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Abstract The evasion of greenhouse gases (including CO,, CH,4, and N,0) from streams and rivers to the
atmosphere is an important process in global biogeochemical cycles, but our understanding of gas transfer in
steep (>10%) streams, and under varying flows, is limited. We investigated gas transfer using combined
tracer injections of SF¢ and salt. We used a novel experimental design in which we compared four very steep
(18.4-29.4%) and four moderately steep (3.7-7.6%) streams and conducted tests in each stream under low
flow conditions and during a high-discharge event. Most dissolved gas evaded over short distances (~100
and ~200-400 m, respectively), so accurate estimates of evasion fluxes will require sampling of dissolved
gases at these scales to account for local sources. We calculated CO, gas transfer coefficients (Kco,) and
found statistically significant differences between larger Ko, values for steeper (mean 0.465 min™") streams
compared to those with shallower slopes (mean 0.109 min™"). Variations in flow had an even greater
influence. Kco, was substantially larger under high (mean 0.497 min™") compared to low flow conditions
(mean 0.077 min~"). We developed a statistical model to predict Kco, using values of streambed

slope x discharge which accounted for 94% of the variation. We show that two models using slope and
velocity developed by Raymond et al. (2012) for streams and rivers with shallower slopes also provide
reasonable estimates of our CO, gas transfer velocities (kcop; m d™'). We developed a robust field protocol
which could be applied in future studies.

1. Introduction

Streams and rivers contribute substantial amounts of greenhouse gases to the atmosphere including carbon
dioxide (CO,) (Butman & Raymond, 2011; Lauerwald et al., 2015; Rawlins et al., 2014; Raymond et al., 2013),
nitrous oxide (N,O) (Beaulieu et al., 2011), and methane (CH,4) (Stanley et al,, 2016). Oxygen degassing and
reaeration are also important in regulating stream metabolism (Dick et al., 2016; Marzolf et al., 1994).

Understanding gas transfer between streams and rivers and the atmosphere requires an accurate estimate of
the gas transfer coefficient (K), which is reported in units of time; or the gas transfer velocity (k) which is the
gas transfer coefficient multiplied by the stream depth, and is reported in units of distance/time. K varies
substantially in both space and time (Kokic et al., 2015; Wallin et al., 2011). This is primarily due to variations
in turbulence which is a major control on gas transfer rates (Moog & Jirka, 1999; Vachon et al., 2010; Zappa
et al, 2007).

Direct measurements of gas transfer can be made using the floating chamber method (Alin et al., 2011;
Crawford et al., 2013; Khadka et al., 2014). However, results from this approach may sometimes be inaccurate
(Oviedo-Vargas et al., 2016; Vachon et al., 2010). Studies commonly use gas tracer tests to estimate K, for
example, using propane or SF¢ (Cook et al., 2006; Schade et al., 2016; Wanninkhof et al., 1990), usually injected
into streams together with a conservative tracer such as salt (NaCl).

Gas transfer coefficients or gas transfer velocities have been shown to increase with decreasing stream order
(Butman & Raymond, 2011; Raymond et al., 2012; Schelker et al., 2016; Wallin et al., 2011), with low order,
headwater streams having the largest gas transfer rates. This may be because they tend to be steeper and
more turbulent (Butman & Raymond, 2011). Previous studies have demonstrated the importance of slope
and discharge on gas transfer from streams and rivers (Billett & Harvey, 2013; Hope et al, 2007;
Natchimuthu et al., 2017; Raymond et al., 2012; Schelker et al., 2016; Wallin et al., 2011). It has been shown
that stream energy dissipation rate (g4), based on stream power per unit weight of water, varies linearly with
the reaeration coefficient (k,) of streams (Tsivoglou & Neal, 1976). In some studies, gas transfer has been
measured in the same stream under different discharge conditions. Most of these reported an increase in

MAURICE ET AL.

GAS TRANSFER TRACER PAPER 2862

-
brought to you by .{ CORE


https://core.ac.uk/display/110099235?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://orcid.org/0000-0002-3516-7033
http://orcid.org/0000-0002-6015-1332
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8961
http://dx.doi.org/10.1002/2017JG004045
http://dx.doi.org/10.1002/2017JG004045
http://dx.doi.org/10.1002/2017JG004045
http://dx.doi.org/10.1002/2017JG004045
http://dx.doi.org/10.1002/2017JG004045
http://dx.doi.org/10.1002/2017JG004045
http://dx.doi.org/10.1002/2017JG004045
mailto:loma@bgs.ac.uk
https://doi.org/10.1002/2017JG004045
https://doi.org/10.1002/2017JG004045

@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2017JG004045

gas transfer rates with increasing discharge using tracer testing (Billett & Harvey, 2013; Kokic et al., 2015;
Natchimuthu et al,, 2017; Peter et al., 2014), or the floating chamber method (Khadka et al., 2014). Other
studies have reported that gas transfer is not influenced by flow conditions (Genereux & Hemond, 1992),
or contrary to expectations, that gas transfer rates can sometimes be smaller under increased flows
(Oquist et al., 2009; Wallin et al., 2011).

There is currently limited understanding of controls on gas transfer in steep (>10%) headwater streams (Long
et al., 2015), and importantly, predictive models need to be tested and improved in these systems under
varying flow conditions. Steep streams occur across a substantial proportion of the terrestrial landscape.
Based on a 3 arc sec data set of global terrestrial slope values presented by Larsen et al. (2014), we estimate
that around 18% of slopes have a gradient of more than 10%, and so streams with such slopes will account for
a sizeable proportion of freshwater channels globally.

Much of the work on gas transfer in streams and rivers has been carried out in relation to evasion of CO,, the
greenhouse gas which currently accounts for the largest proportion of global radiative forcing (Myhre et al.,
2013). Considerable work has been undertaken to understand controls on Kco, for use in models that upscale
estimates of total carbon export from streams and rivers to the atmosphere. In a recent study, the total quan-
tity of carbon evaded to the atmosphere from rivers and streams was estimated to be 1,800 Tg Cyr~' globally
(Raymond et al., 2013). Studies have shown that variations in Kco> can have more impact on CO, evasion
rates than stream water pCO, (Kokic et al., 2015; Wallin et al., 2011). Accurate estimates of Kco, and kcon
are needed to improve predictions of CO, evasion (Kokic et al., 2015).

The aims of the study are to investigate gas transfer rates in steep streams and specifically to establish the
relationship between gas transfer and slope and flow in steeper streams, and under more varied flow condi-
tions, than those that have generally been studied to date. The experimental design differs from previous
studies in that sites were selected to enable comparison between four very steep streams (>15%) and four
moderately steep streams, and the tracer experiments were specifically planned to investigate how gas trans-
fer rates obtained during high-discharge events differ from those obtained under low flow conditions. The
streams were in the same geology and had similar topographic positions and vegetation characteristics,
enabling a focused investigation of slope and flow.

