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Abstract

Quantiﬁcation of small stream contributions to global carbon cycling is key to understanding
how freshwater systems transmit and transform carbon between terrestrial and atmospheric pools. To
date, greenhouse gas emissions of carbon dioxide and methane from freshwaters, particularly in
mountainous regions, remain poorly characterized due to a lack of direct ﬁeld observations. Using a unique
longitudinal approach, we conducted ﬁeld surveys across two ecoregions (Middle Rockies and Great Plains)
in the Clear Creek watershed, a subwatershed of Wyoming’s Powder River Basin. We took direct
measurements of stream gases using headspace sampling at 30 sites (8 June to 23 October). We observed the
lowest and most variable concentrations in headwaters, which ﬂow through a federally designated alpine
wilderness area. By contrast, the Great Plains exhibited 1.45 and 4 times higher pCO2 and pCH4
concentrations and the relative contributions of methane increased downstream. Fluxes during snowmelt
were 45% and 58% higher for CO2 and CH4 than during base ﬂow but overall were lower than estimates for
other systems. Variability for pCO2 was highest during late summer and in the uppermost sections of the
headwaters. The high heterogeneity and common undersaturation observed through space and time,
especially in the mountains, suggest that downscaled regional estimates may fail to capture variability in
ﬂuxes observed at these smaller scales. Based on these results, we strongly recommend higher resolution
time series studies and increased scrutiny of systems at near equilibrium, inclusive of winter storage and iceoff events, to improve our understanding of the effects of seasonal dynamics on these processes.

Plain Language Summary This study documents trends in methane and carbon dioxide dynamics
in a small stream in Wyoming based on ﬁeld-collected samples gathered over the length of the stream.
This research is important because streams have been shown to emit signiﬁcant amounts of greenhouse
gases. Our results show, however, that this stream can both emit and take up carbon gasses and that this
behavior varies through time and space.
1. Introduction
In the last two decades, rivers, lakes, and streams have become ﬁrmly established as active transformation
sites for land carbon that are often net sources of atmospheric carbon gases [Cole et al., 2007; Bastviken
et al., 2011]. Inland waters globally outgas a total of 1.4–2.1 Pg CO2 and 0.65 Pg of CH4 as CO2 equivalents
annually [Raymond et al., 2013; Aufdenkampe et al., 2011; Bastviken et al., 2011; Cole et al., 2007], an amount
greater than downstream transport [Houghton et al., 2012; Wallin et al., 2010; Algesten et al., 2004]. New
research by Sawakuchi et al. [2017] indicates that global inland water CO2 emissions may be up to 43% higher
than previously thought due to newly documented contributions from the Amazon Lower Basin. Despite the
signiﬁcant role inland waters play in global carbon budgets, methodological questions related to the estimation of gas transfer velocities, the characterization of surface water extent, and differences in measurement
protocols contribute to large uncertainties in estimations of carbon ﬂuxes along the land to ocean continuum
[Butman et al., 2016]. Research efforts have quantiﬁed spatiotemporal drivers of dissolved CO2, contributions
of CO2 to total carbon export in boreal systems [Wallin et al., 2013; Wallin et al., 2011; Striegl et al., 2012;
Campeau and Del Giorgio, 2014], and carbon loss through outgassing in tropical systems [Borges et al.,
2015; Richey et al., 2002; Mayorga et al., 2005; Johnson et al., 2008]. However, CO2 and CH4 dynamics in mountainous and agricultural regions remain understudied [Bodmer et al., 2016].
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Small streams in particular act as exchange hot spots between aquatic and atmospheric stores. Lower order
streams collectively contribute 20–50% of the total stream network surface area available for gas exchange
[Butman and Raymond, 2011; Bishop et al., 2008] and have been recently estimated to contribute 36% of
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total outgassing from rivers and streams [Marx et al., 2017]. Lower order streams exhibit high hydrologic connectivity and biogeochemical reactivity, bridge the soil/water interface, and process land carbon for burial,
advection, or emissions [Wallin et al., 2010; Jones and Mulholland, 1998; Genereux and Hemond, 1992]. The
exchange can occur on small spatial scales; in some systems between 65 and 90% of groundwater heavily
laden with dissolved inorganic carbon (DIC) can outgas within a few hundred meters of the soil/stream interface [Johnson et al., 2008; Öquist et al., 2009]. However, small stream pCO2 and pCH4 values, especially in
mountains and agricultural lands, are underreported [Crawford et al., 2015; Schade et al., 2016; Marx et al.,
2017] and poorly constrained, with published estimates varying widely [Finlay, 2003; Butman and
Raymond, 2011; Stackpoole et al., 2014; Hope et al., 2004].
Current research efforts reporting longitudinal trends in gas concentrations across different systems often
reach different conclusions [Striegl et al., 2012; Campeau andand Del Giorgio, 2014] as to whether ﬂuxes
and concentration increase or decrease along a downstream gradient, pointing to a need for more studies
to resolve patterns and drivers across a spectrum of geomorphic, ecological, and land use types. Dramatic
seasonal shifts in ﬂow regime driven by spring snowmelt pulses further complicate these controls by adding
a hydrologic dimension [Ågren et al., 2010], indicating the importance of integrating hydrology as a master
control for in-stream carbon dynamics [Dawson et al., 2008]. Landscape scale studies can therefore provide
a broader view of the space-time controls on these complex riverine relationships that govern carbon pools
[Tamooh et al., 2014; Richey, 2004; Allan, 2004].
The Bighorn Mountains provides a natural laboratory for studying changes in stream chemistry across a wide
variety of landscapes. On the eastern slopes of the mountains, headwater streams traverse downslope along
an ecological, geomorphic, and land use gradient. Originating in pristine, federally protected alpine wilderness restricted to nonmotorized vehicle use, streams leaves the mountains to enter residential communities
and agricultural rangelands. These headwater networks transport and transform snowmelt and terrestrial
materials for downstream users. Studies in other regions have shown that as catchment area and discharge
increase, controls such as in situ microbial respiration, the decay of terrestrial organic material, and dissolution of carbonates may vary [Humborg et al., 2010; Palmer et al., 2001; Dinsmore and Billett, 2008].
Concurrently, human activities including urbanization, crop production, grazing, natural gas development,
and timber harvesting increase with decreasing elevation. Industrialization, urbanization, and agricultural
activities can mobilize aged carbon stocks and are thought to increase carbon ﬂux in aquatic systems globally
by an added 0.1–0.2 Pg carbon per year [Butman et al., 2014]. Streams in human-disturbed landscapes display
elevated CO2 levels [D’Amario and Xenopoulos, 2015], rising stream temperatures [Kaushal et al., 2010],
increased silica ﬂuxes [Carey and Fulweiler, 2012], and higher dissolved inorganic carbon export [Barnes
and Raymond, 2009]. This highlights a need to document, at higher spatial and temporal resolutions, current
biogeochemical dynamics as aquatic systems increasingly experience human disturbance and other global
change pressures, especially as a warming climate brings changes to annual stream discharge and runoff timing [Cayan et al., 2016; Mote et al., 2005].
In this work, we present a study addressing trends in dissolved greenhouse gas concentrations and ﬂuxes in a
headwater stream network as it increases in size and traverses across a wilderness to agricultural landscape
continuum. Findings from this large data set feature both pCO2 and pCH4 (n = 702) measurements and
include samples taken at some of the highest elevations (3311 m) reported in the literature. Our study in
northcentral Wyoming seeks to (1) quantify the distribution of surface water greenhouse gas concentrations
(pCO2 and pCH4) in order to provide initial measurements in an understudied region; (2) test how basin characteristics, discharge, and elevation shape the observed CH4 and CO2 dynamics and emissions in this ﬂuvial
network; and (3) estimate gas transfer velocities and CH4 and CO2 diffusive ﬂuxes. By undertaking this ﬁeld
study and analysis, we aim to provide new ﬁeld measurements to inform regional scaling and to provide
insight into the spatial and temporal dynamics of dissolved carbon gases for this system.

