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Abstract. Streams in high-elevation tropical ecosystems known as paramos may be significant sources of
carbon dioxide (CO,) to the atmosphere by transforming terrestrial carbon to gaseous CO,. Studies of these
environments are scarce, and estimates of CO, fluxes are poorly constrained. In this study, we use two inde-
pendent methods for measuring gas transfer velocity (k), a critical variable in the estimation of CO, evasion
and other biogeochemical processes. The first method, kinematic kego (ksoo-x), is derived from an empirical
relationship between temperature-adjusted k (kq0) and the physical characteristics of the stream. The second
method, measured kqg (ksoo-m), €stimates gas transfer velocity in the stream by in situ measurements of dis-
solved CO, (pCO,) and CO; evasion to the atmosphere, adjusting for temperature. Measurements were col-
lected throughout a 5-week period during the wet season of a peatland-stream transition within a paramo
ecosystem located above 4000 m in elevation in northeastern Ecuador. We characterized the spatial hetero-
geneity of the 250-m reach on five occasions, and both methods showed a wide range of variability in keq at
small spatial scales. Values of kgpo-x ranged from 7.42 to 330 m/d (mean = 116 + 95.1 m/d), whereas values
of kepo-m ranged from 23.5 to 444 m/d (mean = 121 £ 127 m/d). Temporal variability in keyp was driven by
increases in stream discharge caused by rain events, whereas spatial variability was driven by channel mor-
phology, including stream width and slope. The two methods were in good agreement (less than 16% differ-
ence) at high and medium stream discharge (above 7.0 L/s). However, the two methods considerably
differed from one another (up to 73% difference) at low stream discharge (below 7.0 L/s, which represents
60% of the observations collected). Our study provides the first estimates of keop values in a high-elevation
tropical catchment across steep environmental gradients and highlights the combined effects of hydrology
and stream morphology in co-regulating gas transfer velocities in paramo streams.
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INTRODUCTION terrestrial carbon and stream organic matter to
atmospheric CO, (Johnson et al. 2008, Battin

A growing body of work highlights the impor- et al. 2009, Aufdenkampe et al. 2011). Rivers
tant role that rivers play in the transformation of have been found to return half of the carbon they
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receive from the landscape to the atmosphere
(Cole et al. 2007), with global estimates of CO,
evasion ranging from 650 to 1800 Tg C/yr (Ben-
stead and Leigh 2012, Raymond et al. 2013,
Lauerwald et al. 2015). Headwater streams con-
tribute an outsized proportion of CO, emissions
from lotic environments owing to their greater
contact with both the atmosphere and benthic
substrates, and higher turbulence than larger riv-
ers (Downing et al. 2012, Hotchkiss et al. 2015,
Schelker et al. 2016).

While CO, evasion from rivers is a significant
component of the global carbon budget, evasion
estimates remain poorly constrained, particularly
in headwater streams where direct measure-
ments are challenging due to steep gradients,
high water velocities, and heterogeneous channel
geomorphology (Schelker et al. 2016, Horgby
et al. 2019, Ulseth et al. 2019). A key variable in
the estimation of CO, evasion is gas transfer
velocity (k), which incorporates solubility of CO,
in water and is often rate-limiting for gas fluxes
(Zappa et al. 2007). Accurate estimates of k are
needed to estimate CO, evasion as well as other
biogeochemical processes such as carbon (C)
storage, stream metabolism, and denitrification
(Marzolf et al. 1994, McCutchan et al. 1998, Bott
2007). Selecting an appropriate k value is critical
when upscaling biogeochemical processes
observed at small scales (e.g., stream reaches) to
an entire riverscape (Raymond et al. 2012).

Recently, mountainous streams have shown
surprisingly high rates of evasion due to charac-
teristically high turbulence (Horgby et al. 2019).
Tropical mountainous streams are believed to
have higher CO, evasion than their temperate
counterparts (Aufdenkampe et al. 2011, Horgby
et al. 2019) owing to the high rates of ecosystem
C storage in soils and surrounding peatlands
(e.g., Hribljan et al. 2017) combined with high
rates of precipitation (Food and Agriculture
Organization of the United Nations 2003). Fur-
thermore, concentration of dissolved CO, and
annual precipitation is correlated with CO, eva-
sion (Butman and Raymond 2011). A recent
study directly measured CO, evasion of a head-
water stream of the Ecuadorian Andes and found
CO; evasion to be greater than evasion from wet-
lands and rivers at lower elevation in the central
Amazon (Schneider et al. 2020). Despite the
potentially high rates of evasion from tropical
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mountains, studies of CO, evasion from small
streams remain limited in the Tropical Andes,
particularly at the highest elevations (Riveros-
Iregui et al. 2018). Measurements of k and factors
controlling its variability in these streams are
absent from current literature, limiting our
understanding of the fate of terrestrial C and hin-
dering our ability to incorporate these ecosys-
tems into global C budgets.

