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Abstract
Dilution gauging using a slug or pulse of
tracer is a convenient method of measuring
discharge in small streams. This study
investigates the effect of instream vegetation
(macrophytes) on the accuracy of discharge
measurements obtained from dilution
gauging. Two experiments are conducted. In
the first experiment, dilution gauging (using
sodium chloride as a tracer slug) is compared
to discharge measured using three different
current meters. Dilution gauging gave
comparable discharge estimates, with higher
repeatability, to velocity-area measurements
using acoustic Doppler or electromagnetic
velocimetry. The presence of vegetation
between the tracer addition point and
measurement location (average cross-stream
blockage of 43%, range 23% to 69%) did
not appear to negatively influence discharge
estimates using tracer slugs. In the second
experiment, discharge is estimated from
tracer concentration measured at four sites
along a reach, both within the free-stream
and within either emergent or submerged
macrophyte patches. Based on the results, we
recommend that discharges measured from
tracer slugs be calculated from concentrations
measured in the free-stream (i.e., outside of
macrophyte patches). However, accurate
stream discharge measurements can also be
obtained from measurements within patches
of submerged macrophytes. Discharge

estimates derived from tracer concentrations
within patches of emergent vegetation may
be inaccurate if the tracer slug is likely to
be rapidly transported past the patch, such
as close to the tracer addition point before
significant longitudinal mixing occurs. The
results of this study suggest that in-vegetation
tracer measurements should be taken beyond
20 stream widths downstream of the injection
point for submerged vegetation, or 30 stream
widths for emergent vegetation, to accurately
calculate discharge in vegetated lowland
streams.
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Introduction
Macrophytes (aquatic vegetation) are
abundant in many lowland streams. Their
presence adds hydrodynamic roughness,
which impacts on water velocities and depths
(Green, 2006; Wilcock et al., 1999). The
abundance of macrophytes varies spatially and
temporally, typically growing through spring
and summer, and dying back during winter
months when water temperatures decrease
and light availability is reduced (Champion
and Tanner, 2000; Hearne and Armitage
1993; Riis et al., 2003). Macrophytes may
also be mechanically removed as a flood
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management measure to improve channel
conveyance (Greer et al., 2012; Riis et
al., 2003). Consequently, their influence
on hydraulics varies over time and space
(Cassan et al., 2015; Hearne and Armitage,
1993). Lowland streams are typically found
in regions intensively used for agriculture,
particularly in New Zealand (Larned et al.,
2004; Riis et al., 2003; Wilcock et al., 1999),
and consequently irrigation can have direct
(extraction of water from the stream channel)
and indirect (groundwater extraction)
effects on stream discharge. A minimum
stream discharge may be used as a criterion
for whether, or how much, water may be
taken for irrigation; therefore, accurate
measurements of discharge are required to
manage water allocation.
Stream discharge measurements can be
obtained in several ways. Common methods
include integrating velocity measurements
across a channel using either point velocity
sensors or velocity profilers (velocity-area
method), using a stage-discharge relationship
to estimate discharge from water level, a
combination of water level and velocity
measurements (velocity index), and dilution
gauging (Rantz et al., 1982). Other nonintrusive discharge measurement methods
include measuring surface velocities by radar
(Costa et al., 2006) or large-scale particle
image velocimetry (Bradley et al., 2002),
which rely on an assumed or modelled
vertical velocity distribution and knowledge
of the cross-section to calculate discharge.
However, many of these discharge
measurement methods do not work well
in vegetated streams. Instream vegetation
can directly interfere with the equipment
used to make measurements, or invalidate
assumptions underlying the discharge
calculations. For example, acoustic Doppler
or mechanical (impellor type) velocity
sensors will not work within vegetation. In
shallow streams it is common to assume that
vertical velocity profiles are logarithmic and
use velocity measurements at 0.6 of the water
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depth to represent the mean velocity at a
point across the channel (Rantz et al., 1982).
Current meter discharge measurements
also require a straight reach, with no
significant back-eddies or secondary flows.
Macrophyte patches generate back-eddies
and alter velocity profiles, and can render
them non-logarithmic (Green, 2005; SandJensen and Pedersen, 1999). While multidepth measurements can be used if velocity
profiles are not logarithmic, this is more
time consuming and can be problematic in
shallow streams. Radar or surface imagery
for particle image velocimetry will also be
hampered by emergent vegetation, and
underlying assumptions about the vertical
velocity profiles may become incorrect.
Stage-discharge relationships change with
macrophyte abundance (Cassan et al., 2015;
Hearne and Armitage, 1993), rendering them
potentially inaccurate. Other devices, such as
electromagnetic sensors, may work within
patches of vegetation, but are still subject
to similar errors caused by non-logarithmic
velocity profiles. In general, it is advisable
to avoid reaches containing macrophytes
but this is not always possible. To obtain
reliable measurements of discharge, it may
be necessary to remove vegetation from a
considerable length of a stream reach to avoid
backwater effects on stage-discharge relations,
or to provide a sufficient length of channel
with unimpeded uniform flow for velocity
measurement-based discharge calculations.
Dilution gauging may provide a convenient
alternative for measuring discharge in streams
with abundant vegetation. Dilution gauging
can be done by constant rate injection of
a tracer, and measuring the steady state
concentration downstream (Moore, 2004a),
with discharge calculated by:
!
m
Q=
(1)
C
where Q is the discharge (m3 s-1), m! is the
mass flux of tracer injection (g s-1), and C