2. Materials and Methods
2.1. Site Description
Clear Creek (Figure 1) originates in a small alpine lake (3311 m) in the Bighorn Mountains and ﬂows
east-northeast into the semiarid Great Plains (1211 m), reaching its conﬂuence with the Powder River north
of Arvada, WY. Similar to other drainages on the eastern ﬂank of the range, the stream straddles two
KUHN ET AL.
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Figure 1. Study site. (a) Site location within the state of Wyoming in the United States. (b) The central study watershed showing underlying lithology, stream order,
and elevation for each sampling site. (c) Land use and ecoregion designation with subset (d) showing the cultivated and grazed riparian areas found in the
Plains. Five subsites located at the Big Red site (Site 2) on the Ucross Ranch were used for sampling at higher temporal frequencies as indicated by the label and arrow
in Figure 1b.

ecoregions—the alpine Middle Rockies upland and the Northwestern Great Plains lowlands. The subalpine
forested uplands feature bands of Engelman spruce (Picea engelmanii) and subalpine ﬁr (Abies lasiocarpa),
with lodgepole (Pinus contorta) and ponderosa pine (Pinus ponderosa) at lower elevations [Weaver, 1980;
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Figure 2. (a) Climatic and hydrologic trends during the 1 June to 1 October sampling season. Precipitation and temperature data were obtained from observations made at the Johnson County Airport (KYBG) in Buffalo, WY, and quality controlled by NOAA’s National Climactic Data Center. The vertical dashed lines in Figure 2a (top) indicate primary sampling
dates. (b) The 2014 annual hydrograph shows our sampling period, indicated by dashed lines in Figure 2b which took place
during the decline of peak snowmelt and into the period of late summer base ﬂow. The period of record for this gauge ends
on 3 October, which is the end of the water year for the Wyoming State Engineer’s Ofﬁce.

Logan and Irwin, 1985]. Catchment lowlands are dotted with shrubs, forbs, and Wyoming big sagebrush
(Artemisia tridentate wyomingensis) habitat [Doherty et al., 2008; Taylor et al., 2012]. Clear Creek originates
above treeline in granitic gneiss, descends through Bighorn dolomite and Madison limestone before
entering the alluvial carbonate ﬂoodplain [Survey, 2014]. Land use in the Plains (Table S1 in the supporting
information) is predominantly devoted to ranching, livestock production, and irrigated agriculture [BLM,
2002; Stearns et al., 2005], while the Rockies are mostly forested (Table S1). Temperatures range (Figure 2)
from to 39°C to 40°C [Mapel, 1959] with an annual average of 7.4°C [Climate, 2016]. Annual precipitation
ranges from 37 cm to 76 cm with more precipitation, mostly as snow, at higher elevations [Swenson, 1953].
Spring snowmelt runoff from the mountains dominates streamﬂow, with occasional contributions from
summer storms. During the spring and early summer, ephemeral creeks form in the lowland draws. At 50.6
river kilometers (Figure 1), the stream passes through Buffalo, WY (pop 4585) where ﬂows are doubled by
Rock Creek and by efﬂux from the City Water Treatment plant.
2.2. Sampling Design
This study focuses on the main stem of one headwater stream (Clear Creek) and its tributaries (Figure 1). Our
study design includes two data sets, one designed to capture spatial variability and the second collected at a
higher temporal resolution at just one site. For the ﬁrst spatial data set (indicated by n = 449), we established
30 sampling sites (Figure 1) along an altitudinal and wilderness-to-agricultural land use gradient from the
headwaters (3311 m above sea level (asl)) to the Plains (1211 m asl) at approximately every 40 m change
in elevation. We sampled from the bank at all 30 ﬁxed sites (Tables 1 and 2) along this transect on six separate
events beginning during the descending limb of spring ﬂooding (8 June 2014) and ending in the fall (23
October 2014) (Figure 2). Discussions of spatial variability will focus on this longitudinal data set identiﬁable
by sample size of 449 when not referred to as the longitudinal data set.
To capture seasonal changes with higher temporal frequency, we monitored a subset of ﬁve sites approximately 15 m apart within Site 2 (Big Red) approximately twice weekly (25 times) from late spring to early fall
(11 June 2014 to 23 October 2014). We chose Site 2 (Figure 1b) because of its ease of access and proximity to
the U.S. Geological Survey (USGS) gauging station. Discussions of seasonal trends will focus on this subset of
ﬁve sites, henceforth referred to as the seasonal data set (and indicated by an n of 253) where we have higher
temporal resolution sampling data. In order to reduce noise from diel signatures, sampling was conducted
during morning hours. Atmospheric samples were collected throughout the ﬁeld season to establish ambient
gas concentrations for solubility calculations (n = 13). The longitudinal data set (n = 449) was used to analyze
spatial variability at course time scales, and the higher temporal resolution seasonal data set (n = 253) was
used to analyze seasonal changes.
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Table 1. This Table Describes Key Subbasin Characteristics
Site

Name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Double Cross (P)
Big Red (P)
Vignaroli (P)
Gordon (P)
Rock Creek (P)
City Park (P)
Chokecherry Lane (P)
McNeese Access (R)
Mosier Gulch (R)
Grouse Mountain (R)
Chris Kanodle (R)
Hunter Trailhead (R)
Buffalo Park (R)
Four Lakes (R)
Soldier Graves (R)
Soldier Park (R)
Wilderness Boundary (R)
Moose Meadow (R)
Seven Brothers (R)
Bear Bend (R)
b
Thousandth Bite (R)
Deer Lake (R)
Brook Trout (R)
Boulder Field (R)
Powell Junction (R)
Powell Creek* (R)
Medicine Park (R)
Abracadabra (R)
Vanishing Creek (R)
Florence Lake (R)