The goal of this study was to characterize the
spatiotemporal dynamics of k in a small, high-
altitude peatland stream in Ecuador. We used
two independent methods for estimating k. The
first method was termed kinematic k (kgpox),
based on an empirically derived relationship
between kgpo and kinematic properties of the
stream (Raymond et al. 2012). The second
method was termed measured k (kgpov) and was
calculated by combining direct measurements of
dissolved CO, (pCO,) with direct measurements
of CO, evasion at the water surface (McDowell
and Johnson 2018), and scaling to the Schmidt
number of 600 that corresponds to CO, at 20°C
(ksoo; Wanninkhof 2014). Both methods were
used to examine spatial and temporal variability
of gas transfer velocity along a 250-m study
reach over a 5-week period. This information
provides much-needed characterization of fac-
tors influencing CO, evasion in tropical moun-
tainous streams.

METHODS

Site description

Our study was located within the paramo
ecoregion of the northeastern Andean moun-
tains. A tropical alpine ecosystem, the paramo,
ranges in elevation from approximately 3500 to
4500 m and extends from Venezuela to northern
Perti, discontinuously covering 36,000 km?
(Mena Vasconez and Medina 2001). High rates of
precipitation coupled with U-shaped valleys
carved by past glacial activity form pools,
swamps, and peatlands throughout paramo
ecosystems (Josse et al. 2009).

Data for this study were collected from a small
peatland stream within the Cayambe Coca
National Park, 33 km east of Quito, Ecuador. The
paramo ecosystem at the National Park has a
mean daily temperature of 5°C and an annual
precipitation of 1375 mm (Sanchez et al. 2017).
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Elevation of the headwater catchment ranged
from approximately 4090 to 4410 m. Our study
stream reach, located at the base of the catch-
ment, drains a 2.3-ha wetland and represents the
first 250 m of the stream channel (Fig. 1). Field
measurements were collected at the beginning of
the wet season in this part of the Ecuadorian
paramos (Sklenai and Leegaard 2003) and
extended for five weeks. Precipitation records
dating back to 2012 were provided by a nearby

A
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weather station, maintained by the Fondo para la
Proteccién del Agua Network (FONAG; Station
No. M5025, latitude —0.33, longitude —78.19).

Study design

In this study, we characterized gas transfer
velocity, adjusted to a Schmidt number of 600,
both temporally and spatially using two inde-
pendent methods, which are described in detail
below. Temporal dynamics of kegonm Wwere
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Fig. 1. (A) Location of Cayambe Coca Ecological Reserve, Ecuador. (B) Delineation of our study catchment

within the reserve.
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characterized by collecting measurements of par-
tial pressure of CO, (pCO,) and CO, evasion
continuously, within 20 m from the peatland out-
let, from 10 July to 18 August 2019. Depth, veloc-
ity, and slope measurements for calculating kego-
were collected in the same section of stream 16
times during the same period. Spatial dynamics
of kepo-m and kepox were characterized by collect-
ing data every six to seven days, for a total of five
times, at regular intervals along the stream and
between 1000 and 1600 local time (LT). Measure-
ments for kggo.x were collected at 34 locations,
and measurements for kgoo.nt Were collected at 10
locations along the 250-m study reach (Fig. 2).

Gas transfer velocity calculations

keoo-x was calculated using a previously devel-
oped relationship, commonly used in 1st-order
streams (Raymond et al. 2012; Eq. 1). This equa-
tion involves the kinematic properties of the loca-
tion, including water velocity (V, in m/s), depth
(D, in m) and slope (S, unitless), and their
observed effects on kgpo_x values.

keoo—k = (V x D)% % D005 « 5037 (1)

keoo-m was adapted from McDowell and John-
son (2018) and based on Henry’s Law of solubility
and Fick’s first law of diffusion (Eq. 2) and con-
verted to a Schmidt number of 600 (Eq. 3). Fick’s
first law of diffusion describes gaseous evasion
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from ter to the atmosphere, in which flux is a pro-
duct of the gas transfer velocity and the CO, con-
centration gradient between water and air:

Fco,
- 0 2
k (Cw - Cair) X KH ( )
600 \ 03
keoo—m =k x (SCCOZ) 3)