is the steady state concentration (g m-3).
Alternatively, discharge can be calculated
from a slug, or pulse, of tracer (Moore,
2005), where a known mass of tracer is
added and the concentration of the tracer
at the measurement location integrated over
time until the concentration of the tracer
returns to background levels. The discharge
is calculated from:
Q=

∫

tf
t0

M
C (t ) –C0 dt

(2)

where C(t) is the tracer concentration at
time t, C 0 is the initial or background
concentration (g m3), M the mass of tracer
added (g), and to and tf are the start and end
time, respectively. The advantage of the slug
method over the constant discharge method
is that a smaller quantity of the tracer is
needed, and the tracer can be added very
simply (e.g., by emptying a container into
the stream) without requiring the mass flux
of tracer to be maintained at a constant rate
(Rantz et al., 1982). Both methods require
that the discharge is constant over the period
of measurement.
For an accurate estimate of discharge the
tracer must be fully mixed across the channel
at the point of measurement. A rough guide
is that the mixing length should be at least
25 stream widths (Moore, 2004a), but
mixing may require much shorter or longer
distances depending on stream morphology.
Bends, riffles and obstructions all create
turbulence that increases the rate of mixing.
It is also necessary that water is not lost
from the stream (through abstraction or to
groundwater) between the injection point
and the measurement location. Both the
constant rate or slug injection methods
require that the mass flux or total mass of
tracer passing the measurement location is
known, and this is not possible if water is
lost from the reach (unless the rate of loss is
known). A variety of tracers can be used, the

requirements being that they are conservative
and non-toxic at measureable concentrations
(Ensign and Doyle, 2005). Common choices
include salts such as potassium iodide
(Salehin et al., 2003), potassium bromide
(Harvey et al., 2003), lithium chloride,
sodium dichromate and sodium chloride
(Wood and Dykes, 2002). Sodium chloride
(NaCl) is commonly used for small streams
(Briggs et al., 2010; Elder et al., 1990; Gees,
1990) (Briggs, M.A. et al. 2010; Elder, K. et
al. 1990; Gees, A. 1990) because it is readily
available, inexpensive, the concentration
(salinity) can be easily measured using
conductivity sensors, and is generally not
toxic at low concentrations although it can
increase invertebrate drift (Wood and Dykes,
2002 and references therein). Fluorometric
dyes such as Rhodamine WT are commonly
used to characterise stream hydraulics (e.g.,
Singh and Beck, 2003); however, careful
consideration should be given to the nonconservative behaviour of dyes, particularly
losses due to sorption (Runkel, 2015).
There are potential advantages to dilution
gauging: it can be done without removing
vegetation and it is not necessary to make
any assumptions about the shape of velocity
profiles or to conduct measurements in a
straight reach. In comparison to instream
velocity-discharge measurements, dilution
gauging can give higher measurements of
discharge if there is significant flow in the
hyporheic zone, particularly for constant
tracer injections (Zellweger et al., 1989).
Tracers have commonly been used to measure
transient storage in streams both with and
without vegetation (Ensign and Doyle,
2005; Harvey et al., 2003; Salehin et al.,
2003). However, Moore (2004b) cautions
about using salt dilution gauging in streams
with significant instream vegetation as the
vegetation suppresses mixing and may adsorb
or absorb salt. In view of this cautionary
comment, this study considers three
questions:
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1. How accurate and repeatable is dilution
gauging in vegetated streams compared to
other methods?
2. Is the location of the measurement point
(i.e., inside or outside of the vegetation)
important when dilution gauging?
3. Does the form of instream vegetation
(submerged versus emergent) affect the
accuracy of dilution gauging?
We conduct two experiments. In the
first experiment, dilution gauging using
the tracer slug method is compared with
velocity-discharge measurements made
using three different instruments. In the
second experiment, tracer concentrations
are measured within vegetation and also
within the free-stream to determine if the
measurement location affects the discharge
measurement, using both the tracer slug
method and the constant rate tracer injection
method. While a variety of classifications can
be used for the form of aquatic vegetation, in
this study we consider macrophytes growing
on the stream bed to be either submerged if
the entire structure of the plant is below the
water surface or emergent if parts of the plant
extend above the water surface. Vegetation
that grows on the stream banks (riparian
vegetation) may also droop into the water,
providing additional flow resistance.