We undertook SFg tracer tests in four steep streams (slopes of 18.4 to 29.4%) and four shallower streams
(slopes of 3.7 to 7.6%) under both high and low flow conditions. The shallower sloping stream sections
(3.7 to 7.6%) for which we made measurements are at the upper end of the slope values reported in previous
studies (Billett & Harvey, 2013; Wallin et al.,, 2011). The study aimed to investigate the physical process of
gas transfer, and not to measure actual evasion of greenhouse gases, and therefore, in-stream greenhouse gas
concentrations were not measured. However, due to the primary importance of CO, as a greenhouse gas and
the large number of studies which estimate its evasion from freshwater, we converted our Ksgg estimates to
Kcoz so we could compare them with other measurements and apply models that estimate both Ko, and
kcoa using site properties and flow data (Raymond et al., 2012). We present new models and test existing
models for the prediction of Kco, and kco, for these steeper streams under varying flow conditions. We
discuss the implications of our findings for the prediction of CO, losses from streams.

2. Methods and Study Area

The field measurements were carried out in an unforested, upland area of South Wales, UK (Figure 1). Tracer
tests were carried out in eight headwater tributary streams approximately 1 m wide within two river valleys
(the Llia and Tawe valleys) approximately 7 km apart. The tested sites lie at elevations of 330 to 435 m above
sea level and are all on the Devonian Old Red Sandstone, which forms the boulders making up the beds and
banks of the streams. The vegetation cover and type was similar at all the sites and was dominated by vege-
tation from the “acid grassland” category as defined in the UK wide 25 m resolution “Land Cover Map 2007”
(Morton et al., 2011). There are occasional superficial glacial till and peat deposits mapped in the vicinity.

2.1. Local Site Selection

A total of 16 tracer tests were carried out, with repeated tests in the same reach under high and low flow
conditions, in each of the eight streams. The gas transfer coefficients were determined using the methods
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Figure 1. Map of the study area and stream sampling locations with UK map inset. Contains Ordnance Survey data
©Copyright and database rights 2016.

described in Hope et al. (2001) and Wallin et al. (2011). The study was designed to ensure as much consis-
tency as possible to enable the effect of flow and slope on K to be investigated. Streams that had a suitable
injection point above an accessible 45 m length section with no obvious inflows or outflows were selected.
Injection sites were chosen ensuring that there was sufficient depth to install the gas injection system and
that they were just upstream of a constriction/cascade to facilitate tracer mixing. At all sites a mixing reach
of 25 m was used because during preliminary tests (not reported), mixing reaches of 15-20 m were often
insufficient to ensure full mixing. Any remaining sites where full mixing was not achieved within the 25 m
mixing reach were omitted from the data set.

Final results were obtained for four steeper and four shallower streams. It was not possible to use a rando-
mized site selection procedure as there were few stream sections that met all the criteria outlined above.
To enable a comparison between high and low flows, tracer tests were planned in response to prevailing
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weather conditions and were carried out once at each site after a prolonged dry period (at least 1 week), and
once following and during periods of heavy rainfall.

2.2. Tracer Testing Methodology

Field tests involved constant-rate simultaneous injections of a gas tracer (SFg) and a saline tracer. Successful
estimation of gas transfer coefficients from tracer tests depends upon steady state conditions and full tracer
mixing throughout the stream channel at the upstream and downstream sampling points. It is not possible to
determine this with the gas tracer (which is measured later in the laboratory), and therefore, the salt tracer is
used to ensure that there is full tracer mixing and that the gas samples are only taken once steady state has
been reached. The salt tracer results are also used to estimate the flow, and the reach travel time.

The saline tracer comprised table salt (NaCl) mixed with tap water to a concentration equivalent to either
0.5 kg or 1 kg of salt in 10 L of water, with smaller concentrations used in tests with smaller flows. The saline
tracer was injected using a peristaltic pump that discharged tracer into the center of the stream channel
through a 5 mm diameter tube. The tracer injection rate was measured using a measuring cylinder and stop
watch to determine the time taken to pump a volume of 30 mL. Repeated measurements were made at the
start and end of the tracer test to ensure that the injection rate was constant.

The gas tracer was injected using weighted porous tubing distributed across the stream channel. The gas
injection pressure was set at around 13.8 kPa using a regulator, and regular pressure readings were made
to ensure that injection rates remained constant.

Gas sampling and monitoring for the saline tracer was undertaken at upstream and downstream monitoring
points 20 m apart (25 and 45 m downstream of the injection site). Specific Electrical Conductance (SEC)
measurements were made with a Mettler Toledo conductivity probe with readings noted down at regular
time intervals ensuring a detailed tracer breakthrough curve was obtained prior to the onset of steady state
conditions. The probes have an accuracy of 0.5% and were calibrated on a daily basis. When steady state
conditions were reached, the SEC probes were used to check that the tracer was fully mixed across the width
and depth of the stream channel. Measurements were made with both SEC probes at both the upstream and
downstream site to ensure consistent readings. The reach travel time was estimated as the difference in the
time taken for the saline tracer to reach 75% of the steady state concentration at the upstream and down-
stream monitoring points (Billett & Harvey, 2013).

Gas samples were taken after SEC measurements indicated that the saline tracer concentrations had reached
steady state concentrations at the downstream monitoring point. Water samples for gas analysis were taken
with a syringe which was used to inject the water into empty gas sample cylinders, with inlet and outlet
valves ensuring that no air was introduced into the sample (see supporting information Figure S1).
Upstream and downstream gas samples were taken at a time interval equal to the reach travel time to ensure
that the same water was sampled at both measurement sites. Three sets of samples were taken, with each set
of upstream and downstream samples taken after the preceding set (i.e., the sequence was upstream 1,
downstream 1; upstream 2, downstream 2; and upstream 3, downstream 3). Stream temperature and SEC
were also measured when each gas sample was taken.

Water levels in the stream were monitored using a temporary stage post. The saline tracer was used to
calculate the stream discharge using the constant-rate injection method outlined by Moore (2004). This
required calibration solutions to be made up in the field by mixing known volumes of stream water measured
with volumetric flasks, with known volumes of the saline tracer injection solution added using pipettes.

A Leica SmartRover GPS was used to survey the positions (+0.02 m) and elevations (+0.02 m) of the upstream
and downstream monitoring points for slope calculation.

The width and depth of the stream channel was measured using a tape measure. These measurements were
made at 2.5 m intervals between the upstream and downstream sampling points. The width was measured as
the distance between the point nearest the bank with water in on one side of the channel, and the point
nearest the opposite bank which had water in. Dry areas within the channel were not subtracted from the
width measurement but should be in future tests. At each measurement point the depth was measured three
times: once near the middle and once near each edge. The width and depth measurements were used to
estimate the average width and depth over the 20 m tracer sampling reach.
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2.3. Laboratory Measurement of SF¢

SF¢ was measured by gas chromatography attached to an electron capture detector using a 5 m stainless
steel column packed with PorpakQ and held isothermally at 50°C for 3 min. Measurement precision was
+2.5% and the detection limit was 1 ng L™".

2.4. Calculation of Stream Discharge

The constant-rate injection dilution gauging method outlined by Moore (2004) was used to calculate the
stream discharge from the saline tracer test:

q

Q= k(ECss — ECbg)

(M
where Q is stream discharge (L s '), g is tracer injection rate (L s~ '), ECss is the steady state electrical
conductivity (uS cm™"), ECbg is the background electrical conductivity (1S cm™"), and k is the slope of the
relationship between the electrical conductivity and the relative tracer concentration in the stream calculated
using the field calibration method, see Moore (2004). Errors in salt dilution gauging estimates of discharge are
generally around 4-7% (Day, 1976).