Gas transfer velocity (k in m/d) is equal to the
flux of CO, divided by the product of the concen-
tration gradient of CO, between water and air
and Henry’s Law constant adjusted to the tem-
perature of the stream (Ky; in mol-m~>-atm™; Eq.
2). Flux was measured directly as described in
Instrumentation and converted to appropriate
units (Fcop in g C—COz-m_z-d_l). Partial pressure
of CO, measured by infrared gas analyzer
(IRGA) sensors was converted to mass concen-
tration of dissolved C as CO, in the water (C,, in
g C-CO,/m’) using Henry’s law (Raymond et al.
2012). Atmospheric CO, was assumed to be
410 ppm based on the global average atmo-
spheric CO, measurement collected in dry air by
Mauna Loa Observatory during our study period
(NOAA ESRL Global Monitoring Laboratory
2019). Water vapor was accounted for by sub-
tracting partial pressure of water (assumed to be
100% humidity at the water/air interface) from
barometric pressure. We used the ideal gas law
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0 25 50 100 125 150 175 200 250
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Fig. 2. Topographic stream profile of the study reach in the Cayambe Coca National Park. Illustrated are the
stream sub-reach where continuous observations were collected (red bracket) during the 5-week study period,
and the locations of 34 discrete observations (orange arrows) collected throughout the 250-m stream reach on five
different occasions. Measurements of pCO,, velocity, depth, and slope were collected from all locations. Measure-
ments of CO, evasion were collected within sub-reach and at a subset of 10 discrete locations distributed
throughout the stream reach. A 4-m waterfall was located 107 m downstream from the peatland outlet. The ratio
of y-axis to x-axis is 2:1 to highlight elevation change.
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to find the concentration of CO, (C,;, in g C-CO,/
m®). keoo.m (M/d) was calculated as the product
of the gas transfer velocity in m/d and 600 over
Schmidt number for CO, at stream temperature.
Because the Schmidt number’s exponent may
vary from —0.5 to —0.667, we selected the expo-
nent —0.5 to reflect the turbulent surface of a lotic
environment (Eq. 3; Jahne et al. 1987, Wan-
ninkhof 2014).

We evaluated the potential effects introduced
by the assumed atmospheric CO, concentration
by testing the sensitivity of CO, evasion to
changes in C,;; and calculating kepo-m at three dif-
ferent values, ranging 200 ppm (310, 410, and
510). Our analysis revealed that the percent dif-
ference in kgpo-m values never exceeded 5%, sug-
gesting that the assumed atmospheric CO,
values do not compromise calculation of CO,
evasion. For the following analyses, the mid-
range value of 410 ppm was used.

Calculations, statistical analyses, and figures
were completed using R software (RStudio, Bos-
ton, Massachusetts, USA). Data collected did not
meet assumptions of normality, and therefore,
non-parametric methods were used to complete
statistical analysis. We applied a Mann-Whitney
U test and Kruskal-Wallis test with post-hoc
Dunn’s pairwise using the Bonferroni adjustment.

Instrumentation

To calculate kqpo.x, water velocity and depth
were measured by water velocity probe (Model
FP101, Global Flow Probe, Global Water, Gold
River, California, USA) and wading rod, respec-
tively. Stream-channel slope was determined
remotely by collecting coordinates at midway
points between synoptic sampling locations
using a handheld GPS unit (Etrex 20x, Garmin,
Olathe, Kansas, USA). A 3-m digital elevation
model was collected using HD images by drone
(Mavic Pro V1, DJI, Nanshan District, Shenzhen,
China). Distance and elevation difference
between each GPS locations was determined
using ArcGIS pro software (ArcGIS Pro version
2.5.1, ESRI, Redland, California, USA, 2020).

