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Abstract

The salt dilution (gulp injection) technique is a well established and widely used technique to measure stream

discharge, flow velocity and water residence characteristics in small headwater streams. However, the impact of the

technique on water quality and instream ecology has been largely ignored in field investigations. A series of experiments

were undertaken in a regulated and groundwater-dominated river to examine the effects on aquatic invertebrate drift at

high, medium and low discharges. In the groundwater-dominated river, drift significantly increased as a result of the

introduction of the saline solution under all flows. Drift increased at the regulated site under low and intermediate flow

but not during high flows, probably due to a natural increase in drift associated with spate conditions. Following the

application of the saline solution several taxa absent or infrequently occurring in background samples, such as the cased

caddisfly, Agapetus fuscipes, were recorded. The wider implications of the technique are discussed in relation to short-

term pulsed pollution episodes and the management of riverine ecosystems. r 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

A wide range of laboratory flume and artificial stream

studies have been undertaken to examine the response of

aquatic communities to environmental perturbations [1–

3]. To complement controlled experimental lotic ecosys-

tem studies, a wide range of field techniques have been

developed by scientists to quantify streamflow, water

quality and instream community characteristics [4,5].

These techniques have provided water resources man-

agers and academics with an abundance of information

regarding the physico-chemical characteristics of lotic

ecosystems and instream ecology. However, the wider

implications and potential disturbance associated with

the field techniques employed to gather water quality

and instream ecology data have frequently been over-

looked or ignored [6,7].

Many benthic freshwater organisms have evolved

adaptations to withstand predictable natural events

associated with hydrological variability [8], with the

possible exception of extreme high magnitude and low-

frequency events [9]. Anthropogenic impacts, and

pollution in particular, can cause severe disturbance

and degradation of the environment and aquatic

communities [10–12]. However, it is not usually possible

to examine the impact of ecosystem stresses associated

with pollution on natural systems in real time due to

wider environmental, toxicological and ethical concerns.

Severe disturbances do not necessarily result in the

death or exclusion of all of the organisms within the

affected area [13] but may lead to a natural involuntary

and/or active response by some members of the

invertebrate community when subjected to adverse

conditions. One of the most widely studied responses

of benthic fauna is the entry of organisms into the water
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column and transport downstream, often referred to as

‘drift’ [14,15].

Several different categories of drift associated with

benthic invertebrates have been identified in the

scientific literature: (i) catastrophic driftFusually asso-

ciated with potentially lethal conditions such as gross

pollution [16]; (ii) behavioural driftFentry into the

water column in response to a stimulus such as changes

in light intensity, foraging activity or the presence of a

predator [14]; (iii) distributional driftFusually envi-

saged as a dispersal mechanism for invertebrate larvae

and nymphs soon after emergence from the egg; and (iv)

constant driftFlow numbers of organisms drifting due

to accidental dislodgement from the substratum irre-

spective of any diurnal activity [17,15,18].

Diurnal measurement of drift has indicated that

behavioural drift usually forms the largest component

and that most taxa drift during the hours of darkness

[19]. Peak drift rates have typically been recorded

shortly after sunset and before sunrise [14]. This is

probably a behavioural strategy to reduce the risk of

predation [20]. However, these clearly identifiable

patterns potentially enable those who study lotic

ecosystems to clearly distinguish between induced

disturbance and natural patterns of aquatic invertebrate

drift. This paper examines the impact of the salt dilution

gauging (gulp injection) technique on the drift of benthic

macroinvertebrates during daylight hours in two con-

trasting streams under different flow conditions.

2. Study sites

Experiments were undertaken under high winter flow,

intermediate and low summer flow conditions in 50m

sections of two contrasting riverine systems: the Little

Stour River, Kent, and the River Holme, West York-

shire (Fig. 1). The Little Stour River is a small chalk

stream rising approximately 4 km east of the city of

Canterbury. It is typical of most perennial English chalk

streams rising from a groundwater spring and with

diverse instream substratum patches downstream of the

source [21,22]. The study reach had an average width of

7.7m and a typical background conductivity of around

590 mS cm�1. The river has been extensively managed

historically and the study reach was canalised during the
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Fig. 1. Location map of the Little Stour River, Kent, and River Holme, Yorkshire.
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eighteenth century. The River Holme is a small Pennine

stream rising from Carboniferous Millstone Grit sand-

stones and shales 16.5 km south of the town of

Huddersfield. The study reach had an average width of

5m and a typical background conductivity of around

110mS cm�1. The study reach had a relatively steep slope

with almost continuous riffle/rapids and a substratum

typified by gravels and cobbles. River flow has been

extensively regulated in the last 150 years by upstream

storage reservoirs for drinking water supply, although

several are now used to support base-flows in the main

river during the summer months.

