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Abstract Inland waters emit large amounts of carbon and are key players in the global carbon budget.
Particularly high rates of carbon emissions have been reported in streams draining mountains, tropical regions,
and peatlands. However, few studies have examined the spatial variability of CO, concentrations and fluxes
occurring within these systems, particularly as a function of catchment morphology. Here we evaluated spatial
patterns of CO, in three tropical, headwater catchments in relation to the river network and stream
geomorphology. We measured dissolved carbon dioxide (pCO,), aquatic CO, emissions, discharge, and stream
depth and width at high spatial resolutions along multiple stream reaches. Confirming previous studies, we
found that tropical headwater streams are an important source of CO, to the atmosphere. More notably, we
found marked, predictable spatial organization in aquatic carbon fluxes as a function of landscape position. For
example, pCO, was consistently high (>10,000 ppm) at locations close to groundwater sources and just
downstream of hydrologically connected wetlands, but consistently low (<1,000 ppm) in high gradient
locations or river segments with larger drainage areas. Taken together, our findings suggest that catchment area
and stream slope are important drivers of pCO, and gas transfer velocity (k) in mountainous streams, and as such
they should be considered in catchment-scale assessments of CO, emissions. Furthermore, our work suggests
that accurate estimation of CO, emissions requires understanding of dynamics across the entire stream network,
from the smallest seeps to larger streams.

Plain Language Summary Carbon emissions, particularly emissions of CO,, from river systems are
significant to the global carbon cycle. A major challenge in the study of river systems is that CO, concentrations
and rates of CO, off-gassing are known to differ greatly within single stream reaches. In our study, we examined
streams in a carbon-rich landscape, the tropical paramo, to describe patterns of dissolved CO, in streams and CO,
emissions from stream surfaces and to identify the drivers behind such patterns. We found CO, concentrations to
be very high at spring heads and downstream of wetlands, and to be lower in the downstream direction. Stream
CO, and rates of CO, emission were highest in smallest streams, but their relative importance decrease when
stream width was considered. Our study highlights the importance of considering the entire stream network,
including stream surface area and drainage patterns, when estimating CO, emissions from freshwater landscapes.

1. Introduction

Rivers and streams are active sites of carbon transport and transformation that link terrestrial carbon to the at-
mosphere and ocean (Aufdenkampe et al., 2011). Upon entering a river, organic and inorganic carbon may be
transported downstream, transformed via biological, chemical, and physical processes, or emitted to the atmo-
sphere as a gas. The magnitude of carbon emissions from rivers is significant with over 60% of terrestrial carbon
being emitted from surface waters to the atmosphere, primarily as carbon dioxide (CO,) (Regnier et al., 2022).
Furthermore, running waters play an outsized role in CO, emissions; rivers are estimated to cover a quarter of the
surface area (SA) of lakes and reservoirs, but to emit more than 5 times the CO,-C per year (Raymond et al., 2013a).

Recent studies have emphasized the outsized importance of headwater streams within a stream network. Smaller
streams have a greater interface with terrestrial environments, which results in higher carbon inputs from
groundwater per unit area (Argerich et al., 2016; Downing et al., 2012; Hotchkiss et al., 2015). Though individual
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headwater SA is smaller than SA of higher-order rivers, the sum of headwater stream reaches may be equal to or
greater than large river SA, often resulting in higher total emissions from low-order streams (Wallin et al., 2018).
In addition, SA of small streams may be much greater than previously thought, particularly in areas with dense
stream networks such as the Andean-Amazon basin where river area has been underestimated by up to 67% (Allen
& Pavelsky, 2018).

Site specific attributes such as catchment topography (e.g., Rocher-Ros et al., 2019) and land cover (e.g.,
Lauerwald et al., 2015) influence the source and magnitude of CO, flux entering a river, and consequently rate of
CO, emissions. Because global estimates rely on local estimates of emission rates and water SA, ecosystems that
receive less attention may be poorly constrained and even omitted from scientific understanding of the global
carbon budget altogether (Cole et al., 2007; Lauerwald et al., 2015; Raymond et al., 2013a). As research of
historically understudied ecosystems has increased, estimates of terrestrial carbon inputs to rivers and carbon
emissions from rivers have been refined and, in general, increased (Drake et al., 2018). Recent studies have found
that mountain streams support high CO, emission rates owing to their high turbulence (Horgby et al., 2019; Ulseth
et al., 2019) and tropical systems are hotspots for CO, emissions due to high input of carbon from terrestrial
ecosystems (Borges et al., 2015; Chiriboga & Borges, 2023). Thus, tropical mountain streams may exhibit some
of the highest CO, emissions found in river systems worldwide, yet measurements in these environments are
clearly lacking (Battin et al., 2009; Drake et al., 2018; Lauerwald et al., 2023; Raymond et al., 2013b; Riveros-
Iregui et al., 2018).

