.4 Mean energy consumed and respired and resulting Scope for Growth of G. pulex deployed in the
River Lea. Numbers in parentheses refer to the number of individuals

14



Station 1 Station 2 Station 3

Station 1 Station 2 Station 3

Station 1 Station 2 Slation 3

Crags Stream G pulex measured at the University of Sheffield
Crags Stream G pulex measured at WRC

Haseley Brook G pulex measured at the University of Sheffield
Haseley Brook G pulex measured at R

Figure 2.5 Mean energy consumed and respired and resulting Scope for Growth of G. pulex deployed
in the West Okement. Numbers in parentheses refer to the number of individuals
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Station 2

Station' Stalion 2 Station 3

Station 1 Station 2 Station 3

Crags Stream G pulex measured al the University of Sheffield
Qrags Stream G pulex measured at WRe

Heseley Brook G pulex measured at the University of Sheffield
Haseley Brook G pulex measured at WRe

Figure 2.6 Mean energy consumed and respired and resulting Scope for Growth of G. pulex deployed in
the River Erme. Numbers in parentheses refer to the number of individuals
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Table2.3  Elevated levels of substances downstream of discharges in water and tissue samples, the mortality of each G pulex population during field deployments and British
Monitoring Working Party (BMWP) scores for all stations

Deployment Elevated levels of substances Mortality at each station for each population BMWP score at
downstream of discharges Crags Stream Haseley Brook each station

Water samples ~ Tissue samples 1 2 3 1 2 3 1 2 3

Colne Water NH3, Al, Pb Pb 0 8 10 2 0 2 94 22 17
Zn, TOC

River Lea Zn, TOC NT 4 0 4 2 0 4 145 60 50

West Okement  Mn, Ni, Zn Fe, Mn 10 12 25 0 2 0 48 32 27

River Erme Mn NT 8 11 23 2 2 1 67 41 40

TOC = Total organic carbon
NT = Nottested



Table 2.4 Summary of the statistical analyses of feeding rate, respiration rate and SfG data from field deployments

Deployment Feeding rate

2 Stations 3 Stations
Colne Water S,PxL S,SxP,SxL
River Lea S P,L,SxP L, SxP
West Okement N/A S,P,SxP,PxL
River Erme N/A S P,L,SxP

Respiration rate

2 Stations

NSE

NSE

N/A

N/A

S = Station, L = Laboratory, P = Population, NSE = No significant effects, N/A = Not applicable

3 Stations

NSE

NSE

NSE

NSE

N/A

N/A

Scope for Growth
2 Stations

3 Stations

S L
L
S

S,P



(olne Water deployment

Chemical and biological sampling during the Colne Water deployment suggested a
marked decline in water quality between Stations 1 (the upstream reference) and 2 (above
the discharge), and a further slight decline between Stations 2 and 3 (below the discharge)
(Table 2.3). Mortality during the field deployment was only high in G. pulex from the
Crags Steam (Population 1) animals located at Stations 2 and 3 (Table 2.3).

The interpretation of the feeding rate and scope for growth results partly depends on
whether Station 1, the reference site, is included in the analysis (Figure 2.3 and
Table 2.4). Given the remoteness of Station 1 from the other two stations there is an
arguable case for its exclusion. When the upstream and downstream stations alone were
analysed, feeding rate in all populationAaboratory combinations differed significantly
between stations, with upstream animals feeding more than those deployed downstream.
A similar trend was apparent in the estimation of SfG. No difference between stations
could be detected when respiration rate was analysed, although the latter was
compromised by an accident. These results suggest that water quality deteriorated
between Stations 2 and 3, upstream and downstream respectively from the sewage
treatment works. They also show that the use of a remote reference station may not be the
most appropriate basis for the comparison of polluted with unpolluted sites.

A possible cause for the downstream reduction in feeding rate and SfG in the Colne
Water deployment was lead, since levels in water and leaf disc samples from Station 3
were higher than that found to cause 100% mortality of G. pulex over a 28 day period
under laboratory conditions (Zencirci 1980). Several other metals were found at relatively
high concentrations at Station 3, especially iron and aluminium, but these were not
considered to have been a major factor in the reduction of feeding.

River Lea deployment

Biological sampling during the River Lea deployment suggested a marked decline in
water quality between Stations 1 (upstream reference) and 2 (above the discharge) and a
further slight decline between Stations 2 and 3 (below the discharge) (Table 2.3).
Mortality during deployment was low in both populations at all stations (Table 2.3).

Animals from Crags Stream fed significantly less at Station 2 than at the other two
stations (Figure 2.4). The University of Sheffield (Laboratory 1) consistently measured a
higher consumption rate than WRc (Laboratory 2). No significant differences could be
detected between stations, populations or laboratories for respiration rate, but there was a
significant interlaboratory difference in the measurement of SfG (Table 2.4).

These results suggest, surprisingly, that the water quality upstream from the sewage
treatment works was lower than that downstream duri