Methods
Experiment 1: method comparison
Study site

Measurements were conducted at Halcombe
Creek, Canterbury, New Zealand (Fig.
1) over two days following a prolonged
period of dry weather, resulting in stable
base flows. Vegetation in the study reach
consisted of mostly submerged Ranunculus
tricophyllus (water buttercup) within the
channel growing near full depth in places,
some submerged Glyceria declinata (sweet
grass) that in places reached to the surface,
emergent Mimulus guttatus/Erthranthe
guttata (monkey flower) with intermingling
Nasturtium officinale (watercress) growing in
patches that extended out from the banks,
and various overhanging riparian tussocks
and grasses (Carex trifida, Glyceria) that also
impacted flow. Cross-sections were surveyed
at 15 locations between the tracer addition
point and the large tree on the far right of
Figure 1 using a high precision RTK GPS. At
each cross-section, the elevations of the bed
and the top of vegetation were measured at
~ 0.2 m intervals, and the level of the water
surface averaged from four measurements
across the width of the channel. ‘Blockage’
was calculated as the proportion of each
wetted cross-section occupied by vegetation

Figure 1 – Aerial photograph of the study reach showing location of instruments and
measurement points.
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(i.e., cross-sectional area occupied by
vegetation/total cross-sectional area).
Current meter discharge measurements

Current meter discharge measurements, using
two different instruments, were conducted
at cross-sections randomly selected within
a 15 m length of a straight section of the
channel, just downstream of where the
conductivity sensors were located. This reach
was free of submerged macrophytes but
had some emergent Glyceria and Mimulus
on the true right bank and overhanging
riparian vegetation (Fig. 2). Vegetation was
left in place. Measurements were obtained
using a Sontek Flowtracker acoustic Doppler
velocimeter (ADV), and a Marsh McBirney
Flomate 2000 electromagnetic velocity sensor
(EMV).

Figure 2 – Gauging reach for experiment 1.
One of the conductivity sensors used for the
dilution gauging can be seen attached to the
stake upstream of the experimenter.

The ADV measures velocities in two
dimensions, horizontally parallel and
transverse to the probe, in a small sample
volume 10 cm from the probe. The
instrument was aligned by eye at right-angles
to a tag-line stretched across the stream at
each cross-section. The velocity component
normal to the tag-line (i.e., downstream) was

used in discharge calculations. The EMV
operates by generating a magnetic field and
measuring the voltage induced by the motion
of the conducting fluid (water) through this
field. According to the manufacturer, the
sensor measures the velocity component
along the sensor axis, which was aligned (by
eye) normal to a tag-line across the stream.
The discharge was calculated from
velocities measured at 0.6 of the water depth
due to the shallow water depths (mean depth
of 0.19 m; maximum cross-sectional depths
ranged between 0.22 and 0.28 m). Velocities
were measured every 0.10 to 0.15 m across
the channel. Each velocity measurement
was averaged over 40 seconds. A new crosssection location within the 15 m test reach
was selected for each discharge measurement.
Widths of these cross-sections varied between
2.2 and 3.0 m, with an average depth of
0.20 m. Discharge was calculated using both
the mid-section method (Rantz et al., 1982)
and the mean-section method, which is the
standard for open channel flow measurements
in New Zealand (National Environmental
Monitoring Standards (NEMS), 2013). Edge
estimates (discharge between the water’s edge
and the first or last velocity measurement
point) were made assuming zero velocity at
the water’s edge. Discharge and uncertainty
calculations (according to ISO 748 (2007))
from ADV measurements were conducted
using the Flowtracker2 software (v1.4,
SonTek), while discharge and uncertainty
calculations from EMV measurements
were conducted manually following NEMS
(2013) and ISO 748 (2007).
To reduce any operator bias, the two
operators swapped instruments at the start
of the second day. Fourteen discharge
measurements were obtained with the ADV
and five with the EMV on the first day, and
seven discharge measurements were obtained
with the ADV and 14 with the EMV on the
second day.
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Dilution gauging