3. Methods

The dilution gauging (gulp injection) technique is a

well-established procedure for measuring the discharge

of rocky, turbulent streams where other techniques are

unsuitable [4]. The technique has been widely used to

determine discharge, but has also been used by fresh-

water scientists to model the time of travel of pollutants

[23] and to characterise backwater/hydraulic dead zones

[24]. A range of different tracers have been used, such as

sodium dichromate, lithium chloride, rhodamine WT

and fluorescein [25,26]. The tracer used should ideally

meet all the following criteria: (i) it should be highly

soluble in water at stream temperatures; (ii) it should be

stable in the presence of light, sediment or other

substances in natural waters; (iii) it should be easily

detected at low concentrations; (iv) it should be absent

or present at such low concentrations in the natural

environment that it does not influence measurement; (v)

it should be relatively inexpensive; and (iv) it should be

non-toxic to stream biota and without long-term

impacts on water quality or the environment. In field

studies of small turbulent headwater streams, common

salt (NaCl) has been the most widely used tracer, not

least because it is the cheapest [4,27].

In each of the six experiments undertaken, 1 kg of salt

was dissolved in approximately 8 l of stream water and

injected into the stream by inverting a bucket containing

the tracer solution. The electrical conductivity of the

stream water was measured 50m downstream prior to

the injection and at 2 s intervals from the time the tracer

solution was introduced into the stream. The 50m study

reach allowed thorough mixing of the tracer and allowed

the experiment to be managed easily. Conductivity was

measured using a digital field meter, for which a

calibration curve had been obtained prior to its use in

order to obtain the salt concentrations corresponding

with the measured conductivities. The discharge (Q) was

derived from the standard equation [28, p. 128]

Q ¼
ðc1 � c0ÞvR t2

t1
ðc2 � c0Þ dt

where a known volume of the tracer (v) of concentration

c1 is added in bulk to the stream of a known background

concentration (c0) and, at the sampling point, the vary-

ing concentrations, c2; are measured regularly following

the introduction of the tracer cloud at time t1 until all

the tracer has passed the monitoring point (t2).

Invertebrate drift was measured using three standard

drift nets 0.4m wide and 0.25m high fitted with 250 mm
mesh nets, randomly positioned between 40 and 50m

downstream of the point of injection. Each net was

positioned so that it could be approached from down-

stream and changed without causing disturbance to the

other nets, which might have biased the results. Nets

were changed at regular intervals during the sampling

periods due to the potential backwash effect and

clogging of the nets with organic detritus and drifting

invertebrates [29]. Background drift was measured over

72 h prior to salt injection on each occasion and over a

shorter duration (e.g. 0.25, 0.5, 1, 2, 4 and 8 h) up to 24 h

following the injection. The saline solution was injected

into the river during daylight hours, typically between

10:00 and 11:00 am, so that drift associated with the

experimental conditions could be clearly separated from

any diurnal patterns associated with variations in

diurnal light intensity [19]. The material collected in

drift nets was transferred into plastic bags and preserved

with 70% industrial methylated spirits in the field to

prevent degradation and minimise the emergence of

adult insects from nymphs or pupae. All samples were

returned to the laboratory for manual sorting, identifi-

cation and enumeration of invertebrates and exuvia

within the sample. Invertebrate community drift data

were log-transformed (log e) prior to undertaking

analysis of variance (ANOVA).