2.5. Estimation of Downstream Gas Evasion

For each upstream and downstream stream length, the change in SF¢ concentration was calculated as a
percentage, and for each of the 16 tests the mean percentage change for the three repeat measurements
was determined. Each of the 16 test results was assigned to one of four classes: (i) steep stream (>18%)
under high flow conditions, (ii) steep stream (>18%) under low flow conditions, (iii) shallower stream
(3-8%) under high flow conditions, and (iv) shallower stream (3-8%) under low flow conditions. The mean
change (%) over 20 m was determined for each class, and this rate of gas loss over a 20 m reach was extra-
polated to determine how quickly gas concentrations will decline, assuming this evasion rate for every 20 m
in a downstream direction.

2.6. Calculation of the Gas Transfer Coefficient

Gas transfer coefficients were calculated using methods in Hope et al. (2001) and Wallin et al. (2011). The gas
transfer coefficient for SFg was estimated using

Ksrs(min™') =77 'x In[(G; xC3)/(GaxCy)] @

where ksgg is the gas transfer coefficient for SFg, 7 is the reach travel time (seconds), G; and G, are the inte-
grated SF peak areas (i.e., relative concentrations) for the upstream and downstream measurement locations
where C; and G, are the specific conductance values (uS cm™") at the upstream and downstream locations
on the reach.

The SF¢ transfer coefficients were converted to CO, transfer coefficients using

Kcoa/Ksrs = (Dcoz/Dsrs)" (3)

where K is the gas transfer coefficient (min~"), D is the diffusion coefficient (m? s~"), and n is an exponent
based on stream water surface characteristics (Macintyre et al.,, 1995). The value of n is reported as varying
from —0.66 to 1 (Hope et al., 2001). We used an n value of 0.5 that was used in similar studies (Billett &
Harvey, 2013; Wallin et al,, 2011). Wallin et al. (2011) suggest that 0.5 is a conservative estimate because
turbulence varied among the streams they tested.

As the value of n is related to turbulence, we might expect that a higher value of n might be required for steep
streams compared to shallow streams, or for streams tested under higher compared to lower flow conditions.
It is possible that by using a constant value of 0.5 for n, Kco, may be overestimated under lower flows or in
shallow gradient streams when compared to tracer tests conducted under higher flows, or streams with stee-
per gradients. However, varying values of n between 0.5 and —0.5 in our calculations resulted in only a minor
(0.36%) change in Kco, for our first stream site.
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The diffusion coefficient for CO, was estimated using the equation in Wallin et al. (2011) based on Jahne et al.
(1987) and Wise and Houghton (1966):

Dcop = 0.9477 exp(0-02747) 4

where Dco, is the diffusion coefficient for CO, (m?s™') and Tis the stream temperature during the tracer test
(°C). Although a slightly different equation was presented in Hope et al. (2001). for the estimation of Dco,,
these two approaches gave very similar estimates (difference in Kco, of 0.01%).

The diffusion coefficient for SFg was estimated using the equation in King and Saltzman (1995) from which
the values of the constants were taken:

Deps = Ae i (5)

where A is the preexponential factor 0.029 cm s, Ea is the activation energy for diffusion in water
(19.3 kJ/mol™), R has a value of 8.314 x 107° k) mol™' K™, Tis the stream temperature in kelvin (measured
during the test). Finally, the CO, gas transfer coefficients were corrected for temperature effects as outlined in
Wallin et al. (2011):

Kc02(20°) = Kcoa (T)2%0 T (6)

where T is the water temperature of the stream reach and & is a temperature coefficient with a value of 1.01
(Metzger & Dobbins, 1967). We converted the Kco, values (at 20°C) to gas transfer velocities (kcoo; m d™h by
multiplying the former by stream depth.

2.7. Statistical Analysis and Models for the Prediction of Kco; and kco3

We assessed the significance of the differences in Kco, between steeper and shallower streams using the
Mann-Whitney test. Stream parameters such as slope, flow velocity, or discharge are commonly used to form
statistical models for the estimation of gas transfer from streams in both space and time (Raymond et al.,
2012; Wallin et al., 2011). We explored these variables for estimating Kco, by creating scatterplots of the
values of these predictors versus the associated Ko, values, and we included in these plots the median
values for the tracer tests published by Wallin et al. (2011). We found no other studies which presented
raw data that included both streambed slope and flow values (velocity or discharge) for headwater streams.

We used ordinary least squares to form regression models for predicting Kco, for our data set based on the
following predictors: slope, velocity, discharge, and slope x discharge. We also applied the regression models
presented by Raymond et al. (2012) for the prediction of gas transfer velocity (kco,) to our data based on
stream velocity, slope, and depth. For comparison we also formed a regression model for estimating kco>
using the same predictors fitted to our data.

3. Results and Their Interpretation

3.1. Stream Characteristics

The streams are all of similar size, with channel widths ~1 m and average water depths of ~0.1 m during the
tests (Table 1). Four streams have very steep slopes (18 to 29.4%) and four have shallower but still moderately
steep slopes (3.7 to 7.6%). There were substantial differences in the measured flows during the two tests
undertaken at each site (Table 1), and streams appeared substantially more turbulent during the high flow
tests (see images in supporting information Figure S2). Discharge during the low flow tests varied from 0.8
t0 4.6 Ls~' and those during the high flow tests from 12 to 88 Ls™' (Table 1). As expected, reach travel times
were substantially faster under higher flow conditions (Table 1).

3.2. Salt Tracer

The specific electrical conductivity measurements were used to determine tracer mixing, and all reported
results were for tests in which the salt tracer was fully mixed throughout the stream channel at both the
upstream and downstream monitoring sites.

Steady state conditions (indicated by constant SEC), or conditions very close to steady state, were achieved in
all reported tests. This is illustrated in time series plots of SEC concentrations at the upstream and
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Table 1

Kcoz Average Values, Stream and Flow Characteristics for Eight Streams Under High and Low Flow Conditions

Stream Flow Mean width® Mean depth Velocity Reach travel Mean Kcmbmin71 Slope
(flow) Date Ls™ (m) (cm) (ms™") time (s) (SD) (%)

1 (high) 4/11/2013 12 0.92 10.9 0.12 165 0.343 (0.074) 232
1 (low) 24/06/2014 24 0.58 6.0 0.04 450 0.175 (0.020) 23.2
2 (high) 16/11/2015 38 1.02 19.3 0.19 105 0.056 (0.027) 3.7
2 (low) 9/09/2015 4.6 0.99 10.3 0.05 445 0.039 (0.012) 37
3 (high) 17/11/2015 37 1.14 14.5 0.20 100 1.471 (0.073) 294
3 (low) 10/09/2015 0.8 0.98 3.1 0.008 2400 0.093 (0.065) 294
4 (high) 11/11/2014 88 1.07 29.3 0.25 80 0.367 (0.255) 5.6
4 (low) 15/09/2014 2.2 1.04 104 0.01 1410 0.018 (0.010) 5.6
5 (high) 12/11/2014 43 0.98 12.1 0.22 90 0.172 (0.022) 5.6
5 (low) 16/09/2014 0.8 0.78 4.6 017 1230 0.045 (0.025) 5.6
6 (high) 13/11/2014 13 0.92 12.2 0.09 220 0.380 (0.043) 18.0
6 (low) 17/09/2014 3.1 0.82 6.4 0.01 1575 0.072 (0.005) 18.0
7 (high) 14/11/2014 35 1.22 13.6 0.20 100 1.044 (0.303) 249
7 (low) 18/09/2014 2.2 1.20 7.7 0.03 795 0.139 (0.013) 24.9
8 (high) 18/11/2015 25 1.09 13.0 0.13 150 0.139 (0.092) 7.6
8 (low) 11/09/2015 1.0 0.93 6.8 0.01 1440 0.037 (0.006) 7.6