We combined measurements of the partial
pressure of dissolved CO, (pCO,) with CO; eva-
sion from the water surface to calculate kgoonr.
Continuous pCO, was collected at 15-min inter-
vals (GMP222 with transmitter, Vaisala, Helsinki,
Finland) at two locations, 6.2 m and 140 m from
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the peatland outlet and logging to a datalogger
(Bridge/Strain Gauge, Omega Engineering, Nor-
walk, Connecticut, USA). For synoptic sampling,
we used a handheld CO, meter (GM70, Vaisala,
Helsinki, Finland) set for the appropriate envi-
ronmental pressure and allowed to stabilize for
two to five min submerged in water and before
recording a pCO, measurement. All solid-state
sensors were adapted for wet environments as in
Johnson et al. (2010), and all measurements were
corrected following pressure and temperature
compensatory procedures described by the man-
ufacturer in the manual. Sensors were calibrated
by manufacturer prior to deployment (accu-
racy = 1.5% of calibrated range [10,000 ppm] +
2% of reading). Once deployed, sensors were
routinely checked against one another in the lab-
oratory and the field, often using a third sensor,
to ensure that outputs remained within the cali-
brated range and without drift throughout the
study. Measurements were corrected for pressure
and temperature using manufacturer reported
equations. We did not observe a specific effect on
equilibrium imposed by turbulence (e.g., lags,
reading delays), likely because the observed vari-
ability in pCO, was larger than potential artifacts
introduced by turbulence. In implementing our
experimental design, we used these CO, sensors
in the same way they have been used in previous
studies (e.g.,, Crawford et al. 2013, Campeau
et al. 2017, Tix et al. 2017, McDowell and Johnson
2018), many of them under turbulent conditions
(e.g., Riveros-Iregui et al. 2018, Rocher-Ros et al.
2019). Our field observations confirmed what
was originally reported by Johnson et al. (2010)
in that it takes ~3 min for the sensor to reach
equilibrium with dissolved CO; in the surround-
ing aquatic environment. Air pressure used for
sensor compensation was measured using a
barometric sensor (Model 3001, Solinst, George-
town, Ontario, Canada) installed 17 m from the
stream bank. Water temperature and additional
pressure due to fluctuating water level were
recorded by a water-level sensor (Model 3001,
Solinst).

To measure CO, evasion from the water sur-
face, we adapted two eosFD flux chambers
(eosFD, Eosense, Dartmouth, Nova Scotia,
Canada) with a floating platform as described by
Schneider et al. (2020). Briefly, each eosFD flux
chamber was placed on a floating platform
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constructed from a semi-rigid plastic disk with a
diameter of 61 cm fastened to two pontoons
made of 6.35 cm diameter PVC pipe. The pon-
toons were angled in a V configuration so that
they would not create turbulent conditions prior
to flow past the sensor. The semi-rigid plastic
disk was fitted with a PVC collar in the center
that fit the flux chamber and dipped approxi-
mately three cm below the water surface when
floating in the stream.

A flux chamber was installed semi-
permanently 16 m downstream of the peatland
outlet for the duration of the study. A second flux
chamber was installed 140 m downstream from
the peatland outlet for 1.5 d between July 12th
and July 14th before a large storm permanently
damaged the sampling setup. Flux chambers col-
lected data continuously at 15-min intervals.
During synoptic sampling, the second flux cham-
ber was used to collect measurements through-
out the stream. CO, evasion measurements were
collected at each site at 5-min measurement inter-
vals for a total of 15 min per site. We used an
average of the three evasion measurements in
our calculations.

A discharge-water-level rating curve was
developed by modeling the relationship between
water-level and 40 discharge measurements col-
lected over the course of the study period. We
installed a water-level sensor (Model 3001,
Solinst) 56 m from the outlet and programmed
to collect measurements at 15-min intervals. Dis-
charge measurements were collected using veloc-
ity profiling with a water velocity probe (Model
FP101, Global Flow Probe, Global Water).

REsuLTs

Environmental observations

Over the five-week study period, our study
site received 340 mm of rainfall (Appendix S1:
Fig. S1). During this time, the maximum daily
rainfall of 38.2 mm occurred on July 12th and
was the largest daily rainfall event recorded at
this site since records started in 2012. Average
discharge was 8.57 L/s and average daily dis-
charge ranged from 2.2 L/s to 64.82 L/s (Fig. 3).
Average maximum daily discharge was 14.11 L/
s. Average daily air temperature was 2.9°C, with
a maximum single-day average of 5.5°C and a
minimum single-day average of 1.4°C. The
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average stream temperature recorded was 6.5°C
and daily averages ranged from 4.7°C to 8.7°C.

Continuous observations

keoo-x values ranged from 5.24 to 62.3 m/d,
with a mean of 15.6 & 14.5 m/d and median
9.23 m/d. kgpo-m Values collected during the same
period ranged from 4.17 to 63.0 m/d, with a
mean of 20.0 + 6.20 m/d and median 18.6 m/d
(Fig. 3). Using a linear regression model, we
found a statistically significant relationship
between discharge and kgox (P < 0.001,
r* =0.80), between discharge and ksoom
(P < 0.001, = 0.38), and between kgoon1 and
CO, evasion (P < 0.001, 7 = 0.15). While statisti-
cally significant, the relationship between dis-
charge and kepov did not always appear linear,
particularly with regards to ~18 midrange kgpo-m
measurements representing 15-min time seg-
ments collected at very high discharge (Fig. 3B).
Downstream from the peatland outlet (140 m),
similar trends were observed during the short
period of observations. kepo.n Was positively cor-
related with both discharge (P < 0.001, = 0.77)
and CO, evasion (P < 0.001, ©* = 0.99), ranging
from 0.076 to 40.0 m/d (Appendix S1: Fig. S2).