Distance From
Headwater (km)
191
168
160
115
92
81
77
66
60
52
43
39
32
29
28
25
22
20
19
15
13
12
11
8
6
6
4
3
1
0.00

10.1002/2017JG003906

a

b

2

c

Elevation (m)

Area (km )

Stream Order

Agriculture (%)

1211
1235
1245
1314
1366
1416
1453
1632
1747
1976
2127
2206
2398
2573
2616
2642
2716
2760
2781
2818
2842
2844
2870
2900
2929
2929
3035
3133
3261
3311

1789
1715
1056
927
849
347
317
309
293
264
80
76
42
39
39
37
35
33
32
27
26
21
19
17
15
12
7
6
4
4

5
5
5
5
5
3
3
3
3
3
2
2
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

17.08
12.78
10.24
6.43
4.29
0.64
1.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

a

Sites are listed in order of increasing elevation and proximity to the headwaters. Percentages are reported for each
site’s cumulative subbasin area inclusive of upstream basin statistics. Sites classiﬁed as tributaries to the main fork are
indicated by an asterisk. Ecoregion is indicated by either a (P) Great Plains or (R) Middle Rockies listed next to site name.
Sites within the nonmotorized vehicle wilderness boundary include all sites past the wilderness boundary.
b
Total drainage area, computed by summing subbasin area and all the upstream catchments.
c
Includes both cultivated crops and pasture/hay as a percent of the individual catchment area.

2.3. Hydrology and Basin Delineations
Flow data for the study period was collected from four former USGS gauging stations (118.83, 111.28,
115.07, and 51.38 river kilometers), now operated by the Wyoming State Engineer’s Ofﬁce. We delineated
the watershed boundary using the ArcHydro data model embedded in the ArcGIS platform [Environmental
Systems Research Institute Inc, 2008] and a USGS 8.9 m resolution digital elevation model [Gesch et al.,
2002]. Each sampling point was snapped to the National Hydrography Dataset Plus (NHDPlus) stream
network [Simley and Carswell, 2009] and assigned a catchment polygon encompassing its entire upstream
drainage area. Stream order was extracted from the NHDPlus. Due to terrain steepness and private property restrictions, no fourth-order stream segments were sampled. These polygons were used as inputs into
a zonal statistics functions to determine total drainage area, mean catchment slope, reach-averaged slope,
and percent coverage of each land use type (Table S1) from the 2006 National Land Cover Dataset [Xian
et al., 2011]. Total upstream wetland cover at each drainage point was calculated from the U.S. Fish and
Wildlife’s 2014 National Wetlands Inventory data set [Service, 2009]. Underlying carbonate composition
(Table S1) was determined using zonal statistics and a global surﬁcial lithology data set [Dürr et al.,
2005], in which a region is classiﬁed as carbonate if it is composed of sedimentary rock with higher than
50% carbonate concentration. Watershed development is an National Land Cover Dataset land cover classiﬁcation derived from satellite remote sensing that indicates areas of human settlement and urbanization
[Fry et al., 2011].
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Table 2. Observed Stream Properties and Computed Hydraulic Geometries Averaged Over the Sampling Season From 11
a
June to 23 October 2014 for Each Site in the Longitudinal Data Set (n = 449)

Site
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

% TWA
4.17
36.82
7.22
4.36
28.06
1.57
0.57
0.9
1.61
10.26
0.25
1.90
0.15
0.01
0.09
0.12
0.12
0.07
0.26
0.09
0.25
0.09
0.15
0.10
0.18
0.29
0.05
0.07
0.04
0.20

b

Stream
Temp (°C)
15.61
14.18
14.78
14.60
13.43
13.13
12.88
11.40
11.48
11.30
9.65
9.88
8.08
7.41
7.15
6.62
7.08
7.55
7.36
7.33
8.01
7.10
7.77
7.30
6.83
7.62
7.10
6.23
7.08
7.52

a
Dissolved gas concentrations
b
% total watershed area.
c

pH

Slope

c

Width
(m)

8.12
8.10
8.13
8.17
8.17
7.94
7.86
7.69
7.76
7.72
7.67
7.59
7.66
7.75
7.52
7.61
7.42
7.43
7.71
7.07
7.01
7.75
8.02
7.53
7.41
8.04
7.87
6.63
7.35
7.8

2.20
2.48
2.89
1.95
2.43
2.86
5.24
7.50
12.46
7.44
5.52
7.69
8.12
5.51
1.94
3.75
4.51
2.81
2.35
4.17
4.17
4.21
2.52
5.79
8.79
6.83
13.14
16.31
9.45
2.80

10.62
15.59
11.60
10.67
14.41
9.08
7.73
8.29
9.22
11.65
6.74
9.35
6.24
4.05
5.71
6.10
6.04
5.35
6.70
5.70
6.09
5.70
5.61
5.28
5.74
6.38
4.65
4.94
4.42
5.84

Depth
(m)
0.27
0.63
0.33
0.27
0.53
0.19
0.13
0.16
0.20
0.33
0.10
0.2
0.08
0.03
0.07
0.08
0.08
0.06
0.10
0.07
0.08
0.07
0.07
0.06
0.07
0.09
0.04
0.05
0.04
0.07

Speciﬁc
Discharge
2
(cm km )
0.42
0.47
0.73
0.44
2.83
0.16
0.06
0.09
0.17
0.70
0.02
0.19
0.01
0.00
0.01
0.01
0.01
0.01
0.02
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.01

pCH4
(uatm) (SD)

pCO2
(uatm) (SD)

5.2 (3.9)
3.4 (2.2)
6.4 (4.9)
12.6 (6.3)
1.6 (0.8)
3.8 (4.3)
0.9 (0.5)
0.7 (0.5)
1.1 (0.5)
0.9 (0.3)
0.8 (0.4)
0.8 (0.4)
0.7 (0.4)
0.7 (0.4)
6.1 (2.1)
0.7 (0.3)
0.6 (0.3)
1.2 (0.5)
1.5 (0.9)
0.8 (0.3)
2.7 (2.1)
0.7 (0.3)
0.7 (0.3)
0.6 (0.3)
0.6 (0.3)
0.5 (0.3)
0.5 (0.2)
0.5 (0.3)
0.5 (0.3)
0.9 (0.7)

761 (157)
642 (107)
797 (191)
542 (101)
467 (109)
427 (109)
350 (87)
372 (123)
301 (110)
302 (43)
323 (50)
558 (495)
748 (999)
371 (197)
397 (115)
432 (359)
282 (69)
299 (126)
268 (64)
302 (86)
800 (352)
314 (95)
754 (824)
272 (42)
287 (77)
274 (76)
186 (28)
308 (95
462 (480)
47181)

show the mean concentrations and standard deviation.

Reach-averaged slope.