¥Note that width measurements are from the extreme edges of water flow and may include dry areas within the streambed. BSD is the standard deviation based
on the measurement of SFg gas tracer concentrations in three samples taken during the tracer test under steady state flow conditions.

downstream sampling site which are presented in supporting information Figures S3 and S4, and the
supporting information includes further discussion of these results. These SEC results illustrating steady
state conditions provide evidence that the gas results, and the estimates of reach travel time, are reliable.

3.3. SF¢ Tracer

SF¢ tracer concentrations reduced substantially between the upstream and downstream sampling points,
and there was reasonable consistency in the concentrations observed in the three samples taken at each
sampling point (see supporting information Figures S5 and S6 and supporting information Tables ST and S2).

The mean change (%) over 20 m was determined for each class (steep and high flow, steep and low flow, shal-
lower and high flow, and shallower and low flow). The mean % changes over the 20 m reach were larger in
steeper streams (66.9% and 78.2% changes) than in shallower streams (16.9% and 36.4% changes). Within
these classes of steep and shallower streams there was a larger percentage change under low compared
to high flow conditions, which reflects the longer reach travel time providing more time for gas evasion.

This mean rate of gas loss over a 20 m reach for each of the four classes was extrapolated to determine how
quickly gas concentrations will decline, assuming this rate of gas transfer rate is consistent in a downstream
direction (Figure 2). Although this approach is theoretical—in reality the slope and stream characteristics will
vary downstream causing changes in gas transfer—it shows that the majority of the tracer is evaded within a
short distance of the injection site. In steep streams, SFg gas concentrations are negligible within 100 m, while
in the shallower streams they are greatly reduced within 200 to 400 m. Given that SF¢ has a higher Schmidt
number than other gases of environmental interest (CO,, CH,4, N>O, and O,), transfer rates for these gases will
be larger than those of SFg, and their concentrations would therefore decline more rapidly over the
same distance.

3.4. Kcoz Transfer Coefficients

Mean (0.465 min ') and median (0.259 min~') Kco, values in the four steeper streams were larger than mean
(0.109 min~") and median (0.051 min~") Ko, in the four shallower streams (Table 1 and Figures 3 and 4), and
the difference between sites with steep and shallow slopes was statistically significant (P = 0.028) based on
the Mann-Whitney test.

At all sites, Kco5 values were larger (mean 0.497 min~ ') under high compared to low (mean 0.077 min~") flow
conditions (Figure 3). The difference between the two tests was generally greater in the steeper streams (Sites
1, 3, 6, and 7) compared to the streams with the shallower slopes (Sites 2, 4, 5, and 8). Estimated Kco, was
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Figure 2. Extrapolation of the percentage of SFg gas remaining in stream based
on measurements over a 20 m reach length, using an average of four
measurements within each of four stream classes. Steep streams are those with
bed slope 18.4-29.4%, while shallow streams have bed slopes 3.7-7.6%. The
quantities for low and high flow conditions are reported in Table 1.

3.5. kco2 Gas Transfer Velocities

largest in steeper streams under high flow conditions, but for both
steep and shallower sloping streams, Kco, was significantly larger
under high compared to low flow conditions (Figure 4). In steep
streams, mean (0.809 min~') and median (0.712 min~") Kco, values
under high flow conditions were larger than mean (0.120 minq) and
median (0.116 min~") values under low flow conditions, and this differ-
ence was statistically significant (P = 0.029) using the Mann-Whitney
Rank Sum Test. In shallower streams, mean (0.184 min~') and median
(0.156 min™") Kco values under high flow conditions were larger than
mean (0.034 min~") and median (0.036 min~") Kco, values under low
flow conditions (one-tailed t test ; P = 0.032).

The best regression model (with the largest adjusted R? value) for the
prediction of Kcoy from all 16 tests was for a single predictor of stream
discharge multiplied by slope angle (expressed as the percentage
value); the model coefficients are presented in Table 2, and the model
is plotted in Figure 5. This model accounted for 94% of the variance in
Kcoz (adjusted R* = 0.939).

Estimated and measured values of the gas transfer velocities (kcoy) are shown in Figure 6 using a new least
squares ordinary regression model from the 16 observations in this study, and also for a range of nonlinear,
predictive equations presented by Raymond et al. (2012). The new regression model based on stream
velocity, slope, and depth accounted for 83% of the variance in ko, (adjusted R? = 0.827). Of the models pre-
sented by Raymond et al. (2012), equations (5) and (2) based on stream velocity and slope had the smallest
overall prediction errors. The mean prediction error (untransformed units; m d™') for the linear regression
model applied to the 16 samples was —3.41, while the mean prediction error for equation (5) and (2) were
182and21.9(md™"), respectively. The mean squared errors (which provide a better assessment of bias than
the mean error) were 1,065, 2,575, and 2,596 for the linear model, equations (5) and (2), respectively. The

Keoz 20 °C (min™")
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Figure 3. Barplot of Kco5 20°C (min~") for the eight study sites under high and low flow conditions (see Table 1). The error
bars (one standard deviation) are based on three measurements of gas tracer concentration during each test (high or low

flow) at each site.
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Figure 4. Boxplot showing the variations in Kcoy for four groups of sites based
on streambed slope and flow conditions (see Table 1); each group has four
sets of measurements. Steep streams are those with bed slope 18.4-29.4%, while
shallow streams have bed slopes 3.7-7.6%.

mean error and mean squared errors for equations (2) and (5) are
reasonably small given they were developed for a limited range of
kcoz (0-100 m d™"). The two other models we applied from Raymond
et al. (2012) (equations (1) and (7)) were more biased and had signifi-
cantly larger prediction errors.

4, Discussion

Our results show that SF¢ gas transfer (and by inference CO, and other
greenhouse gas transfer) occurs over short length scales: ~100 m in
steep (18.4-29.4%) streams and ~200-400 m in streams with moder-
ately steep slopes (3.7-7.6%). Previous studies have shown that loss
of CO, by evasion to the atmosphere can be greater than downstream
transport (Billett & Moore, 2008) and that substantial gas losses can
occur over short distances. Oquist et al. (2009) estimated that up to
90% of soil dissolved inorganic carbon from groundwater was evaded

Table 2

Coefficients for the Least Squares Regression Model Fitted to the 16 Estimates of
Kcoz (See Figure 5) and kcpp, Made in This Study (See Figure 6)

as CO, within 200 m of the groundwater entering a small boreal stream
in Sweden. Kokic et al. (2015) also reported substantial loss of CO, from small boreal streams in Sweden
within a reach length of 150 m. In such streams and rivers where all gases are quickly evaded to the atmo-
sphere, understanding the inputs and sources of gases and identifying any local hot spots of dissolved
CO, input or instream production may be critical, as gases may be lost to the atmosphere between sampling
locations (Venkiteswaran et al., 2014) leading to substantial underestimation of total evasion.