Variables measured throughout the course of
this study showed diel variability, with daily
maxima and minima occurring at different times
of the day (Fig. 4). Based on 34 full days of data
collection, we observed that daily minima for
keoom, PCO, CO, evasion, and discharge
occurred between 1300 and 1800 LT. Daily max-
ima for kepon did not exhibit a clear pattern,
though maxima were generally concentrated in
the daytime hours. Daily maxima for pCO, and
CO; evasion occurred in the hours prior to or
immediately after sunrise, whereas daily maxima
for discharge occurred in the afternoon and
before sunset (Table 1).

Discrete observations

Slopes of measured sections within the study-
reach averaged 8.6% and ranged from 0.04% to
20%. Average discharge on synoptic sampling
days ranged from 8.18 L/s to 23.6 L/s. Overall
keoo-x values ranged from 0 to 515 m/d with a
mean of 91.96 m/d along the stream (Fig. 5A).
Mean values for a location ranged from
0.47 £+ 0.51 m/d to 220.4 £+ 97.6 m/d. We found a
significant difference in values by location
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Fig. 3. (A) keoo-m and kepo-x values collected at a stationary location near the peatland outlet from 10 July 2019
to 18 August 2019. Discharge (L/s) is also shown. (B) kego-m (dots) and kepo-x (triangles) values plotted by dis-
charge collected every 15 min near the wetland outlet from 10 July 2019 to 18 August 2019. Measurements col-
lected throughout three different days are highlighted. Days were selected to illustrate 24-h observations under
low, medium, and high discharge. Linear regression models show the relationship between discharge and keoo-m

(solid) and kgpo.x (dashed).

(P < 0.001). A post hoc multiple comparison test
found 16 out of 561 site comparisons to be signif-
icant using the Bonferroni test for multiple com-
parison.

keoo-m Was calculated at 10 locations along the
stream reach every 6-7 d. Values ranged from
6.5 to 444.4 m/d with a mean of 88.6 m/d (Fig.
5B). Average mean values for each sample loca-
tion ranged from 22.5 + 11.6 to 151.4 &+ 167 m/d.
We found a significant difference between dates
of collection (P = 0.03), and a test for multiple
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comparison found a significant difference
between two sample sites, at 94.1 m and 169.9 m
from the wetland outlet.

keoo-x and kego-m values collected over all syn-
optic campaigns were compared to one another
by date of collection (Fig. 6). Note that only sites
with co-located CO, evasion measurements were
used in this comparison. kep.x values ranged
from 672 +578 on August 13th to
131.2 + 100.4 m/d on July 26th. ke values
ranged from 68.9 + 488 on August Ist to
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Fig. 4. (A) keoo-m and discharge collected between July 26 at 10:00 AM and July 29 at 2:00 PM showing daily
variation in kego.n, Discharge, CO; flux, and dissolved CO,, at low flows. (B) Maximum and minimum occur-
rence per day of CO, evasion, K600, Discharge, and dissolved CO, collected from July 13th to August 12th 2019.

Table 1. Time of day for daily minima and maxima for
measured variables.

75th percentile 75th percentile

occurrence of daily occurrence of daily
Variable minimum maximum
keoo-m 1:11 PM to 5:50 PM 4:04 AM to 3:11 PM
pCO, 3:00 PM to 4:30 PM 4:42 AM to 7:14 AM
CO, evasion 2:53 PM to 5:15 PM 4:11 AM to 07:39 AM
Discharge 12:50 AM to 2:45 AM 12:04 PM to 2:37 PM
Temperature  6:56 AM to 7:30 AM 2:15PM to 4:15 PM

121.4 + 126.8 m/d on July 19th. Pairwise com-
parisons of each synoptic campaign revealed no
statistically significant differences between meth-
ods (P values ranged from 0.22 to 0.97; Fig. 6).

DiscussioN
What were the observed ranges of gas transfer
velocity in a pdramo stream?