2.4. Dissolved Gas Concentrations
Aquatic pCO2 and pCH4 concentrations (Table 2) were collected using a headspace equilibration method
[Hope et al., 1995; Striegl et al., 2012; Kling et al., 1991]. Triplicate samples of 40 mL bubble-free water were
collected in 60 mL polypropylene syringes ﬁtted with Luer lock three-way stopcocks and equilibrated with
20 mL of ambient air by shaking for 2 min at 0.1 m depth to maintain temperature. Fifteen milliliter of the
resulting well-mixed headspace was then evacuated into a polypropylene 30 mL syringe ﬁtted with a twoway Luer lock stopcock, and 15 mL was transferred into preevacuated 12 mL Exetainer glass vacuum vial
(High Wycombe, UK). Exetainers were leak-tested and showed a leak rate of 0.5 and 1% per month for
pCH4 and pCO2, respectively. We calculated ambient air gas concentrations by averaging atmospheric
samples collected at the start and ﬁnish of each survey day. Air and water temperature, stream pH, conductivity, total dissolved solids, and salinity were simultaneously measured during each sampling event using an
Oakton multiparameter handheld PC Tstr 35 probe and a digital thermometer equipped with a
submersible probe.
We analyzed our samples using a Shimadzu GC-2014 Gas Chromatograph equipped with a ﬂame ionization
detector set to 100°C. The GC-2014 has an oven temperature set to 380°C and uses mephypulated helium
(4.137e+6 Pa) as a carrier gas with a ﬂow rate of 21 mL min1. Headspace concentrations were estimated
through calibration against peak areas of standard samples with known concentrations. We used our in situ
atmospheric observations (mean = 386 μatm for pCO2 and 1.28 μatm for methane) to calculate the equilibrium aquatic concentrations used in the headspace calculation corrected for dilution. From the
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headspace concentrations and ambient samples, dissolved aquatic gas concentrations (Cw; mg L1) were calculated using Henry’s law:
½C w  ¼ pgas  kH

(1)

where the aqueous phase concentration of carbon dioxide or methane (Cw; mg L1) is a function of the partial pressure (pgas; μatm) of the respective gas and Henry’s constant (kH) at a given temperature and salinity.
kH is derived from ﬁeld-collected air and water temperatures (Table 2) and barometric pressure observations,
corrected for changes in elevation [Manahan, 1993], from the Buffalo, WY, airport weather station. This airport
is located in the middle of our transect approximately 8.05 km from the Rock Creek site in the transition zone
between the agricultural land use areas and the forested uplands of the higher elevation sites.
2.5. Calculating Flux
While carbon gas exchange can occur through diffusion and, in the case of methane, ebullition, plantmediated transport, and possibly microbubbling [McGinnis et al., 2015; Stanley et al., 2015; Prairie and del
Giorgio, 2013], our study focused on diffusive ﬂux, empirically derived using a modiﬁed Fick’s ﬁrst law equation as follows:
Flux ¼ ðC w  C a Þ k gas
2

(2)

1

in which diffusive ﬂux (mol m d ) is controlled by the concentration gradient at the water/air (Cw  Ca;
mol m3) interface and the gas transfer velocity (kgas; m s1) [Raymond et al., 2000]. We obtained a gas transfer velocity (k) normalized to a Schmidt number of 600 (k600) using
k 600 ¼ VS2841±107 þ 2:02±0:209
1

(3)
2

where V is stream velocity (m s ) and slope (S) expressed as a percent [Raymond et al., 2012] (r = 0.55;
Table 2). In order to determine velocity for equation (3), we used hydraulic geometry relationships representative of the Middle Rockies region based on the following power relationship developed by David
et al. [2010]:
Velocity ¼ 0:19 Q0:49

(4)