The Kco, values from this study are generally in the range observed in other studies, but values from other
studies tend to be lower (Table 3). This may in part reflect the shallower gradients of the streams and rivers
in other studies which leads to less turbulent flow and lower evasion rates (Kokic et al., 2015; Schelker et al.,
2016; Wallin et al., 2011). The steepest streams in our study included small waterfall sections which are known
to increase turbulence and local evasion rates (Leibowitz et al., 2017; Natchimuthu et al.,, 2017).

Discharge is an important factor in determining gas transfer as turbulence generally increases with larger
flows (Butman & Raymond, 2011; Hope et al,, 2001; Zappa et al., 2007). The effect of larger flows leading
to increased turbulence was easy to observe at our study sites. At each of our sites, Kco, values were
substantially larger under high compared to low flows (Figure 3). This relationship was not well established
in other studies; Wallin et al. (2011) reported both increases and decreases in Kco, with flow. In some cases
Kcoz may not increase with discharge because the increase in depth offsets the effect of the greater turbu-
lence (Genereux & Hemond, 1992). However, it is also possible that these studies did not observe an increase
in Kcoo with increased flow because they investigated sites with shallower slopes where the relationship
between flow and K-, may not be as strong (Natchimuthu et al., 2017) or because they did not encompass
such a large flow range.

Billett and Harvey (2013) presented clear evidence of increasing Kco, as discharge increased at two sites, and
the three largest Kco, values they reported were from streams
under high flow conditions. It is clear from the results of our study,
and that of Billett and Harvey (2013), that differences in Kco, at a
single site under different flow conditions are greater than those

for streams with different slopes, suggesting that temporal variabil-

SilmEe S iy fuevm el ity is higher than spatial variability. Natchimuthu et al. (2017) found

Kcoa particularly high gas transfer velocities during high-discharge

Intercept . b 9.93e-04 3.12e-02 0.032 0.975 events. Overall, it appears that a substantial proportion of gas

Discharge™ x slope L2 lIE pEEE Lo <l evasion may occur under high flow conditions, and therefore,

keoa large-scale estimates of gas evasion from streams and rivers should

Intercept 359 19.12 _1.878 0.083 take account of temporal variability in discharge rather than using

Velocity® x slope® 4211.8 568.9 7.40 <0.001 mean discharge.

Depth (m) 3.235 1.536 2.107 0.05 . . . . .

Figure 6 provides a comparison between previous estimates of

“UnitsLs~". PPercentage value. Unitsm's . Kco> in similar sized streams by Wallin et al. (2011) and Billett and
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Figure 5. Scatterplot of discharge x slope (% values) versus Kco, 20°C (min~") for the data from this study and that of
Wallin et al. (2011). The diameter of the disk symbol is proportional to the stream slope angle at each site. The solid line
is the ordinary least squares regression model fitted to the data from this study (see Table 2).

Harvey (2013). For each study the maximum and minimum reported Kco, for each stream reach is plotted
against stream slope. The four steep streams (range 18-29%) in this study are substantially steeper than
the streams investigated in these two previous studies (slope range 0.2-11%), while the four shallow
streams (3.7-7.6%) in this study are at the steeper end of the stream slopes reported in these previous
studies. Figure 7 shows that maximum Ko, values in our study are generally larger than those reported by
Wallin et al. (2011), which may be because our study streams are steeper. However, some of the maximum
values obtained by Billett and Harvey (2013) were similar to the maximum values in this study, and the
data from Billett and Harvey (2013) illustrate that even in lower gradient streams, gas transfer coefficients
can be as large as those in steeper reaches during high-discharge events.

Our models suggest that a combination of slope and either discharge or velocity can provide an effective
prediction of Kco, and kco,. For large-scale studies, stream or river discharge may be an easier parameter
to estimate than stream velocity, because it can be predicted from rainfall and catchment area, while velocity
also depends on the local stream characteristics. However, our models are based on a limited set of 16
measurements from eight sites, and although they account for much of the observed variation, further mea-
surements are required in different geological and topographic settings, and in varying flow conditions,
before they could be applied with confidence. We did not attempt to account for the effect of channel
bed roughness (Bicudo & Giorgetti, 1991) on gas transfer because this varies considerably across short,
step-pool sequences in steep stream sections (Lee & Ferguson, 2002) where we undertook tracer measure-
ments and would therefore be difficult to incorporate into predictive models.

We were unable to use data from some published tracer studies to evaluate models for the prediction of
either Kco, or kcoa because the authors had either reported summary statistics without results of individual
measurements or had omitted important site characteristics (e.g., slope). It is essential that authors publish all
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Figure 6. Estimated and measured values of log kco> for the 16 measurements made in this study for a range of predictive
equations from Raymond et al. (2012). The parameters of the regression model fitted to the data from this study are
shown in Table 2. The shaded region shows the approximate range of kco, over which the models by Raymond et al. (2012)
were developed (0-100 m d_1). The horizontal black lines show the 95% confidence intervals predictions at two sites
using the model from this study (the prediction values are the locations of the blue disks).

relevant data so that models can be developed and tested across the widest possible range of landscape
settings and flow conditions. Further tracer measurements to estimate gas transfer are required in a range
of steep stream settings under varying flow conditions to test and refine models for the prediction of kco,.

Obtaining accurate estimates of gas transfer coefficients from tracer tests is difficult, and there are many
potential sources of error (Knapp et al., 2015). In this study we ensured that (i) there was full tracer mixing
within the stream channel at the sampling points, (ii) steady state was reached during the tracer tests,

Table 3

Comparison of Features and Mean Kcp, Values Obtained From a Range of Experimental Studies, Modified and Updated From Wallin et al. (2011)

Kcoa range (min~")  Mean Kcoz (min~")®  Number of tests Slope range (%) Discharge range (L s Location Reference
0.039-1.471 0.327 16 3.7-249 0.8 to 88 S Wales, UK This study

0.025—0.076b Not reported 26 Not reported 3-33 Tennessee, USA  Genereux and Hemond (1992)
0.04-0.07° Not reported 31 Not reported 5-57 Tennessee, USA  Roberts et al. (2007)

0-0.1 D Not reported 11 0.1-5 10-770 Alaska, USA (Morse et al. (2007)
0.0004—0.003b Not reported 3 0.11-0.28 47-425 Wisconsin, USA  House and Skavroneck (1981)
0.023-0.061° Not reported 7 Not reported 129 Maine, USA Maprani et al. (2005)
0.005-0.151 0.08 3 Not reported 36-137 Scotland, UK Billett et al. (2004)
0.015-0.344 Not reported 8 3.2-11.3 4.3-24.1 Scotland, UK Hope et al. (2001)