Discharge was also measured using NaCl as
a tracer. Two thousand grams of NaCl was
dissolved into approximately 20 L of water,
and this solution poured into the stream
(taking approximately 15 seconds). Two
conductivity sensors (In-Situ Troll 9000 Pro
XP) were placed 105 m downstream of the
salt injection point, and a third identical
sensor placed 3 m upstream of the injection
point to provide a continuous measurement
of background conductivity (Fig. 1). Data
were logged at 5 second intervals. The
conductivity sensors were calibrated against
laboratory samples of known salinities
between 0 and 1.02 g NaCl L-1.
Fourteen tracer slugs were added at
30–45 minute intervals, with the downstream
conductivity monitored to ensure that
conductivity had returned to background
levels before adding the next tracer slug.
Discharges were calculated by first converting
the conductivity and temperature time-series
to salinity using the IOC gsw-matlab toolbox
(IOC et al., 2010), which includes the Hill
et al. (1986) modification for low salinities.
The time-series of salinity were separated into
segments corresponding to each salt injection.
The background salinity was subtracted then
the salinity time-series integrated over time.
The discharge was calculated by dividing the

known mass of salt added (2,000 g) by the
integral (g m-3 s) as per Equation 2.
Acoustic Doppler current profiler gauging

A Teledyne 2400 kHz vertical acoustic
Doppler current profiler (VADCP) was
installed in a circular concrete culvert (internal
diameter 1.06 m) immediately upstream of
the salt injection point providing discharge
measurements during the second day of the
experiment. Velocity profiles were recorded at
3 cm vertical resolution continuously at 1 Hz,
and averaged over 5 minute burst intervals.
Experiment 2: effect of measurement location
Study site

Measurements were conducted in a 120 m
reach adjacent to and overlapping that used
in experiment 1 (Fig. 3). Three different
makes of conductivity sensor were used: four
EC3000 conductivity sensors (Greenspan),
two 6536E water electro-conductivity sensors
(Unidata), and three TROLL 9500 Multiparameter Sondes (In-Situ). All sensors were
logged at 5 second intervals. All conductivity
sensors were calibrated against standard
solutions with salinities between 0 and
1.02 g L-1 NaCl. A further calibration was
conducted on site by deploying the nine
conductivity sensors at the same location
simultaneously, 75 m downstream of the
injection point (between site 2 and the

Figure 3 – Aerial photograph of study reach for experiment 2. Salt was added to the stream beneath
the trees in the foreground. Pairs of conductivity sensors were placed 40 m, 65 m, 100 m and 120 m
downstream, and a single conductivity sensor placed upstream.
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culvert in Fig. 3). Two slugs of 2,000 g NaCl
dissolved into 2037 L of water were released
30 minutes apart. Flows were calculated
by converting conductivity to salinity
as described previously, subtracting the
background salinity as recorded over the 25
minutes prior to the first tracer injection,
then applying Equation 2. The discharge
measured by the nine sensors varied between
87 and 97 L s-1, with the variation partly due
to drift in calibration of the conductivity
sensors between laboratory calibration
and field deployment, but also because the
temperature sensors of each unit had not
been calibrated. The water temperature in
the stream (a constant ~13°C) was lower than
that of the standard solutions used in the
initial laboratory calibration leading to offsets
in calculated salinity. A correction factor for
each conductivity sensor was obtained by
dividing the discharge averaged across all nine
sensors by that calculated from each sensor.
In subsequent analyses, flows calculated from
each sensor are corrected using these factors
to remove any instrument bias.
The sensors were then redeployed with
one placed upstream of the tracer addition
point, and the other eight placed in
pairs at 40 m (site 1), 65 m (site 2), 100 m

(site 3) and 120 m (site 4) downstream of
the injection point (Fig. 3). The same make
of sensor was used at each site (EC3000 at
sites 1 and 3, 6536E at site 2, and TROLL
9500 at site 4 as well as upstream of the
injection point). One of each pair was placed
in the free-stream flow at mid-depth, and
the other placed within a macrophyte patch.
Sites 1 and 3 were dominated by emergent
macrophytes, primarily Minulus guttatus
with some Nasturtium officinale. Sites 2
and 4 had patches of Ranunculus tricophyllus
that was mostly submerged although reaching
the surface in some places. Carex trifida
growing along the true right bank extended
into the channel at site 2. Photographs of
each site are shown in Figure 4. Cross-sections
were surveyed to calculate the wetted crosssectional area and the proportion of each
wetted cross-section occupied by vegetation.
The experiment was conducted in two
stages. In stage one, a 105 g L-1 solution of
NaCl was injected (using a metering pump)
into the stream at 0.40 L min-1 for 3 hours.
All sensors were logged continuously at 5
second intervals. Discharges were calculated
from the steady state salinity concentrations
at each site according to Equation 1.