Using two independent methods to evaluate
spatial variation in keop, we found that kepox
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values measured along a 250-m study reach ran-
ged from 0 to 515 m/d (mean = 91.9 + 89.9 m/d),
whereas kgoo-p Values ranged from 6.5 to 444 m/d
(mean = 88.6 + 73.2 m/d). Continuous measure-
ments of kgpo-m collected near the peatland outlet
fell within these ranges. In general, these mea-
surements were in good agreement with k values
reported by previous studies in mountainous and
steep streams conducted through various tech-
niques, including argon injections in the Swiss
Alps (8.1-4118, mean = 464 m/d; Ulseth et al.
2019), argon injections in the Rocky Mountains
(5.6-208, mean = 56.3 m/d; Hall and Madinger
2018), CO, injections in British Columbia (15.1-
237, mean = 58.4 m/d; McDowell and Johnson
2018), SF, injections in the UK (2.6-296, mean =
55.1 m/d; Maurice et al. 2017), and propane injec-
tions in the Austrian Alps (2.9-177, mean =
30.0 m/d; Schelker et al. 2016; Appendix SI:
Fig. S2). On average, however, our study reports
higher kepp values than most studies previously
referenced with the exception of those reported
by Ulseth et al. (2019).
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Fig. 5. (A) Distribution of keox values by synoptic sample location, arranged by mean value and colored by
distance from wetland outlet. Significant differences between locations are shown. (B) Distribution of kego-m val-
ues by synoptic sample location, arranged by mean value, and colored by distance from wetland outlet.

Analysis of the physical characteristics of
paramo streams offers insight into the potential
drivers behind differences in kg¢oo observations in
our study in relation to those of previous studies.
On average, velocity measurements were at least
two times greater in our study than in previous
studies (Appendix S1: Fig. S3). Average slopes in
our study were steeper in four out of the five
reported studies, whereas channel width was
much narrower in our study than those previous
studies. Velocity and slope are major factors driv-
ing stream turbulence and therefore gas transfer
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(Raymond et al. 2012, Long et al. 2015), whereas
smaller hydraulic diameters, including channel
width, have been linked to higher ks values
(Kokic et al. 2018). These differences highlight
the influence of stream morphology on kg and
offer a likely explanation for the higher ksoom
observed in our study. An exception to this pat-
tern was the range of ke values of Ulseth et al.
(2019), where velocity and slope were quite simi-
lar to our study (within 15% and 1.0% difference,
respectively), but discharge was much greater
than in our study and likely the reason for the
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Fig. 6. Boxplots show kego-m and kepo-x values by col-
lection date, sampled at 10 locations on five different
days, and colored by average discharge readings taken
throughout the collection period.

difference in k. A positive relationship between
discharge and k reported here has also been
observed elsewhere (Billett and Harvey 2013,
McDowell and Johnson 2018, Ulseth et al. 2019).

While not measured in this study, streambed
roughness may also be responsible for observed
differences in k. Our study stream carved
through a deep peatland and upland soils and
was almost entirely absent of rocks and woody
debris. Ulseth et al. (2019) found a strong posi-
tive relationship between stream bed roughness
and k. Friction between stream water and benthic
substrate creates turbulence that leads to higher
k, a process that is particularly pronounced in
small streams (Kokic et al. 2018). This suggests
that aquatic environments dominated by rocky
substrates, such as streams in temperate regions
with thin soils, could have higher turbulence
than smooth substrate in the paramo at similar
velocities.

Finally, differences in methodology used to
estimate k may also be contributing to the dis-
crepancy in the reported values. We evaluate k
throughout a 250-m reach, whereas studies that
use tracer methods integrate k over the length of
the injection reach. Nonetheless, there may be
weaknesses in both methods that should be con-
sidered when interpreting k estimates. Our
method provides a characterization of k at indi-
vidual points along a stream and at high tempo-
ral resolutions; however, if the geomorphology
of the stream is not equally characterized, k
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estimates lack context for interpretation. Flux
chambers cannot measure evasion from dis-
jointed stream segments such as waterfalls. On
the other hand, argon, propane, and SF, tracer
methods have limitations in highly turbulent
streams where turbulent-diffusive exchange may
switch to bubble-mediated exchange. Bubble-
mediated exchange, which occurs at high turbu-
lence, is mass-dependent and affects gasses dif-
ferently, complicating scaling from one gas to
another (Hall and Madinger 2018, Ulseth et al.
2019). Direct comparison of two or more meth-
ods is needed to fully evaluate the difference
between a chamber-based method like the one
used here and more common tracer methods.
Taken together, our findings suggest that despite
relatively low discharge, the incised and narrow,
high-velocity streams typical of the paramo exhi-
bit quite high gas transfer velocities. Further-
more, our estimates of k remain conservative, as
they do not account for the large waterfall in the
middle of the study reach. Further characteriza-
tion of k is critical to accurately quantify CO,
evasion from mountain rivers. Developing an
empirical relationship between k and discharge
may be a useful first step.