0-1.29 0.157 49 1.4-11 0.8 to 3744 N England, UK  Billett and Harvey (2013)
0-0.0482 0.0255 8 0-10 N Sweden Oquist et al. (2009)
0.001-0.207 0.041 114 0.2-6.8 0.4-154.1 N Sweden Wallin et al. (2011)

aAll studies used tracer methods for estimating Kco2, except Morse et al. (2007). PWhere necessary values were transformed from original values into values of
Kco2 min ' by Wallin et al. (2011).
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15 . (iii) there were no substantial inflows in the study reaches, and (iv)
o This study (min) there was a steady state tracer input. All these factors are important;
® This study (max) if any of these conditions are not fulfilled there will be variability in

o Wallin et al. 2011 (min) . .
~ 1.0 e Wallin et al. 2011 (max) tracer concentrations at the upstream and downstream sampling
e Billett and Harvey 2013 (min) points, and so gas transfer estimates will include errors that are
E Billett and Harvey 2013 (max) avoidable. As recommended (Knapp et al, 2015), we undertook
E temperature correction using temperature measurements made
0.5 simultaneously with sample collection. We presented the variation
d ° . in our gas transfer estimates based on repeated tracer gas concen-
° ‘e . °o . tration measurements which show that despite all the precautions
00 4 s o 8. o °© outlined above, there is significant variability which should be
’ T T T T T T T considered. Many previous studies have only briefly reported the meth-
0 5 10 15 20 25 30 ods and results of the tracer tests used to estimate the gas transfer

Figure 7. Comparison of Kco, values from this study, Wallin et al. (2011) and
Billett and Harvey (2013). Separate data are plotted for the minimum and
maximum Kcp» values (minq) for each site in each study.
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Slope (%) coefficient (e.g., Kokic et al., 2015; Peter et al, 2014; Schade et al.,
2016) or have not discussed errors associated with replicate analyses
(Hope et al,, 2001; Kokic et al., 2015; Schelker et al., 2016; Wallin et al.,
2011). While these studies may have avoided the sources of error listed
above, it would be useful to develop a consistent method for future

studies and assess the errors and uncertainties in the gas transfer coefficient estimates.

5. Conclusions

We used a combination of SFg and salt tracer testing to investigate gas transfer in eight streams (slope range
3.7-29.4%) under both high and low flow conditions (range 0.8-88 L s~'). We observed that the vast major-
ity of SFe tracer was lost within a maximum reach length of 100 to 400 m for our 16 measurements, and
because SFg evades more slowly than CO,, (and Chy, N,O, and O,) these would be lost over even shorter
stream reach lengths. High-spatial resolution measurements of pCO, would be needed to ensure that
groundwater inputs or hot spots of in-stream CO, generation are not overlooked in estimates of CO,
evasion from such streams and rivers.

When the estimates of Ko, were grouped by slope (shallow or steep) and flow condition (low and high), both
factors were statistically significant. Steep streams, which make up a substantial proportion of freshwater
channels globally, clearly have the potential to be extremely important in gas transfer between the land
and atmosphere. At each of our eight sites, the largest Kco, values occurred under the highest flows. Our
findings suggest that much gas evasion may take place under high flow conditions and highlight the need
to take into account temporal variations in discharge when upscaling estimates of gas evasion from streams
and rivers.

We created a statistical model to predict Kco, (min™") using values of streambed slope x discharge for our 16
measurements which accounted for 94% of the variation in the estimates of Kco, from the tracer testing. We
also used our measurements to estimate their kco, (m d™') transfer velocities and formed a statistical model
based on stream slope and velocity which accounted for 83% of the variation in kco,. Two of the models
presented by Raymond et al. (2012) for the prediction of kco,, developed from a larger number of tracer
measurements (largely from streams with smaller slopes), also provided reasonable estimates based on slope
and flow velocity.

Given the complicated nature of gas injection tracer tests in freshwater channels, and the many potential
sources of error that arise from the field methodology, we recommend that our standard protocol is used
and applied in future tests.

References

Alin, S. R., de Fatima, M., Rasera, F. L., Salimon, C. I, Richey, J. E., Holtgrieve, G. W, ... Snidvongs, A. (2011). Physical controls on carbon dioxide
transfer velocity and flux in low-gradient river systems and implications for regional carbon budgets. Journal of Geophysical Research, 116,
G01009. https://doi.org/10.1029/2010JG001398

Beaulieu, J. J,, Tank, J. L., Hamilton, S. K., Wollheim, W. M., Hall, R. O. Jr., Mulholland, P. J,, ... Thomas, M. (2011). Nitrous oxide emission from
denitrification in stream and river networks. Proceedings of the National Academy of Sciences of the United States of America, 108(1),
214-219. https://doi.org/10.1073/pnas.1011464108

MAURICE ET AL.

GAS TRANSFER TRACER PAPER 2873


https://doi.org/10.1029/2010JG001398
https://doi.org/10.1073/pnas.1011464108

@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2017)G004045

Bicudo, J. R, & Giorgetti, M. F. (1991). The effect of strip bed roughness on the reaeration rate coefficient. Water Science and Technology,
23(10-12), 1929-1939.

Billett, M. F., & Harvey, F. H. (2013). Measurements of CO, and CH, evasion from UK peatland headwater streams. Biogeochemistry, 114(1),
165-181. https://doi.org/10.1007/s10533-012-9798-9

Billett, M. F., & Moore, T. R. (2008). Supersaturation and evasion of CO, and CH, in surface waters at Mer Bleue peatland, Canada. Hydrological
Processes, 22(12), 2044-2054. https://doi.org/10.1002/hyp.6805

Billett, M. F., Palmer, S. M., Hope, D., Deacon, C,, Storeton-West, R., Hargreaves, K. J,, ... Fowler, D. (2004). Linking land-atmosphere-stream
carbon fluxes in a lowland peatland system. Global Biogeochemical Cycles, 18, GB1024. https://doi.org/10.1029/2003GB002058

Butman, D., & Raymond, P. A. (2011). Significant efflux of carbon dioxide from streams and rivers in the United States. Nature Geoscience,
4(12), 839-842. https://doi.org/10.1038/ngeo1294

Cook, P. G, Lamontagne, S., Berhane, D., & Clark, J. F. (2006). Quantifying groundwater discharge to Cockburn River, southeastern Australia,
using dissolved gas tracers *2Rn and SFe. Water Resources Research, 42, W10411. https://doi.org/10.1029/2006WR004921

Crawford, J. T,, Strieg|, R. G., Wickland, K. P., Dornblaser, M. M., & Stanley, E. H. (2013). Emissions of carbon dioxide and methane from a head-
water stream network of interior Alaska. Journal of Geophysical Research: Biogeosciences, 118, 482-494. https://doi.org/10.1002/jgrg.20034

Day, T. J. (1976). Precision of salt dilution gauging. Journal of Hydrology, 31(3-4), 293-306. https://doi.org/10.1016/0022-1694(76)90130-x

Dick, J. J,, Soulsby, C., Birkel, C., Malcolm, I., & Tetzlaff, D. (2016). Continuous dissolved oxygen measurements and modelling metabolism in
peatland streams. PLoS One, 11(8). https://doi.org/10.1371/journal.pone.0161363

Genereu, D. P., & Hemond, H. F. (1992). Determination of gas exchange rate constants for a small stream on Walker Branch Watershed,
Tennessee. Water Resources Research, 28, 2365-2374. https://doi.org/10.1029/92WR01083

Hope, D., Palmer, S. M., Billett, M. F., & Dawson, J. J. C. (2001). Carbon dioxide and methane evasion from a temperate peatland stream.
Limnology and Oceanography, 46(4), 847-857. https://doi.org/10.4319/10.2001.46.4.0847

House, L. B., & Skavroneck, S. (1981). Comparison of the propane-area tracer method and predictive equations for determination of stream-
reaeration coefficients on two small streams in Wisconsin, Water-Resources Investigations Report 80-105, 18 pp, US Geological Survey,
Wisconsin.