Figure 4 – Photographs of the
sites where conductivity
sensors were installed. A
sensor was placed in the free
stream at each site as well as in
patches of emergent Mimulus
guttatus at sites 1 and 3, and
submerged Rannunculus
tricophyllus at sites 2 and 4.
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The second stage of the experiment was
conducted five days later (allowing time for all
traces of NaCl to be flushed from the stream).
Three slugs of 1,000 g NaCl dissolved in 20 L
water, followed by a further three slugs of
2,000 g NaCl dissolved in 20 L of water, were
added at 30 minute intervals. All sensors were
again logged at 5 second intervals.

Results
Experiment 1

Cross-sectional macrophyte blockage between
the tracer addition point and measurement
location varied between 23% and 69% with
an average of 43%.
The results from all methods of discharge
measurement are presented in Figure 5 with
summary statistics provided in Table 1.

Figure 5 – Box and whisker plot showing mean,
quartile and range of discharges obtained
from each method. EMV = electromagnetic
velocimeter, ADV = acoustic Doppler
velocimeter, Salt = dilution gauging,
VADCP = vertical acoustic Doppler current
profiler.

Because there was practically no difference
in discharge calculated by mean-section or
mid-section method for the ADC or EMV
(average difference of 0.11%, maximum
of 0.24%), only mean-section results
are reported here. In all cross-sections,
measurement velocities at the first or last
measurement point were ≤ 0.03 m s-1, so
the assumption of zero velocity at the banks
has negligible influence on total discharge.
All of the EMV discharge measurements
had uncertainty between ±5% and ±7%
(expanded uncertainty, 95% confidence)
following ISO 748 (2007). Uncertainties
for the ADV measurements calculated from
the Flowtracker software were generally
lower, ranging between ±3.7% and ±5.4%
(average ±4.36%, expanded uncertainty,
95% confidence) although we rejected
four discharge measurements where the
uncertainty exceeded ±8%.
Dilution gauging gave the most consistent
measurements of discharge, as indicated by
the smallest standard deviation for discharge
measurements. There was no significant
difference between discharge measurements
obtained from the two downstream con
ductivity sensors near the left bank (LB)
or right bank (RB) on either day (day 1:
93.72 ± 1.05 L s -1 LB, 95.44 ± 1.03 L s-1
RB; day 2: 94.50 ± 0.75 L s-1 LB, 95.14 ±
0.90 L s-1 RB). Consequently, the discharge
measurements reported in Table 1 and
Figure 5 are aggregated across both days. The
greatest variability in discharge measurements
was obtained when using the ADV (Flow

Table 1 – Summary statistics of discharges obtained from each method
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Method

Mean
(L s-1)

Std.dev
(L s-1)

Range (min-max)
(L s-1)

Number
of records

ADV

87.66

6.84

69.8 – 96.3

17

EMV

96.94

5.11

90.54 – 108.56

19

Dilution Gauging

94.72

1.11

91.55 – 96.83

28

VADCP

80.24

2.39

76.0 – 85.0

21

Table 2 – Comparison between mean values of discharge calculated from each
difference. The entries in the table show the difference in mean discharge between
the method in the left column and that on the top row, and the p-value that the
mean discharges are the same (p < 0.05 indicates they are significantly different).
EMV

ADV

Salt Dilution

VADCP

9.6%, p = 0.00012

2.3%, p = 0.084

17.2%, P = 2.2E-12

-8.1%, p = 0.00076

8.5%, p = 0.00055

ADV
Salt Dilution

tracker) which often gave poor data close
to vegetation, and was unable to measure
any velocities within macrophyte patches.
Therefore the ADV may well underestimate
total discharge because any flow within the
vegetated regions was not included. The
mean discharge recorded using the ADV
(Flowtracker) was lower than that obtained
using the EMV (Marsh-McBirney) and
dilution gauging. The VADCP gave relatively
consistent measurements of discharge (but
only logged data over a relatively short period
of time) and gave the lowest mean discharge,
probably due to it being located upstream of
the other discharge measurement locations.
Previous experiments, as well as data
collected in experiment 2, have shown that
flow increases slightly along the reach due to
groundwater upwelling.
Two-tailed T tests with unequal variances
were used to determine if the gauging
methods gave different mean values with
p < 0.05 (Table 2). Discharge measured
using the EMV and salt dilution gave the
same mean flow (p = 0.08), while the ADVdischarge measurement was 8-10% lower
than results from the EMV or salt dilution
discharge measurements (p = 0.0001 and
0.0008, respectively).
Experiment 2
Cross-sections

Cross-sectional macrophyte blockage ranged
from 40% at site 4 to 77% at site 1. The
two sites upstream of the culvert (sites 1

15.3%, p = 8.9E-20

and 2, Fig. 3) had higher blockage than those
downstream. Cross-sections are plotted in
Figure 6, and cross-sectional areas and crosssectional blockage by vegetation are reported
in Table 3.