4. Results

Measurement of discharge using the salt dilution

technique produces very accurate results but leads to

marked changes in the salt concentration of the stream

water over a short period of time (Fig. 2). The traces can

be easily plotted and are widely used by hydrologists to

determine stream discharge, mean flow velocity [28],

and to determine residence characteristics in pollutant

travel time or back-water (dead-zones) studies. In each

of the experiments, background conductivity levels

(72mS cm�1) were regained within 900 s (15min)

following the injection of the saline solution. Discharge

in the Little Stour study reach was 0.107m3 s�1 under

low flow conditions (September), 0.265m3 s�1 at inter-

mediate flow (June) and 0.413m3 s�1 at high flow

(December). Stream discharge in the River Holme was

0.187m3 s�1 under low flow conditions (October),

0.275m3 s�1 at intermediate flow (May) and

1.25m3 s�1 under high flow conditions (February). The
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range of flows recorded in the two rivers reflects the

buffered nature of the groundwater-dominated regime in

the Little Stour and the highly regulated nature of the

River Holme under most flow conditions.

A total of 38 taxa were recorded in the Little Stour

River and 20 taxa in the River Holme drift samples.

Background community drift rates ranged from 39

invertebrates h�1 during low flow in the Little Stour to

345 invertebrates h�1 at intermediate flow; in compar-

ison the rates ranged from 20 to 285 h�1 in the River

Holme. Freshwater shrimp (Gammarus pulex) consti-

tuted over 70% (71.3–85.2%) of the total drift in

background samples during the experiments in the Little

Stour. In the River Holme, larval Chironomidae formed

the largest component of background drift (51.7–56.7%)

followed by Plecoptera larvae (7.2–11.8%) (Leuctra

fusca, Leuctra nigra, Nemurella picteti, Nemoura cinerea

and Isoperla grammatica).

The introduction of the salt solution had a marked

effect on the number of aquatic invertebrates drifting

during the following 24 h in every experiment except at

high winter flow conditions in the River Holme (Figs. 3

and 4). Preliminary investigations indicated some

variability in drift between individual nets existed, a

factor widely acknowledged in previous studies [30,15]

and probably reflects the naturally patchy distribution

of benthic invertebrates on the riverbed [31,32,22].

However, the introduction of the tracer solution had a

greater impact than the between-net variability.

ANOVA of log-transformed drift data demonstrated

a significant difference between background and experi-

mental drift rates under all flows in the Little Stour and

for low and intermediate flow in the River Holme.

However, no significant difference was recorded between

the background and experimental drift rates under high

flow conditions in the River Holme (Table 1). The

experimental conditions led to a significant increase in

the drift of individual taxa, notably the two most

frequently occurring taxa; freshwater shrimp (Gammarus

pulex) in the Little Stour and non-biting midge larvae

(Chironomidae) in the River Holme.

For some taxa the response was largely confined to

one or two experiments, for example the background
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Fig. 2. Variations in concentrations of dissolved salt (mg l�1) with time following injection of the salt solution, 50m downstream of the

injection point in the River Holme.

Table 1

One-way analysis of variance of background invertebrate drift

samples and samples following the introduction of the tracer

solution in: (a) Little Stour, and (b) River Holme at different

flows

Sum of squares Df F -ratio

(a) Little Stour

Low flow 5.17 1 58.30n

Intermediate flow 2.78 1 13.86n

High flow 1.11 1 168.87n

(b) River Holme

Low flow 3.05 1 156.29

Intermediate flow 9.33 1 104.13n

High flow 0.38 1 2.52

nPo0.001.
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drift rate of the cased caddisfly (Trichoptera) Limnephi-

lus flavicornis was 8.4 individuals h�1 during high flow

but rose to 24.3 h�1 in the Little Stour following the

introduction of the tracer (t ¼ �10:84; Po0:001)

(Table 2). The most marked response was displayed by

another cased caddisfly (Trichoptera) Agapetus fuscipes,

which was absent from background drift samples at

intermediate and high flows in the Little Stour, but had a
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Fig. 3. Box plot of invertebrate drift rates for the 72-h period

prior to tracer injection (day 1–3) and for the 24-h period

following injection (day 4) at: (a) low, (b) intermediate, and (c)

high flow in the Little Stour River.
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Fig. 4. Box plot of invertebrate drift rates for the 72-h period

prior to tracer injection (day 1–3) and for the 24-h period

following injection (day 4) at: (a) low, (b) intermediate, and (c)

high flow in the River Holme.
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drift rate of 12.3 and 37.6 h�1, respectively following the

introduction of the salt solution. The larvae of the riffle

beetle (Coleoptera) Elmis aenea, also absent in back-

ground samples, demonstrated a similar pattern in the

River Holme at intermediate discharge with a drift rate

of 20.7 h�1.