Jéhne, B., Heinz, G., & Dietrich, W. (1987). Measurement of diffusion coefficients of sparingly soluble gases in water. Journal of Geophysical
Research, 92, 10,767-10,776. https://doi.org/10.1029/JC092iC10p10767

Khadka, M. B., Martin, J. B., & Jin, J. (2014). Transport of dissolved carbon and CO, degassing from a river system in a mixed silicate and
carbonate catchment. Journal of Hydrology, 517, 1188-1188. https://doi.org/10.1016/j,jhydrol.2014.03.070

King, D. B., & Saltzman, E. S. (1995). Measurement of the diffusion coefficient of sulfur hexafluoride in water. Journal of Geophysical Research,
100, 7083-7088. https://doi.org/10.1029/94JC03313

Knapp, J. L., Osenbrick, K., & Cirpka, O. A. (2015). Impact of non-idealities in gas-tracer tests on the estimation of reaeration, respiration, and
photosynthesis rates in streams. Water Research, 15, 83-205. https://doi.org/10.1016/j.watres.2015.06.032

Kokic, J., Wallin, M. B., Chmiel, H. E., Denfeld, B. A., & Sobek, S. (2015). Carbon dioxide evasion from headwater systems strongly contributes to
the total export of carbon from a small boreal lake catchment. Journal of Geophysical Research: Biogeosciences, 120, 13-28. https://doi.org/
10.1002/2014JG002706

Larsen, I. J,, Montgomery, D. R., & Greenberg, H. M. (2014). The contribution of mountains to global denudation. Geology, 42(6), 527-530.
https://doi.org/10.1130/935136.1

Lauerwald, R, Laruelle, G. G,, Hartmann, J., Ciais, P., & Regnier, P. A. G. (2015). Spatial patterns in CO, evasion from the global river network.
Global Biogeochem Cycles, 29, 534-554. https://doi.org/10.1002/2014GB004941

Lee, A. J, & Ferguson, R. . (2002). Velocity and flow resistance in step-pool streams. Geomorphology, 46(1-2), 59-71. https://doi.org/10.1016/
S0169-555X(02)00054-5

Leibowitz, Z. W., Brito, L. A. F,, De Lima, P. V., Eskinazi-Sant’/Anna, E. M., & Barros, N. O. (2017). Significant changes in water pCO, caused by
turbulence from waterfalls. Limnologica, 62, 1-4. https://doi.org/10.1016/j.imno.2016.09.008

Long, H., Vihermaa, L., Waldron, S., Hoey, T., Quemin, S., & Newton, J. (2015). Hydraulics are a first-order control on CO, efflux from fluvial
systems. Journal of Geophysical Research: Biogeosciences, 120, 1912-1922. https://doi.org/10.1002/2015JG002955

Macintyre, A,, Wanninkhof, R, & Chanton, J. P. (1995). Trace gas exchange across the air-water interface in freshwater and coastal marine
environments. In P. A. Matson, & R. C. Harriss (Eds.), Biogenic Trace Gases: Measuring Emissions from Soil and Water (pp. 52-97). UK: Blackwell.

Maprani, A. C, Al, T. A, MacQuarrie, K. T., Dalziel, J. A, Shaw, S. A., & Yeats, P. A. (2005). Determination of mercury evasion in a contaminated
headwater stream. Environmental Science & Technology, 39(6), 1679-1687. https://doi.org/10.1021/es048962j

Marzolf, E. R, Mulholland, P. J., & Steinman, A. D. (1994). Improvements to the diurnal upstream-downstream dissolved-oxygen change
technique for determining whole-stream metabolism in small streams. Canadian Journal of Fisheries and Aquatic Sciences, 51(7),
1591-1599. https://doi.org/10.1139/f94-158

Metzger, I, & Dobbins, W. E. (1967). Role of fluid properties in gas transfer. Environmental Science & Technology, 1(1), 57-65. https://doi.org/
10.1021/es60001a006

Moog, D. B., & Jirka, G. H. (1999). Air-water gas transfer in uniform channel flow. Journal of Hydraulic Engineering, 125(1), 3-10. https://doi.org/
10.1061/(ASCE)0733-9429(1999)125:1(3)

Moore, R. D. (2004). Introduction to salt dilution gauging for streamflow measurement. Part 2: Constant-rate Injection. Watershed
Management Bulletin/No. 1 Fall 2004. Volume 8., British Colombia, Canada.

Morse, N., Bowden, W. B., Hackman, A., Pruden, C,, Steiner, E., & Berger, E. (2007). Using sound pressure to estimate reaeration in streams.
Journal of the North American Benthological Society, 26(1), 28-37. https://doi.org/10.1899/0887-3593(2007)26%5B28:USPTER%5D2.0.CO;2

Morton, D., Rowland, C,, Wood, C., Meek, L., Marston, C., Smith, G,, ... Simpson, I. C. (2011). Final report for LCM2007—The new UK Land Cover
Map. Countryside Survey Technical Report No. 11/07 NERC/Centre for Ecology & Hydrology, Wallingford. p. 112.

Myhre, G,, Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedst, J., Huang, J., ... Zhang, H. (2013). Anthropogenic and natural radiative forcing. In
T. F. Stocker, et al. (Eds.), Climate change 2013: The physical science basis. Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (pp. 659-740). Cambridge, United Kingdom: Cambridge Univ. Press. https://doi.org/
10.1017/CBO9781107415324.01

Natchimuthu, S., Wallin, M. B., Klemedtsson, L., & Bastviken, D. (2017). Spatio-temporal patterns of stream methane and carbon dioxide
emissions in a hemiboreal catchment in Southwest Sweden. Scientific Reports, 7, 39729. https://doi.org/10.1038/srep39729

Oquist, M. G,, Wallin, M,, Seibert, J., Bishop, K., & Laudon, H. (2009). Dissolved inorganic carbon export across the soil/stream interface and its
fate in a boreal headwater stream. Environmental Science & Technology, 43(19), 7364-7369. https://doi.org/10.1021/es900416h

Oviedo-Vargas, D., Dierick, D., Genereux, D. P., & Oberbauer, S. F. (2016). Chamber measurements of high CO, emissions from a rainforest
stream receiving old C-rich regional groundwater. Biogeochemistry, 130(1), 69-83. https://doi.org/10.1007/510533-016-0243-3

MAURICE ET AL.