Direct measurements of ﬂux with ﬂoating chambers or tracers were not feasible given the terrain and large
spatial coverage of this sampling campaign. USGS discharge (Q; m3 s1) was scaled to the drainage area for
each sampling point data from USGS gauge (#06323550), now operated by the Wyoming State Engineer’s
Ofﬁce (Figure 1). The ﬁnal gas transfer velocity was calculated by normalizing the gas exchange velocity
(m d1) for each gas (kgas) to a Schmidt number at 600 (k600) by correcting for temperature using Schmidt
number dependencies (equation (5)) of CO2 at 20°C in freshwater. The Schmidt number exponent (n) was
assigned a value of 0.5, which represents the typical boundary layer conditions for this type of stream
[Wallin et al., 2011]. We used the following equation originally developed by Jähne et al. [1987]:
n
k 600 ¼ k gas 600=Scgas
(5)
The Schmidt number for CO2 and CH4 (Scgas) in equation (5) was calculated using ﬁeld-observed temperatures and the equations from Raymond et al. [2012].
2.6. Statistical Techniques
Statistical analysis was conducted using the open-source RStudio version 0.99.903 [R Development Core Team,
2015]. Summary statistics were calculated using the “psych” packages [Revelle, 2016], and the gas transfer
velocity models were ﬁt using simple linear regression. We characterized uncertainty by reporting the mean,
range, and standard deviation for estimated variables. To compare mean concentrations and ﬂuxes between
sites and sampling foray categories, we used repeated measures analysis of variance (ANOVA) with a Tukey’s
honest signiﬁcant difference post-hoc test [Tukey, 1949] with a minimum signiﬁcance level of 5% (α = 0.05)
from the car package [Fox and Weisberg, 2011]. To assess the impact of bivariate catchment characteristics
(e.g., ecoregion and presence of agriculture), Welch’s two-sample t tests (WT) were used with a conservative
minimum signiﬁcance level of 5% (α = 0.05) and the assumption of nonequal variance. In plots where data
were log transformed for visual clarity, untransformed versions are available in the supporting information.
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3. Results
3.1. Site Context
Overall, sites exhibited a range of reach-averaged slopes (mean = 5%, range = 2–16%) with higher-elevation
sites generally possessing higher slopes (Table 2). Stream temperatures during the sampling period averaged
10.17°C (2.5–21.2°C) (Table 2). Conductivity ranged from 0.00103 S/m at higher elevation sites to 0.0783 S/m
at the lowland sites with an average of 0.0109 S/m (Table 2). Mean pH ranged from 7.6 in the headwater sites
to 7.8 for the lower elevation sites (Table 2), suggesting that bicarbonate, not carbon dioxide, comprises the
majority of the dissolved inorganic carbon (DIC) present in the stream, unlike more acidic organic-rich
systems [Kokic et al., 2015; Abril et al., 2015; Marx et al., 2017] that feature a lower pH with larger contributions
of pCO2 to the total DIC pool.
Mean daily ﬂow at the watershed outlet (USGS #06323550, Site 1 in Figure 1) was 15.2 m3 s1. Flows peaked
at 58.7 m3 s1 during spring snowmelt in early June (Figure 2). Minimum ﬂows (1.3 m3 s1) occurred in late
August during maximum agricultural withdrawals and high temperatures. We started our sampling 11 days
after the highest observed spring discharge in early June (Figure 2) once it was safe to enter the ﬂoodplain.
Between the uppermost gauge and the downstream outlet gauge, ﬂows increase by 40% as several large
tributaries join the stream. Flow data extend only until 1 October, as the State Engineer’s Ofﬁce ceased gauge
operations at Double Crossing at that date. Year 2014 had higher discharge than the annual decadal average,
especially in the months of May, June, and October. October discharge was more than twice as high as
normal (48 m3 s1 versus 22 m3 s1 decadal mean). May, June, and July were 47–70% higher than the
decadal mean.
3.2. Overall Aquatic Gas Concentrations
Throughout all data, we observed both supersaturation and undersaturation of both gases with respect to
the atmosphere. The average pCO2 equilibrium concentration was 538 μatm (μatm: range = 114–3223 μatm,
n = 702). For pCH4, mean values were 4.7 μatm (range = 0.13–70 μatm). These values represent 1.4 (pCO2) and
3.7 (pCH4) times above the atmospheric equilibrium concentrations (386 μatm for pCO2 and 1.28 μatm for
pCH4) we observed in the ﬁeld. pCO2 and pCH4 were supersaturated with respect to the atmosphere for
55% and 59% of all collected samples, respectively, including the longitudinal and seasonal data sets. The
median was lower than the mean for both gases (n = 702). The means of pCO2 and pCH4 were signiﬁcantly
different (WT, n = 702, t5, 95 = 96.93, P < 0.0001), suggesting that the two gases do not share a distribution.
3.3. Gas Transfer Velocities and Fluxes
For the longitudinal study we sampled along a total stream network length of 191.22 km draining a
watershed area of 1789 km2 (n = 449). Mean stream width, as estimated using hydraulic geometry, increased
by an order of magnitude from the ﬁrst (mean: 1.5 m) to the ﬁfth order (mean: 13.1 m) and averaged 4.85 m
across the ﬂuvial network (Table S2). This represents a total stream surface area of 1.92 km2, which is <0.2% of
the total area of the watershed at a drainage density of 0.12 km km2.
Using these geometries, we estimated the mean gas transfer velocity (k600) across sites (n = 449) as 9.8 m d1
(SD = 9.6 m d1) with higher mean values observed in the Great Plains ecoregion (Table 3). During our
sampling, the stream network taken as an average acted as a net source (Table 3) of CO2 and CH4 but exhibited high spatiotemporal variability. CO2 ﬂux was on average 107 mmol m2 d1 (125 to 566 mmol m2 d1),
and 55% of samples were net sources of CO2 (n = 702). CH4 efﬂux and uptake were also both observed with a
range and a mean of 2.43 mmol CH4 m2 d1 (1.2 to 48 mmol m2 d1), and 59% of all samples were
sources of CH4 (n = 702). Means for ﬂuxes did signiﬁcantly differ between the two gases (WT, n = 702, t5,
95 = 33.855, P < 0.0001). Spatially, this ﬂux, especially for CH4, was fueled largely by emissions from Great
Plains sites (Table 3) and from emissions during snowmelt periods. We observed less consistent ﬂuxes in
the Middle Rockies, as many sites acted as net sinks for one or both gases (Figure 5).
3.4. Spatial Trends
In the longitudinal data set, log-transformed data showed differences in mean saturation between the
Northwestern Great Plains and the Middle Rockies for both pCO2 (WT, n = 449, t5, 95 = 11.59, P < 0.0001)
and pCH4 (WT, n = 449, t5, 95 = 11.989, P < 0.0001) (Table 3 and Figure 5). Northwestern Great Plains
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Table 3. Ecoregion Summary Statistics

Northwestern Great Plains

Middle Rockies

Name

Mean

Median

Range

SD

Mean

Median

Range

SD

pCO2(μatm)
pCH4(μatm)
2 -1
FCO2(mmol m
d )

570
4.90
79.46

531
1.98
59.51

200–1095
0.24–26
58–350
0.36–7.58

202
2
86
2

391
1.19
1.77
0.05

293
0.92
9.55
0.004

114–3293
0.12–9.9
125–566
1.2–48

369
5
67
0.19

1.37
13.5

0.24
114.87–42.03

67.00

8.38

4.62

2.48–53.52

113

2

FCH4(mmol m
-1
k600m d

-1

d )

a

Values reported for each ecoregion (n, Plains = 125, Rockies = 324) averaged over sites (30) and sampling runs (7) for
the longitudinal data set (n = 449).

stream segments showed higher pCO2 and pCH4 concentrations than the Middle Rockies by 178 μatm pCO2
(+145%) and 3.7 μatm (+410%) pCH4. While all sites except one (Chokecherry Lane) in the Great Plains were
supersaturated for both gases and also had positive ﬂuxes, many sites in the Middle Rockies were
undersaturated or only weakly saturated for either gas and exhibited uptake (Tables 3 and 2). The Middle
Rockies sites exhibited higher standard deviation (Table 3) than the Great Plains sites for concentrations,
ﬂuxes, and gas transfer velocities. Lower variability in the Great Plains sites could be due to carbonate
buffering. Only 35% and 23% of the sites were sources in the Rockies for CO2 and CH4, respectively.
Signiﬁcant differences emerged between stream orders for pCO2 (repeated measures ANOVA, n = 449,
f3,140 = 29.68, P < 0.0001) and pCH4 (repeated measures ANOVA, n = 449, f3,140 = 24.93, P < 0.0001).
Signiﬁcant differences between stream order 5 and other orders for both gases emerged, even after controlling for sample size (Figure 4) (Tukey’s, α < 0.05). Interestingly, the standard deviation were highest for pCO2
in the lowest order streams with the opposite being true for pCH4 (Table S3). For pCH4, the highest variability
could be found in the higher-order sections once the stream had entered into the lowlands.
We found signiﬁcant differences between the means of carbonate versus noncarbonate sites for pCO2 (WT,
n = 449, t5, 95 = 4.0557, P < 0.0001) and pCH4 (WT, n = 449, t5, 95 = 5.87, P < 0.0001). Areas with underlying
carbonate lithology (>0% carbonates; Table S1) had 1.8 μatm pCH4 and 22 μatm pCO2 higher concentrations.
The presence of agriculture (% agricultural area > 0) surfaced as a signiﬁcant factor explaining variability for
pCO2 (WT, n = 449, t5,95 = 11.59, P < 0.0001) and pCH4 (WT, n = 449, t5, 95 = 11.98, P < 0.0001). Sites with agricultural land use (Table 1) had 178 and 3.7 μatm higher pCO2 and pCH4, respectively. Interestingly, pCH4
showed a signiﬁcant difference between sites with urban development (Table S1). (WT, n = 449, t5,
95 = 8.23, P < 0.0001) as did pCO2 (WT, n = 449, t5, 95 = 7.8, P < 0.0001). Sampled reaches with urban development, deﬁned as satellite detection of any impervious surface area > 0, had 100 μatm higher mean pCO2
and 1.9 μatm higher mean pCH4 than watersheds with no impervious surface from development. The
National Wetland Inventories wetland area estimates, expressed as a percent of subbasin area (Table 1), were
a signiﬁcant predictor for pCH4 (WT, n = 449, t5, 95 = 6.522, P < 0.0001) and pCO2 (WT, n = 449, t5, 95 = 7.57,
P < 0.0001). Sites with wetland presence (>0% wetland area) had 102 μatm higher mean pCO2 values and
2.2 μatm more pCH4 than those without wetlands.
3.5. Temporal Variability
We observed signiﬁcant temporal variability in partial pressures for pCO2 (repeated measures ANOVA,
n = 449, f24,228 = 28.08, p < 0.0001) and pCH4 (repeated measures ANOVA, n = 449, f24,228 = 4.592,
p < 0.0001) between the six sampling dates for the longitudinal data set (Figure 3). Streams were above
atmospheric equilibration for both gases. This saturation was not consistent (Figure 3). Observations dropped
as low as 114 μatm for pCO2 and 0.13 μatm for pCH4 during different points of our sampling period (n = 449).
Lower elevation sites (1–8) show higher gas ﬂuxes across all dates. In mid-July the distribution of the samples
changes as more outliers emerge outside the interquartile range (Figure 3). The highest average network
concentrations for pCO2 along the longitudinal transect (n = 449) was observed in mid-July for pCO2
(524 μatm) and 1 July for pCH4 (2.6 μatm). Similar to pCO2, average saturation of pCH4 increased with decreasing ﬂow in the early summer with a peak in mid-July. During early August, pCH4 was remarkably uniformly
low in the upper elevation and higher in the lower sites (Figure 3). pCH4 rose again in late October. Like
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Figure 3. Boxplots showing the median (thick horizontal center line), ﬁrst and third quartiles (upper and lower horizontal
bounds of box), and spread for both gases (vertical lines and dots) across the sampling period averaged for (left) the
Plains and (right) the Middle Rockies (n = 449). Data are shown with a log transformation for ease of interpretation. The red
lines indicate the atmospheric concentration for each gas. Untransformed version of this plot can be found in Figure S1.