Examination of common taxa that occurred during

more than one flow condition and in at least three

samples indicated that seven taxa in the Little Stour and

eight taxa in the River Holme had significantly greater

drift rates in the 24-h period following the introduction

of the tracer solution (Table 2). Detailed examination of

drift rates following the introduction of the tracer

indicated that the greatest drift rates were recorded in

4 h following the onset of experimental conditions,

before a reduction to typical daylight background levels

(Figs. 5 and 6).

5. Discussion

Natural and managed riverine systems are subject

to considerable physical, chemical and biological

variability. At times this variability may be charac-

terised by a frequency, intensity and severity outside a

predictable range. This may cause disruption to the

Table 2

Independent samples t-test of drift rates (individuals h�1) before and after tracer injection for taxa occurring in more than once season

and present in more than three samples

(a) Little Stour (b) River Holme

Low Int. High Low Int. High

Lymnaea peregra X X X F F F
Potamopyrgus antipodarum X X X F F F
Oligochaeta X X X X X X

Erpobdella octoculata F X X F F F
Gammarus pulex t ¼ �3:63** t ¼ �20:67*** t ¼ �5:41*** t ¼ �4:21** t ¼ �7:01*** X

Asellus aquaticus X X X F F F
Leuctra fusca F F F X t ¼ �9:01*** X

Leuctra nigra F F F X X X

Nemurella picteti F F F X t ¼ �6:39*** X

Nemoura cinerea F F F t ¼ �5:63*** t ¼ �9:51*** X

Isoperla grammatica F F F X X X

Baetis rhodani t ¼ �14:43*** t ¼ �20:75*** X t ¼ �9:27*** t ¼ �12:62** X

Baetis fuscatus/scambus t ¼ �10:11*** t ¼ �10:00*** X F F F
Ephemerella ignita X T ¼ �6:88* X F F F
Halesus radiatus X F X F F F
Limnephilus flavicornis F t ¼ �10:84*** t ¼ �6:45*** F F F
Potamophylax cingulatus F F F X F X

Agapetus fuscipes X t ¼ �9:04n t ¼ �11:67** F F F
Corixidae X X X F F F
Hydrophilidae (larvae) X F X F F F
Elmis aenea (adult) F X X X X X

Elmis aenea (larvae) X X X X t ¼ �8:03* X

Chironomidae t ¼ �6:78*** t ¼ �11:03*** X t ¼ �8:73*** t ¼ �10:74*** X

Simuliidae X X X X t ¼ �4:14** X

Tipulidae X X X X X X

nPo0.05, **Po0.01, ***Po0.001.

Note: X=present; F=absent; for figures in bold equal variances cannot be assumed due to absence of taxa in background

samples.
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ecosystem, community, or population structure and

change resource availability or the physical environment

[33]. These events are termed ‘disturbances’ and may be

the result of anthropogenic activity [10–12] or natural

events such as droughts or floods [34,35].

In the current investigation, the short-term increase in

salinity resulted in a significant increase in drift and

clearly indicated the sensitivity of some instream

invertebrate taxa to short-duration variations in water

quality characteristics. However, the overall impact on

the invertebrate community was limited when compared

with the density of benthic taxa in both the Little Stour

(4628–8730m�2) and River Holme (1424–4780m�2)

during the study period. The results suggest that the

impact of the tracer is confined to a short time period

(o24 h) and that a relatively small number of taxa

actually entered the drift. The experimental conditions

should, therefore, probably be viewed as a low-

magnitude disturbance with little spatial and temporal

impact. The limited impact of the tracing exercise was

highlighted during the high flow experiment in the River

Holme, when it resulted in no significant difference in

the drift rate. This probably reflects both the dilution of

the saline solution associated with the increased

discharge combined with behavioural responses of fauna

to the high flows experienced during the previous days

[36,37].