GAS TRANSFER TRACER PAPER 2874


https://doi.org/10.1007/s10533-012-9798-9
https://doi.org/10.1002/hyp.6805
https://doi.org/10.1029/2003GB002058
https://doi.org/10.1038/ngeo1294
https://doi.org/10.1029/2006WR004921
https://doi.org/10.1002/jgrg.20034
https://doi.org/10.1016/0022-1694(76)90130-x
https://doi.org/10.1371/journal.pone.0161363
https://doi.org/10.1029/92WR01083
https://doi.org/10.4319/lo.2001.46.4.0847
https://doi.org/10.1029/JC092iC10p10767
https://doi.org/10.1016/j.jhydrol.2014.03.070
https://doi.org/10.1029/94JC03313
https://doi.org/10.1016/j.watres.2015.06.032
https://doi.org/10.1002/2014JG002706
https://doi.org/10.1002/2014JG002706
https://doi.org/10.1130/g35136.1
https://doi.org/10.1002/2014GB004941
https://doi.org/10.1016/S0169-555X(02)00054-5
https://doi.org/10.1016/S0169-555X(02)00054-5
https://doi.org/10.1016/j.limno.2016.09.008
https://doi.org/10.1002/2015JG002955
https://doi.org/10.1021/es048962j
https://doi.org/10.1139/f94-158
https://doi.org/10.1021/es60001a006
https://doi.org/10.1021/es60001a006
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:1(3)
https://doi.org/10.1061/(ASCE)0733-9429(1999)125:1(3)
https://doi.org/10.1899/0887-3593(2007)26%5B28:USPTER%5D2.0.CO;2
https://doi.org/10.1017/CBO9781107415324.01
https://doi.org/10.1017/CBO9781107415324.01
https://doi.org/10.1038/srep39729
https://doi.org/10.1021/es900416h
https://doi.org/10.1007/s10533-016-0243-3

@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2017)G004045

Peter, H., Singer, G. A, Preiler, C,, Chifflard, P., Steniczka, G., & Battin, T. J. (2014). Scales and drivers of temporal pCO, dynamics in an Alpine
stream. Journal of Geophysical Research: Biogeosciences, 119, 1078-1091. https://doi.org/10.1002/2013JG002552

Rawlins, B. G., Palumbo-Roe, B., Gooddy, D. C,, Worrall, F., & Smith, H. (2014). A model of potential carbon dioxide efflux from surface water
across England and Wales using headwater stream survey data and landscape predictors. Biogeosciences, 11, 1911-1925. https://doi.org/
10.5194/bg-11-19911-2014

Raymond, P. A,, Hartmann, J,, Lauerwald, R., Sobek, S., McDonald, C., Hoover, M., ... Guth, P. (2013). Global carbon dioxide emissions from
inland waters. Nature, 503(7476), 355-359. https://doi.org/10.1038/nature12760

Raymond, P. A, Zappa, C. J,, Butman, D., Bott, T. L., Potter, J., Mulholland, P., ... Newbold, D. (2012). Scaling the gas transfer velocity and
hydraulic geometry in streams and small rivers. Limnology and Oceanography, 2(1), 41-53. https://doi.org/10.1215/21573689-1597669

Roberts, B. J., Mulholland, P. J., & Hill, W. R. (2007). Multiple scales of temporal variability in ecosystem metabolism rates: Results from 2 years
of continuous monitoring in a forested headwater stream. Ecosystems, 10(4), 588-606. https://doi.org/10.1007/s10021-007-9059-2

Schade, J. D, Bailio, J., & McDowell, W. H. (2016). Greenhouse gas flux from headwater streams in New Hampshire, USA: Patterns and drivers.
Limnology and Oceanography, 61(S1), S165-5174. https://doi.org/10.1002/In0.10337

Schelker, J., Singer, G. A, Ulseth, A. J,, Hengsberger, S., & Battin, T. J. (2016). CO, evasion from a steep, high gradient stream network:
Importance of seasonal and diurnal variation in aquatic pCO, and gas transfer. Limnology and Oceanography, 61(5), 1826-1838. https://
doi.org/10.1002/In0.10339

Stanley, E. H., Casson, N. J,, Christel, S. T., Crawford, J. T., Loken, L. C,, & Oliver, S. K. (2016). The ecology of methane in streams and rivers:
Patterns, controls, and global significance. Ecological Monographs, 86(2), 146-171. https://doi.org/10.1890/15-1027.1

Tsivoglou, E. C., & Neal, L. A. (1976). Tracer measurement of reaeration: lll. Predicting the reaeration capacity of inland streams. Journal - Water
Pollution Control Federation, 48(12), 2669-2689.

Vachon, D., Prairie, Y. T., & Cole, J. J. (2010). The relationship between near-surface turbulence and gas transfer velocity in freshwater systems
and its implications for floating chamber measurements of gas exchange. Limnology and Oceanography, 55(4), 1723-1732. https://doi.
org/10.4319/10.2010.55.4.1723

Venkiteswaran, J. J,, Schiff, S. L., & Wallin, M. B. (2014). Large carbon dioxide fluxes from headwater boreal and sub-boreal streams. PLoS One,
9(7). https://doi.org/10.1371/journal.pone.0101756

Wallin, M. B., Oquist, M. G., Buffam, 1., Billett, M. F., Nisell, J., & Bishop, K. H. (2011). Spatiotemporal variability of the gas transfer coefficient
(Kcoz) in boreal streams: Implications for large scale estimates of CO, evasion. Global Biogeochem Cycles, 25, GB3025. https://doi.org/
10.1029/2010GB003975

Wanninkhof, R., Mulholland, P. J., & Elwood, J. W. (1990). Gas exchange rates for a first-order stream determined with deliberate and natural
tracers. Water Resources Research, 26, 1621-1630. https://doi.org/10.1029/WR026i007p01621

Wise, D. L., & Houghton, G. (1966). Diffusion coefficients of 10 slightly soluble gases in water at 10-60°C. Chemical Engineering Science, 21(11),
999-1010. https://doi.org/10.1016/0009-2509(66)85096-0

Zappa, C. J., McGillis, W. R., Raymond, P. A, Edson, J. B., Hintsa, E. J., Zemmelink, H. J., ... Ho, D. T. (2007). Environmental turbulent mixing
controls on air-water gas exchange in marine and aquatic systems. Geophysical Research Letters, 34, L10601. https://doi.org/10.1029/
2006GL028790

MAURICE ET AL.

GAS TRANSFER TRACER PAPER 2875


https://doi.org/10.1002/2013JG002552
https://doi.org/10.5194/bg-11-19911-2014
https://doi.org/10.5194/bg-11-19911-2014
https://doi.org/10.1038/nature12760
https://doi.org/10.1215/21573689-1597669
https://doi.org/10.1007/s10021-007-9059-2
https://doi.org/10.1002/lno.10337
https://doi.org/10.1002/lno.10339
https://doi.org/10.1002/lno.10339
https://doi.org/10.1890/15-1027.1
https://doi.org/10.4319/lo.2010.55.4.1723
https://doi.org/10.4319/lo.2010.55.4.1723
https://doi.org/10.1371/journal.pone.0101756
https://doi.org/10.1029/2010GB003975
https://doi.org/10.1029/2010GB003975
https://doi.org/10.1029/WR026i007p01621
https://doi.org/10.1016/0009-2509(66)85096-0
https://doi.org/10.1029/2006GL028790
https://doi.org/10.1029/2006GL028790


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