pCO2, the greatest individual pCH4 recordings were observed in mid-July to early August, when ﬂows were
still high yet receding (18 m3 s1) and stream temperatures had begun to increase (10.6°C).
In this higher temporal resolution data set differences emerged between the snowmelt and base ﬂow period
for ﬂuxes but less so for partial pressures (n = 253). Gas concentrations for both gases were higher during
base ﬂow (n = 253) by 102 ppm pCO2 and 1.3 ppm pCH4, but these differences were barely signiﬁcant
(WT, n = 253, t5, 95 = 2.0738, P = 0.04 for pCO2) for pCO2 and not signiﬁcant for pCH4 (WT, n = 253, t5,
95 = 1.6747, P = 0.095 for pCH4).
We found a signiﬁcant difference in ﬂuxes of CO2 and CH4 between snowmelt period (conservatively deﬁned
as all samples collected before 20 July) and base ﬂow conditions (Figure 6). Average FCO2 during snowmelt
was 346 mmol m2 d1 and only 203 mmol m2 d1 during the base ﬂow period (WT, n = 253, t5, 95 = 4.2757,
P < 0.0001). FCH4 followed a similar pattern with ﬂuxes during snowmelt average 10.30 mmol m2 d1 and
with base ﬂow ﬂuxes of 6.5 mmol m2 d1 (WT, n = 253, t5, 95 = 4.5427, P = < 0.0001). Interestingly, the standard deviation almost doubled from 121 mmol m2 d1 during the snowmelt pulse to 253 mmol m2 d1
FCO2 in the late summer. FCH4 also showed an increase in variability as the standard deviation dropped from
6.9 mmol m2 d1 to 2.4 mmol m2 d1 from the snowmelt to the base ﬂow conditions.