Figure 6 – Cross-sections at each of the
measurement sites. The solid black line shows
the channel bed, the green line shows the top
of the vegetation, dashed blue line is the water
surface, and the two circles in each plot show
the location of the conductivity sensors
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Table 3 – Properties of cross-sections at each site used for tracer dilution gauging
Distance from
injection (m)

Width (m)

Cross-sectional
area (m2)

% blockage

1

40

3.1

0.652

77

Mimulus/Nasturtium

2

65

3.4

0.711

63

Ranunculus

3

100

3.2

0.850

50

Mimulus/Nasturtium

4

120

3.1

0.716

40

Ranunculus

Site

Constant tracer addition

After the start of the constant tracer injection,
salinities measured at each location increased
rapidly before levelling off at a constant value.
An indication of the time taken for steady
state conditions to be reached is the time
for the tracer concentration to reach 90% of
the steady state value (Table 4). In the freestream, the time for steady state conditions
increased with distance downstream (from
site 1 to 4). This time was longer within
macrophyte patches compared to the freestream at each site, but more so for the
emergent macrophyte patches at sites 1 and 3
than for the submerged macrophytes at
sites 2 and 4.
Table 4 – Time taken (in seconds) for tracer
concentration to reach 90% of steady state
values after the start of the constant flux tracer
injection, as measured in the free-stream and
within the macrophyte patch
Site 1 Site 2 Site 3
Free-stream

180 s 260 s

Site 4

790 s 1,040 s

In-macrophyte 440 s 300 s 1,385 s 1,159 s

The constant tracer injection was used
to check for complete mixing within the
macrophyte patches. Discharges were
calculated from the salinity once steady
state conditions were obtained according
to Equation 1. The calculated discharge
ranged between 86 and 110 L s -1 (mean
94 L s-1). Discharge calculated from salinities
at adjacent sensors (i.e., in the free-stream
40

Macrophytes present

and in macrophytes at each site) agreed
within 4%.
Tracer slug addition

Salinity time-series from the first tracer slug
release are shown for each site in Figure 7a-d.
Considering first the measurements in the
free-stream (i.e., outside of vegetation), the
initial arrival time of the tracer and time of
peak salinity both increased with distance
from the injection point. Peak salinity
decreased while the pulse became more
spread out. The shape of the tracer-time curve
was also highly skewed with a prolonged tail.
Skewness and kurtosis both decreased with
distance downstream, while the spread (as
standard deviation) increased (Table 5).
The time of first arrival, peak salinity
and the centroid of the breakthrough curve
occurred later within the macrophyte patches
compared to in the free stream (Table 5).
This delay was more pronounced within
the emergent macrophytes at sites 1 and 3
(Fig. 7a, c) than within the submerged
macrophytes at sites 2 and 4 (Fig. 7b, d).
The accumulated salinity fluxes, calculated
by integrating over time, are shown in Figure
7e-h. The accumulated fluxes show more
clearly the greater delay in the arrival of the
tracer within the emergent macrophytes
(Fig. 7e, g) compared to within submerged
macrophytes (Fig. 7f, h). From Equation 2
it can be deduced that the higher the
accumulated flux after the pulse has past, the
lower the calculated flow will be. When the
accumulated fluxes measured in the open part

Figure 7 – Time-series of salinity concentrations following tracer slug release at sites 1-4 (a-d), and
accumulated flux of salinity (e-h)
Table 5 – Properties of the tracer slug measured at each location
Site
1
1
2
2
3
3
4
4

Location
Free-stream
Emergent
macrophytes
Free-stream
Submerged
macrophytes
Free-stream
Emergent
macrophytes
Free-stream
Submerged
macrophytes

40

First
arrival
(s)
79

Time of
peak
(s)
114

40

176

65

Distance
(m)

Centroid
(s)

σ
(s)

177

110

3.76

21

318

542

297

1.72

5.6

148

203

325

202

3.41

19

65

170

238

352

191

2.70

11.4

100

263

406

583

236

1.49

5.3

100

432

697

924

314

1.11

4.0

120

314

542

730

271

1.38

5.1

120

388

657

728

287

1.12

4.5

Skewness Kurtosis
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of the channel and within the macrophytes
converge, the calculated flow will be the
same. Good convergence was seen at sites 2
and 4, but at site 1 the accumulated tracer
flux was much lower inside the macrophyte
patches than in the free-stream.
Average discharge determined from
sensors in the free-stream increased from site
1 (87.6 L s-1) to 4 (95.2 L s-1), indicating that
the reach gains 0.10 L s-1 per m length. Mean
values and the range of flow estimates from
the tracer releases are shown in Figure 8. The
range of discharges determined from the six
tracer releases in the free-stream varied from
±2.6% at site 4 to ±8% at site 2, relative to
the mean at each site.
Discharge calculated from sensors inside
macrophytes patches are also plotted in
Figure 8. Discharge calculated from measure
ments within macrophyte patches generally
agreed well with observations in the freestream other than at site 1, where the estimate
of discharge was both significantly higher
(128.1 L s-1) and the range of the discharge
estimates greater (112.4 to 142.2 L s-1) than
that measured in the free-stream.