How does gas transfer velocity vary at small
spatial scales?

Using both methods for deriving kqoo, we
found significant spatial heterogeneity of ke
values within the relatively short 250-m stream
reach. Measurements of kgyy collected on multi-
ple days during the study period were found to
vary greatly from location to location (<10 m;
Fig. 5). Variance of kg for a single location was
also evident as measurements could vary by
orders of magnitude from day to day (Fig. 5).
However, our sample size was small and
increased sampling of these sites may reveal
more robust statistical differences. Our finding,
however, is in line with previous observations
that suggest the geomorphology of headwater
streams, alternating between riffles, pools, and
waterfalls, results in points along the stream that
drive disproportionally greater CO, evasion
(Wallin et al. 2011, Billett and Harvey 2013,
Rocher-Ros et al. 2019).

The high spatial resolution of keo values in this
study and their relationship to the physical char-
acteristics found in small paramo streams are
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likely responsible for the high spatial variability
in CO, evasion. In fact, koo and CO, evasion
are positively correlated (P < 0.05, 1* = 0.113).
While for this same stream Schneider et al. (2020)
showed that pCO, and CO, evasion were higher
near the peatland outlet and progressively
decreased downstream, kgog did not follow a
clear longitudinal pattern. Instead, measure-
ments collected over the five synoptic campaigns
suggest that stream channel morphology medi-
ates the spatial variability of gas transfer veloci-
ties in paramo streams. Future studies should
expand upon these relationships, account for the
limitations imposed by local C availability, and
apply these concepts across streams of varying
sizes and morphologies in complex terrain.

How does gas transfer velocity vary in response to
rain events and during more stable conditions?

We observed a strongly positive response of
keoo to rapid increases in discharge following
large rain events. This positive response was
consistent for upstream (Fig.3) and down-
stream (Appendix S1: Fig. S2) locations,
although downstream observations were con-
siderably shorter in duration due to sensor
damage. While kg increases during storm
events were pronounced, they were short-lived
and usually lasted less than 24 h. Previous
studies reported a strong relationship between
k and discharge in steep-sloped, headwater
streams (Billett and Harvey 2013, Natchimuthu
et al. 2017, McDowell and Johnson 2018). Rain-
fall has been found to be an important, though
often overlooked factor influencing keoo (Guérin
et al. 2007). As discharge increases so do veloc-
ity and turbulence, but the relationship is site-
specific and dependent on the geomorphology
of the stream (Hall and Madinger 2018, Ulseth
et al. 2019). In our study, discharge explained
only 38% of keoo-m Vvariation collected continu-
ously throughout the study period, and a linear
regression often overpredicted ke at very
high discharges (Fig. 3). Outliers suggest that
the relationship between discharge and ke
may not be linear, an unexpected finding that
may not be unique to our study (Genzoli and
Hall 2016). Further exploration of this relation-
ship would require additional sampling at
shorter intervals as only two sensors may not
fully capture rapid changes in the system.
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Increasing sample locations while reducing
sampling intervals would allow for a compre-
hensive evaluation of relationship between
storm-driven discharge and kqgo.

It is also important to note that the majority of
keoo values recorded in this study were not influ-
enced by storm-driven discharge. Ninety percent
of kepo-m Values collected near the peatland outlet
were between 14.0 and 28.9 m/d, less than half of
the maximum value recorded. When not influ-
enced by large rain events, smaller levels of vari-
ance in kgoo.nm Seemed to occur on a diel basis
(Fig. 4). Furthermore, daily maxima and daily
minima occurred at predictable times throughout
the day for most variables, including pCO,, CO,
evasion, and discharge. Patterns in the diel
cycling of pCO, and CO, evasion may be influ-
enced by sunlight and primary production and
respiration taking place in the peatland, as
observed in other aquatic environments (Abril
et al. 2014, Riveros-Iregui et al. 2018, Rocher-Ros
et al. 2019). Patterns of CO, evasion closely mir-
rored pCO, concentrations, suggesting that
pCO; is a driver of CO; evasion throughout the
day. Discharge peaked in early afternoon and
minima occurred in the early morning, likely as a
result of diurnal melting and nocturnal freezing
occurring at higher elevation (Jacobsen et al.
2014). We observed a clear pattern of daily min-
ima of kgoom in the afternoon, which coincided
with daily minima of CO, evasion (Fig. 4). On
the other hand, daily maxima of kepo-\1 Were less
clear, likely because the combined effects of
pCO,, CO, evasion, and discharge dynamics
throughout the day.