4. Discussion
4.1. Contrasting Gas Concentration Dynamics in Great Plains and Rockies
Our data demonstrate that the Clear Creek ﬂuvial network exhibits both supersaturation and undersaturation
with pCH4 and pCO2 with respect to the atmosphere. Many studies of temperate and boreal systems, including those speciﬁc to the American West, show a gradual decline in partial pressures of pCH4 and pCO2 along
the river continuum [Raymond et al., 2012] as streams lose their high connectivity to supersaturated groundwater ﬂow paths [Hotchkiss et al., 2015] and increase their catchment area [Humborg et al., 2010; Crawford
et al., 2013]. While we expected the uppermost headwaters in the Rockies to be consistently supersaturated
with gases relative to the atmosphere, we, in fact, observed undersaturation. The Middle Rockies contained
the majority of measured “not spots” or observations of undersaturation. Eighty-nine percent of the observations of undersaturation for CO2 and 94% for CH4 were from the headwater Middle Rockies sites (Table 3).
Higher pCO2 and pCH4 surprisingly appeared downstream in the higher stream orders of the Great Plains
(Figure 5). Relative to other systems, the magnitude of our estimates for the partial pressure of CO2 (539 μatm)
is much less than the recent global average estimate of 2400 μatm [Lauerwald et al., 2015]. Stanley et al. [2015]
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also documented lower pCH4 concentrations in mountainous regions relative to other biomes [Stanley et al.,
2015]. pCO2 concentrations here are well below those documented in tropical [Johnson et al., 2008; Wit et al.,
2015], temperate [Jones and Mulholland, 1998], and boreal systems [Campeau et al., 2014; Kokic et al., 2015;
Leith et al., 2015]. The near-equilibrium concentration of gases observed in the Rockies surprisingly fails to
support the commonly held hypothesis that headwater streams are consistently supersaturated with CO2
and CH4 [Cole et al., 2007; Jones et al., 2003] relative to the atmosphere.
4.2. Mountainous Sites Exhibit High sVariability and Undersaturation
Dissolved gas concentrations in the alpine Middle Rockies sites were low and highly variable (Figure 3), which
could be due to a lack of carbonate buffering [Stets et al., 2017]. Our ﬁndings show agreement with Crawford
et al. [2015], who found an average pCO2 of 470 μatm and 3.5 μatm for pCH4 for streams in the Colorado
Rockies. Substrate limitation of terrestrially derived matter, which is thought to fuel aquatic carbon evasion,
can be observed in shallow, acidic alpine soils whose carbon stocks are lower due to relatively lower rates of
terrestrial productivity. Short growing seasons and cold stream temperatures (mean = 8°C) could slow the
internal production of biogenic CO2. The low pCO2 and pCH4 concentrations observed here could indicate
minimal downstream greenhouse gas transport to lower sections of the network.
Wetland-associated alpine sites (>0%) showed higher concentrations than sites with no wetland coverage
(0%) in some but not all cases. Alpine and subalpine, low-slope wetland complexes are also known to inﬂuence gas concentrations [Wickland et al., 1999; Smith and Lewis, 1992]. Our study area contained over
1.17 km2 of freshwater emergent, shrub, and forested wetlands, and two wetland-adjacent sites, Brook
Trout and Thousandth Bite (Table 2), did have pCO2 values in the upper quartile of the distribution, but at
Brook Trout, high pCO2 values are not matched by a simultaneous increase in pCH4. Furthermore, wetland
% coverage did not correlate with elevated stream pCO2 or pCH4 concentrations (Table 2). For example,
the subbasin drained by the Soldier Graves site has the largest percent wetland coverage (13.4%) with elevated pCH4 levels (6.1 μatm) but pCO2 (397 μatm) only slightly above saturation. Results could be conﬂicting
because of the proximity of the wetlands to stream channel varied from site to site. Thus, it is possible wetland coverage and connectivity inﬂuence gas concentrations, but our data show that wetland coverage alone
cannot explain the variability across all sites.
4.3. Great Plains Sites Exhibit Systemic Supersaturation
Contrary to most headwater stream studies [Leith et al., 2015; Dinsmore et al., 2013; Kokic et al., 2015; Johnson
et al., 2008; Palmer et al., 2001; Bishop et al., 2008], concentrations and ﬂuxes of CO2 and CH4 increased in the
downstream Great Plains relative to the alpine headwaters. In the Great Plains, the deep, loamy well-drained
ﬂoodplain soils house relatively higher carbon stocks [Sams et al., 2014] available for microbial greenhouse
gas production. In addition, lower stream power, longer groundwater ﬂow paths, and warmer temperatures
(Table 2) can contribute to methanogenesis [Sanders et al., 2007]. Research by Neumann et al. [2010] in
Bangladesh shows that groundwater recharge waters from constructed ponds can carry high loads of
methane. Storage ponds dot the watershed, and the landscape is crisscrossed with over 572.8 km of irrigation
canals and other artiﬁcial conveyance infrastructures (NHDPlus). Even though agricultural land use accounts
for <0.1% of the total land cover in these semiarid rangelands [Knight et al., 2014] (Table S1), much of this
development (Figure 1d) is constrained to riparian areas [BLM, 2006], thus having a larger impact on stream
dynamics than their small landscape footprint might suggest.
Higher pH’s and carbonate buffering in the Plains ecosystem could offset CO2 production and uncouple CO2
and CH4 dynamics. This is supported by the signiﬁcant difference we found for pCO2 between carbonate and
noncarbonate sites. While the higher pH observed in the Great Plains may lower CO2 concentrations relative
to CO22 and HCO3 [Wetzel, 2001], nutrient and organic matter-rich return water from irrigated ﬁelds could
alternately boost instream respiration, enhancing CO2 contributions from metabolism [Tilman et al., 2002].
Crop production and intensive grazing in riparian zones can lead to cattle-vectorized allochthonous organic
matter loading [Carpenter et al., 1998; Conroy et al., 2016] which could accelerate carbon cycling [Guenet et al.,
2010]. Further research into the age of carbon fractions and stream metabolism could reveal the relative geologic and biological inﬂuences at play in this system.
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Figure 4. Boxplots showing the median (thick horizontal center line), ﬁrst and third quartiles (upper and lower horizontal
bounds of box) for dissolved gas concentrations, and ﬂuxes and estimated k600 across stream orders (n = 449). The
decrease in elevation across stream orders is shown in the bottom right plot for reference for each stream order. Data are
shown with a log transformation for ease of interpretation. Before transformation, ﬂuxes were scaled using a constant
(minimum ﬂux +0.0001) to ensure the inclusion of negative values. Untransformed version of this plot can be found in
Figure S2.

While an investigation of these individual processes is not within the scope of this paper, a similar pattern of
increasing pCH4 concentrations along a downstream gradient has been observed in rivers of the Paciﬁc
Northwest, USA, and is thought to be due to accumulating inputs from forested and agricultural catchments
[De Angelis and Lilley, 1987]. Our results show the potential for shifts in greenhouse gas ﬂuxes when moving
along a gradient from steeper regions with thinner soils to lowland regions. This shift may also be impacted
by human land use practices and changes in equilibration rates due to increased pH and carbonate buffering
[Regnier et al., 2013; Stets et al., 2017]. Research has shown that agricultural intensiﬁcation [Samson et al., 2004]
has altered terrestrial net greenhouse gas exchange for the Plains [Hartman et al., 2011]. Ecological and humaninduced land use/land cover as a driver has been shown before for other aquatic systems [e.g., Bodmer et al.,
2016; Lapierre et al., 2013], but their relative weight here remains unknown and could beneﬁt from a more
integrated conceptual framework, such as that offered for lakes and reservoirs by Hayes et al. [2017].
4.4. Changes Associated With Snowmelt and Baseﬂow
Studies from diverse systems cite shydrology as a ﬁrst-order control on efﬂux from aquatic conduits [Richey
et al., 2002; Long et al., 2015], and the high discharge associated with snowmelt events can be responsible for
large proportions of carbon transport (pulses) into streams [Raymond et al., 2016]. Our data show that spring
high ﬂows (Figure 2) are associated with supersaturated gas concentrations (Figure 3) and high k’s due to
high turbulence. These conditions bring a system-wide pulse of gas (Figure 6) despite cold stream temperatures, low light penetration, and dilution of constituents during high discharge. FCO2 and FCH4 during the
descending limb of spring runoff are 44% and 58% higher for (Figure 6) than those taken during base ﬂow
conditions of mid to late-summer (n = 253). These results agree with other studies documenting pulses of
pCO2 during runoff peaks in both headwater streams [Leith et al., 2015; Kokic et al., 2015; Dinsmore et al.,
2013] and larger systems [Richey et al., 2002]. While our calculations of snowmelt contributions are likely
conservative as the stream could only be safely sampled on the descending limb of snowmelt, these ﬁndings
support our conclusion that snowmelt-driven ﬂuxes can provide an under-accounted yet large percent of
greenhouse gas ﬂuxes at annual scales.
During base ﬂow, CO2 and CH4 ﬂuxes exhibit divergent seasonal and spatial trends. Interestingly, while
system-wide concentrations are higher during snowmelt, periods of low ﬂow show the development of
ephemeral hot spots of methane saturation (Figure 3) and evasion (Figure 4). Studies from very different systems in West Africa [Koné et al., 2010] and the Amazon [Sawakuchi et al., 2014] show increases in CH4 ﬂuxes
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Figure 5. Boxplots showing log-transformed saturation values for each gas by ecoregion (Plains = 1, Rockies = 2) across
all sampling dates (n = 449). Medians, means, and variability can be found in Table 3. Data are shown with a log transformation for ease of interpretation. Before transformation, ﬂuxes were scaled using a constant (minimum ﬂux +0.0001) to
ensure the inclusion of negative values. Untransformed version of this plot can be found in Figure S3.