Figure 8 – Mean discharge at each location
determined from six tracer releases.
Open circles are measurements within the
free-stream, shaded circles from within
macrophyte patches.
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Discussion
The results of the first experiment show
that dilution gauging gave repeatable results
that were within the range of discharge
measurements obtained using ADV and
EMV sensors. The ADV gave lower
discharges (on average), but this is attributed
to the acoustic device being more susceptible
to interference from macrophytes. The
sampling point of this instrument is located
10 cm from the centre transducer, and no
reading is obtained if the acoustic beams
are interrupted. The ADV cannot measure
within the macrophyte patches, and errors
caused by interference from macrophyte
stems or overhanging riparian vegetation also
reduce data quality near the banks. The EMV
sensor was less susceptible to interference,
and also gave velocity measurements within
vegetation, although we cannot ascertain
the accuracy of these measurements. If
the measurements within the vegetation
are accurate, then ~ 3% of the discharge
passed through the vegetation. The VADCP
installed at the upstream end of the reach gave
lower discharges than the dilution gauging or
current meter measurements. Much of this
difference can be attributed to groundwater
input over the length of the study reach.
Based on the 0.10 L s-1 m-1 groundwater
input estimated from experiment 2, we
expect an 11 L s -1 increase in discharge
between the culvert and the gauging sites.
Such an increase in discharge would make
the VADCP measurements consistent with
the other methods (adjusted mean discharge
of 91.2 L s-1). However, we do not know
how uniform the groundwater input is over
the length of the study reach so the 11 L s-1
adjustment is approximate only.
The dilution gaugings and ADV/EMV
gaugings were conducted at the same
time. The addition of salt caused a small
change in conductivity and density. ADV
measurements are sensitive to changes in
the speed of sound, which is a function of

density. The maximum increase in salinity
at the ADV gauging locations, occurring at
the peak of the tracer pulse if 2 kg NaCl was
injected, was 0.05 g L-1. At 13°C this resulted
in a maximum increase in the speed of sound
of less than 0.005%. Because the output from
an ADV is directly proportional to the speed
of sound (Voulgaris and Trowbridge, 1998),
any effect on ADV measurements from the
tracer addition was negligible. Provided that
the conductivity of the fluid is sufficient
for the device to operate, electromagnetic
velocity sensors are not affected by changes in
conductivity, salinity, temperature or density
of the fluid (Kopp et al., 2003).
In experiment 2, the comparatively large
spread in discharge measurements obtained
using a constant tracer injection is partly due
to the relatively low tracer concentrations in
the stream. Some of the instruments used
had poorer resolution, reducing the accuracy
of the resulting salinity concentration
measurements. The relatively small in
crease above background conditions (by
~0.008 g L-1) also meant that measurements
were more sensitive to any background
changes in conductivity.
Both the constant and slug tracer
measurements showed that the tracer
concentration within the macrophyte patches
lagged those in the free-stream, more so in
emergent macrophytes than submerged.
The tracer time-series inside and outside of
the submerged macrophytes at site 2 were
similar, with a slight delay seen in the tracer
response inside the vegetation. Site 4, which
also had submerged macrophytes, had a
larger lag between peak tracer concentration
inside and outside the macrophyte patch,
although the ratio between the time of peak
concentration inside and outside the patch
was similar at sites 2 and 4 (17% and 21%,
respectively). Discharges calculated from
the tracer break-through curves were not
significantly different inside or outside of the
submerged vegetation.