Our method for calculating kgpo-m allows for
what may be the first high-resolution assessment
of keoo values over time, showing ke to exhibit
diurnal cycles broken by abrupt spikes due to
increasing discharge. kg response to storm
events is an important contribution to our cur-
rent understanding of gas transfer velocity and
suggests that storm events may drive consider-
able pulses in CO, evasion. These findings high-
light the significant relationship between
precipitation and kego, suggesting rainfall may be
used as a first-degree predictor of the temporal
variability of kep. Nonetheless, during more
stable conditions, other factors such as concentra-
tion of dissolved CO, or CO, evasion may also
influence diel trends in k4.

July 2021 % Volume 12(7) %* Article e03647



How did the two independent methods used for
calculating kgoo compare to one another?

Our results suggest that the two independent
methods to estimate ko0 were in good agreement
at high discharge, but keo.x was consistently
lower than kego-v at low discharge (Fig. 3). The
two independent methods used to calculate kg
were similar in range and relationship to dis-
charge. Comparison of aggregated synoptic sam-
pling by date did not find a significant difference
between methods (Fig. 6). The agreement
between methods adds confidence to the accu-
racy of kep provided in this study. However, the
discrepancy between methods at low discharge
may be a result of difference in the geomorpho-
logical properties of our streams compared to
those used to derive the empirical equation for
keoo-x proposed by Raymond et al. (2012). This
equation was developed from an extensive data-
base of North American streams. Although all
streams were relatively small (discharge ranged
2.83-209,420, median 546 L/s), our stream would
fall among the smallest in their data set (median
discharge, 4.19 L/s). In contrast, average velocity
collected in our stream (median velocity 0.103 m/
s) is much higher relative to average discharge,
and these two parameters deviate from the
empirical discharge-velocity regression found by
Raymond et al. (2012; velocity range 0.0064-1.21,
median 0.135 m/s). Thus, paramo streams may
not be well represented by the equation used to
calculate kepox, likely due to differences in the
terrain and the emerging hydraulic relationships
between discharge and velocity. Raymond et al.
(2012) noted the need for increased measure-
ments of high-velocity, steep streams to improve
model accuracy as well as the role of streambed
roughness, a characteristic that is likely to differ
between North American and paramo streams.
The compatibility of differing methods for deter-
mining keoo has important implications for fur-
ther research of CO, evasion in tropical,
mountainous environments such as the paramo.
Measurements needed to calculate kgggx are
easily and rapidly collected, requiring minimal
instrumentation. However, our results suggest
that such methods could be limited in their abil-
ity to characterize temporal variation of k at a
single site. Measurements needed to calculate
keoo-m require equipment that once deployed at
one site, may not always be well-suited to high
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velocity, turbulent waters. However, our kegpo-m
method was able to capture variation of kegp
through periods of rapidly changing discharge.
Taken together, our findings suggest that both
methods are valuable in the characterization of
keoo across a heterogeneous stream and used in
tandem could offer a way to overcome their indi-
vidual limitations. Future pairing of kepo.x and
keoo-m measurements could yield empirical rela-
tionships better suited for the hydraulic proper-
ties of not only paramo environments but also
other mountainous streams. Regardless, addi-
tional methods for assessing kego are needed for a
more complete analysis of ke that includes
extremely turbulent areas such as waterfalls.

CONCLUSION

Our study provides a high-resolution assess-
ment of kgoo in a high-elevation tropical catchment
across steep environmental gradients and high-
lights the combined effects of hydrology and
stream morphology in co-regulating gas transfer
velocities in paramo streams. We observed vari-
ability of gas transfer velocities within short time
scales and across short distances. Our findings
suggest that increased discharge following rain
events is a major control on the temporal variabil-
ity of kego. Independent methods used for calculat-
ing kepo are in good agreement at high and
medium discharge levels, but kqo.x seems to
underestimate kepo.v1 at low discharge. Findings
from this study indicate that variability in keg val-
ues could be missed if the full geomorphology and
the range of environmental conditions of a site are
not considered, particularly in mountainous ter-
rain. Additional observations may provide insight
into the relationship between kqoo, the physical
properties of the stream, and the magnitude and
timing of precipitation in paramo ecosystems. Our
findings offer parameterization of a variable criti-
cal to estimating greenhouse gas emissions from
aquatic environments in an important yet under-
studied ecosystem. As such, this study is an
important step toward improving the accuracy of
the Cbudgets in mountainous environments.
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