Some taxa are known to be highly sensitive to short-

term changes in salinity [38,39], although others are

known to be relatively resilient [40]. A significant

increase in background salinity levels may result in

physiological stress leading to abnormal invertebrate

behaviour, abandonment of larval cases, drift and even

death [41,38]. Elevated drift activity was clearly high-

lighted in the present study, where a number of taxa

exhibited a marked drift response following the gulp

injection (Table 2). This response was most marked in

Gammarus pulex, Chironomidae, two-cased caddisfly

(Limnephilus falvicornis and Agapetus fuscipes), and the

larvae of the Coleoptera Elmis aenea with some taxa

completely absent in the background drift samples. This

clearly highlights that some taxa are more vulnerable to

disturbances associated with saline pollution [39] and

that there is a need to understand the response of

individual species.

The response of fauna to short-term disturbances

associated with the dilution gauging technique provides

a valuable insight into pollution impacts, which may be

difficult to simulate in artificial streams or flume studies.

Disturbances associated with anthropogenic activities

are widely known to influence aquatic invertebrate

community structure and abundance [42,43]. Natural

events, especially flow variability, can significantly

increase lotic invertebrate drift [37], although recovery

following such events can be quite rapid, depending on

the magnitude of the event [44,45]. Disturbances

associated with flume and laboratory experimental

conditions have indicated increased drift and reductions

in the densities of benthic fauna [1–3], although only a

limited number of field studies have been undertaken to

date [7,46].

Short-term increases in stream water conductivity

may occur frequently in the urban environment as a

result of runoff from roads following gritting with

roadsalt during freezing conditions [47]. In some

locations, this may have medium to long-term deleter-

ious effects on instream communities, especially if

repeated disturbances occur throughout the year

[48,49]. There is clearly a need to develop management

strategies to monitor and mitigate potential water

quality impacts associated with salt on instream com-

munities in sensitive areas [39].

The wider use of dilution gauging techniques in

streams where the use of flow meters and other gauging

methods is not possible or appropriate, raises a number

of issues. First, there is frequently little or no back-

ground information regarding the vulnerability of small

streams to pollution or details regarding the structure

and composition of the ecological community. This is a

particular concern in urban and industrial areas where

drainage from roads and/or storm drains may occur

[1,49]. Second, small ‘headwater’ and springhead loca-

tions frequently support populations of rare and/or

endemic fauna of particular biodiversity and conserva-

tion interest [50,51]. An evaluation of the riverine

habitats and ecology may, therefore, be required to

determine the suitability of the technique in some

locations to prevent unnecessary disturbance and

degradation of the lotic ecosystem. The methodological

approach outlined in this paper could be easily

transfered to other locations and should be used to

examine the impact of other water tracing compounds
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(e.g. rhodamine WT and fluorescein) widely used in the

field [23].

6. Conclusion

1. The response of the aquatic invertebrate commu-

nity to salt dilution gauging provides valuable

insights into the response of fauna to short-

term-pulsed pollution episodes, although further

work is required to examine the response under a

full range of flows and at different stages of faunal

life history.

2. Salt dilution gauging significantly increased the drift

of macroinvertebrates in the groundwater-dominated

Little Stour River under all flow conditions and in

the regulated River Holme under low and inter-

mediate flows.

3. Some taxa which were absent in background samples

(Agapetus fuscipes and larval Elmis aenea) or

occurred in relatively low numbers (e.g. Ephemeralla

ignita and Limnephilus flavicornis) were significantly

more abundant in drift samples following the

dilution gauging exercise using a saline tracer. This

demonstrates that some taxa are more vulnerable to

saline pollution.

4. The experiments had a relatively short-term effect on

drift rates and no impact on benthic macroinverte-

brate community abundance could be detected in any

of the experiments undertaken. It is, therefore,

unlikely that the technique has any long-term

deleterious implications for invertebrate communities

in most locations.

5. However, a survey of instream ecology is recom-

mended prior to undertaking salt dilution gauging

in small streams to identify any fauna of conser-

vation interest and taxa which may be vulne-

rable to short-term exposure to water tracing

compounds.
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