Emergent vegetation appeared to have a
larger effect on tracer concentration timeseries than submerged vegetation. At site 1,
where the discharge calculated from
tracer measurements inside the vegetation
consistently over-estimated the flow (Fig. 8),
the peak tracer concentration and the centroid
of the tracer curve in the channel had both
passed before any increase in concentration
was detected within the vegetation. This is
probably because the rate of exchange of fluid
between the channel and vegetation was too
slow for the tracer pulse to fully penetrate into
the macrophyte patch. At site 3, which had
similar emergent vegetation, there was again
a significant delay in the first arrival and peak
concentration inside the macrophyte patch.
However, in spite of this, flows calculated
from the within-vegetation measurements
showed reasonably good agreement with the
measurements in the free-stream. At site 3,
the arrival of the tracer inside the vegetation
was first detected shortly after the peak
concentration in the channel, but before
the centroid of the tracer pulse had arrived
in the channel. In comparison to site 1 the
tracer pulse was much longer, allowing the
concentration in the vegetation to respond
adequately.
The difference in response between
emergent and submerged vegetation, and
the differences in response between the
emergent vegetation at sites 1 and 3, are
likely due to different rates of exchange
between the vegetation and free flow.
Submerged vegetation presents a large surface
area for exchange as water can be exchanged
through the top of the canopy as well as the
sides. In submerged vegetation, the shortest
distance over which the tracer needs to be
transported is the height of the vegetation,
which is usually less than the width or length
of the vegetation patch. Several studies
have described the effectiveness of coherent
vortices governing transport into submerged
vegetation canopies (e.g., Ghisalberti and
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Nepf, 2005). In contrast, in emergent
vegetation the tracer must travel further from
the exposed edge of the vegetation to the
interior of the vegetation, and the surface area
over which the exchange occurs is smaller,
being the wetted perimeter of the emergent
patch multiplied by the water depth. At site
1, the within-vegetation sensor was ~ 1 m
from the edge of the vegetation, and 0.6 m
at site 3. In comparison, the maximum
distance from the top of the submerged
vegetation to the sensor (sites 2 and 4) was
~ 0.10–0.15 m. Therefore, the tracer is likely
to be transported more rapidly into the
interior of a patch of submerged vegetation
compared to a similar size patch of emergent
vegetation.
The results indicate that for our study
reach, measuring tracer concentration in the
open parts of vegetated cross-sections (i.e.,
outside of vegetation canopies) gave the most
reliable measurements of flow when using the
slug method of tracer addition. Recording
the tracer concentration inside submerged
vegetation also gave reasonable measurements
of flow. Emergent vegetation proved more
problematic. Accurate measurements of dis
charge can be obtained within emergent
vegetation provided measurements are taken
sufficiently far downstream to ensure the
tracer slug is adequately mixed longitudinally
(and thus concentrations vary slowly over
time).
Comparison of tracer concentration timeseries inside and outside of vegetation gives
some indication if the tracer pulse will pass
too rapidly to sufficiently penetrate into an
emergent patch. However, it would be more
useful to have a criterion to determine if a
tracer concentration time-series measured
inside a macrophyte patch provided accurate
discharge estimates without needing a second
measurement of tracer concentration. The
tracer time-series inside the macrophyte
patch at site 1 did not appear to differ greatly
from those measured further downstream,
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other than perhaps a lower ratio of kurtosis
to skewness (3.26, compared to 3.6 at
site 3). As yet we have been unable to
determine any criteria from the tracer timeseries alone that would indicate whether a
reliable estimate of flow could be obtained.
Our present recommendation is that if using
the slug method, tracer concentrations be
measured in the free-stream where possible.
In our study, accurate measurements of
discharge were obtained by sensors within
emergent vegetation by ~30 stream widths
downstream of the injection point, and
within ~20 stream widths by sensors inside
submerged vegetation. Within the freestream, adequate mixing to enable discharge
measurements occurred within 12.5 stream
widths. These distances reflect the locations
of measurement points used in this study.
The minimum distance from the injection
point where accurate discharge measurements
may be obtained could be shorter. It is also
possible that the minimum distance varies
with vegetation blockage, therefore we
recommend being cautious about discharge
measurements close to the injection point,
particularly in the presence of emergent
vegetation.

Conclusions
Dilution gauging using the tracer slug method
gave measurements of stream discharge in
a vegetated stream comparable to discharge
measurements made using velocity sensors.
In comparison to velocity-area flow gaugings,
dilution gauging using tracer slugs gave more
consistent discharge estimates (i.e., with less
variability between measurements). In our
study reach, the presence of macrophytes
did not appear to affect the accuracy of
discharge measurements obtained by tracer
slug addition if the tracer concentration
was measured in the free-stream (i.e.,
outside of the macrophyte patches). Using
tracer measurements from inside patches

of submerged macrophytes gave discharge
estimates that showed good agreement
with those obtained in the free-stream for
measurements obtained 20 stream widths
downstream of the injection point. However,
caution should be applied to data obtained
from within emergent macrophytes due to
the slower exchange between free-stream and
macrophyte patches, particularly if it is likely
that the slug of tracer will pass the macrophyte
quickly. Our experiment suggests that a
downstream distance of around 30 stream
widths is required for tracer measurements
inside emergent macrophytes to provide
accurate discharge measurements from tracer
slug injections. Comparison to discharge
calculated from tracer concentrations in the
free stream should be made, where possible,
to confirm in-vegetation measurements are
accurate.
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