during periods of low ﬂow, when warmer stream temperatures can enhance microbial processing rates.
Unlike pCH4, pCO2 remained surprisingly low throughout the late summer (Figure 3), a time when warm temperatures and slower ﬂow have been shown to support net heterotrophy in boreal systems [Öquist et al.,
2009] but may instead, coupled with lower turbidity, contribute to enhance primary productivity here. For
extended investigation into the geochemical and ecological changes during base ﬂow, see Text S1 in the supporting information. Of the few observations in which the Great Plains sites acted as a pCO2 sinks, 98%
occurred after the onset of summer base ﬂow (n = 449). Interestingly, variability tended to increase for both
gases during the initiation of the low-ﬂow period around mid-July (Figure 3), as ephemeral hot spots of gas
ﬂux emerged during late summer (n = 449). Based on the larger number of values outside the interquartile
range observed during base ﬂow, we caution the use of small sample sizes for scaling from watersheds of this
type and encourage the collection of robust spatiotemporal survey data. Data from this study had the largest
spread in the lowest stream orders sampled in the summer, suggesting that surveys conducted during base
ﬂow with only a few samples could easily misrepresent the distribution of the data.
4.5. Implications for Regional Gas Evasion
Our average ﬂux estimates (107 mmol m2 d1, range = 125 to 566 mmol m2 d1) for CO2 are comparable
to the regional estimates for the West by Butman and Raymond [2011] of 70.34 mmol CO2 m2 d1 but are
higher than the only other published study for the Rockies [Crawford et al., 2015) that measured FCO2 at
35.9 mmol m2 d1 using instantaneous ﬂux methods (n = 702). Since our data set had a larger elevation
range, for a more direct comparison we subset our data set to the elevation range (2780 m–3505 m) in
Crawford et al. [2015]. This gives a substantially lower estimate of ﬂux (4.7 mmol m2 d1). Even with the large
uncertainties associated with empirically estimating ﬂux, gas evasion reported by this study and Crawford
et al. [2015] suggests that regional ﬂux estimates for the Rockies are currently overestimating ﬂuxes in this
mountainous region.
Mean methane efﬂux (2.4 mmol m2 d1, range = 1.2 to 48 mmol m2 d1) was low compared with the
worldwide mean reported value of 8.22 mmol m2 d1 from a global survey of 385 lakes by Stanley et al.
[2015] but fell within the range reported both by that study and the range for FCH4 from the Colorado
Rockies study (n = 702) [Crawford et al., 2015; Stanley et al., 2015]. Lower FCH4 observed in the forested, wilderness sites (Figures 5 and 6) found in the Middle Rockies could be due to either reduced substrate availability, higher methane oxidation rates, or potentially atmospheric deposition of sulfate (see Text S2 for
extended discussion).
While emissions from this system are lower than regional averages for other ecosystems [Stanley et al., 2015;
Butman et al., 2016; Call et al., 2015; Sand-Jensen and Staehr, 2012; Jones and Mulholland, 1998], the contrast
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Figure 6. Boxplots showing the log-transformed ﬂux with a constant (minimum ﬂux +0.0001) added and concentration
during snowmelt (11 June (ﬁrst sampling date) to 20 July) and after the freshet has passed (20 July onward) (n = 253).
Gas transfer velocities are not transformed. Untransformed version of this plot can be found in Figure S4.

between ecoregions is an important ﬁnding (Figure 3), suggesting that landscape scale changes can be used
to inform our understanding of trends in carbon dynamics. These larger spatial patterns, however, are
countered by high local heterogeneity within each site and sampling run (Figure 3 and Table 2). The
presence of small, seasonal hot spots, especially in agricultural areas and around wetlands, could be of
importance. In addition, the relatively high FCH4 from semiarid agricultural areas suggest that the inland
waters of the Great Plains could contribute more methane than expected to regional greenhouse
gas budgets.
However, the ﬂuxes calculated here are associated with high uncertainty, especially for systems bordering
equilibrium. Despite the high elevations, hydraulic geometry coefﬁcients may underestimate stream surface
area and ﬂux because of the extensive braiding common in the large, high-elevation meadows [Livers and
Wohl, 2016]. More detailed ﬁeld studies, particularly using comparative ﬂux measurement techniques, are
recommended to constrain uncertainty in ﬂux estimates.
We also recognize that our data set is biased toward daytime and summertime measurements, which can
lead to an overestimation of diel ﬂuxes [Baulch et al., 2012; Schelker et al., 2016; Peter et al., 2014].
Furthermore, we were not able to constrain total ﬂux of methane. Our sampling was restricted solely
to diffusive ﬂux, while up to 90% of methane ﬂux can be mediated by plants and through ebullition
(i.e., bubbles) [Likens, 2010; Sawakuchi et al., 2014; Bhullar et al., 2013]. In addition, the assumption of zero
emissions during the ice season could underestimate total ﬂux [Campeau et al., 2014]. Several studies
highlight winter as a time of high partial pressures and evasion [Crawford et al., 2015, Jones and
Mulholland, 1998], but as no data on gas dynamics under ice cover exists for this system our numbers
represent a conservative estimate. Given these uncertainties, our estimates are probably lower than if
they had been taken using ﬂux chambers, in part because chambers can lead to overestimated ﬂuxes
by changing turbulence, pressure, and temperature at the water-air interface [Marx et al., 2017]. These
considerations highlight the need for higher-resolution time series of in situ comparative ﬂux measurements to achieve closure between these methods. Long-term studies conducted throughout the year,
such as in Atkins et al. [2016], and across a range of annual discharges will no doubt bring to light
new insights into these processes.

5. Conclusions
This study provides initial measurements of CO2 and methane for an understudied region, ﬁlling in an
important geographic and altitudinal gap and providing a counterpoint to the commonly held assumption
that headwater streams are supersaturated relative to the atmosphere. We ﬁnd signiﬁcantly higher
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concentrations and ﬂuxes for CO2 and CH4 in the agricultural-impacted Great Plains region relative to its
alpine headwaters, suggesting that ﬂuxes for alpine areas, as well as their contribution to downstream gas
loading, may currently be overestimated. Our study also investigates the impact of snowmelt on carbon
gas dynamics. Our results suggest that the relationship between ﬂuxes and discharge could be sensitive
to hydrologic shifts associated with changing rain-snow ratios [Foster et al., 2016]. Many studies forecast
an increase in winter runoff, earlier and faster snowmelt, and a decrease in summer runoff [Najaﬁ and
Moradkhani, 2015; Hall et al., 2015; Wolock and McCabe, 1999], but it remains unclear how changes in
hydrologic variability may alter ﬂuxes. Understanding the impact of landscape diversity and climate conditions on aquatic C ﬂuxes is crucial to reducing uncertainty associated with scaling carbon budgets for
inland waters on regional and global scales.
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