High spatial variability of CO, emissions within catchments and river networks (Rocher-Ros et al., 2019; Wallin
et al., 2018; Whitmore et al., 2021) poses a challenge for researchers seeking to generalize carbon emission and
scale up measurements to ecosystem level. First order controls on CO, emissions from aquatic environments are:
(a) dissolved CO, concentration (pCO,) and (b) gas transfer velocity (k) which scales with near-surface water
turbulence (Raymond et al., 2012; Zappa et al., 2007). While some studies measure CO, emission rates directly
(e.g., Sawakuchi et al., 2017; Schneider et al., 2020), many studies calculate this flux from measurements of pCO,
in water and measurements or models of £ (Lundin et al., 2013; Raymond et al., 2013b; Schelker et al., 2016).
Regardless of method, studies that couple catchment morphology, landscape position, measurements of pCO,,
and modeled or directly measured k and CO, emissions are rare; yet they are needed to understand the processes
driving spatial patterns of pCO, emission across the freshwater landscape (Rocher-Ros et al., 2019). Direct
observations are essential to gain mechanistic understanding of the role of geomorphology as a driver of spatial
variability in aquatic carbon emissions within catchments.

Hydraulic geometry is a key characteristic of river systems and a primary control on & in flowing waters (Ray-
mond et al.,, 2012). Our study takes place in the Ecuadorian paramo, a tropical mountain biome located
approximately 3,500 m above sea level in the Northern Andes Mountains. Unlike temperate and boreal systems,
the hydraulic geometry of paramo rivers remains largely unreported, presenting a challenge for researchers
aiming to quantify carbon fluxes in these vital ecosystems. We aim to address this literature gap by reporting
measurements of pCO,, discharge, width and depth and by establishing empirical relationships between mea-
surements and catchment size and channel slope. We have set the following objectives.

1. To report on emergent patterns of pCO, observed within pdramo stream reaches, from upstream to down-
stream and from tributaries to receiving streams.

2. To determine the primary driver of CO, emissions in piramo headwater streams of varying sizes.

3. To establish empirical relationships between pCO,, the hydraulic geometry of paramo rivers, catchment size,
and stream slope, and to further use these relationships in upscaling estimates of CO, emission from three
headwater catchments.

4. To evaluate patterns of emissions across paramo river networks, and how patterns differ across catchments.

In this study, we present estimates pCQO,, discharge, stream channel geomorphology and catchment size, either
measured in the field or remotely, at high spatial resolutions along three river reaches and three small tributaries.
Using measured pCO, and modeled & based on channel geomorphology, we present estimates of CO, emissions.
We evaluate changes in pCO, from upstream to downstream and changes within the river network in relation to
characteristics of stream slope and catchment area. We also use empirical relationships between field mea-
surements and remotely sensed variables, catchment size and slope, to upscale CO, emission estimates to the
river-networks of three adjacent headwater catchments. The new information provided here will enhance our
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understanding of the spatial variability in aquatic carbon fluxes from inland waters and help us to constrain
estimates of CO, emission from heterogeneous, headwater stream networks in the paramo.

2. Materials and Methods
2.1. Study Site

This study was located in a moist paramo ecosystem within Cayambe Coca National Park (0.0500°N,
77.8000°W), in the Eastern range of the Ecuadorian Andes. Paramo ecosystems form a discontinuous ecoregion
found at high altitudes in the tropical Andes Mountains from Venezuela to northern Peru. Within our study site,
high annual precipitation rates and u-shaped valleys carved by glacier activity have resulted in a complex
freshwater landscape with high density of lakes and wetlands, and steep-sloped headwater streams, interrupted by
frequent waterfalls (Josse et al., 2009). About 20% of this landscape is covered by peatlands, formed as a result of
low temperatures, consistently high water-table levels, and elevated rates of primary production. Peatlands in this
region support rich organic soils, with average depths of 3.8 m (Hribljan et al., 2017). Owing to these charac-
teristics, paramo landscapes hold great potential for high rates of organic carbon loading and atmospheric carbon
emissions.

A weather station managed by Fondo para la Proteccion del Agua is located at approximately the middle of our
sample sites (0.3337°S, 78.1985°W; 4,345 m elev.), where it has recorded continuous weather data since 2007.
Mean annual temperature at this location was 4.8°C and average annual precipitation accumulation was 1,527 mm
—derived from 7 years with complete precipitation records. Our field campaign was conducted during the wettest
months of the year (June through July). During this time, average daily precipitation accumulation was
4.9 mm d~' and average air temperature was 3.1°C.

We measured pCO,, wetted width, and depth in headwater streams draining three small, high-elevation catch-
ments, Antenas, Gavilan, and Colmillo (Figure 1). Sampling for our study took place over the course of a few
weeks and during daylight hours between 10 a.m. and 3 p.m. We measured mainstem streams from 450 to 1,236 m
in length, and three small tributaries to the Gavildn mainstem, from 44 to 238 m in length. The Gavildn mainstem
included both the inlet and the outlet of a large wetland and was treated as two separate stream reaches for the
analyses detailed below. Our sampling effort included measurements from small spring heads draining 0.3 ha
catchments to downstream locations that drained catchments up to 228 ha in area (Table 1). On average, pCO,
measurements were taken 23—40 m apart (Table S1 in Supporting Information S1), whereas width and depth
measurements were measured every 10 m in all streams. Sampling locations ranged from 3,893 to 4,393 m in
elevation. This elevation range included differences in vegetation type and soil depth, typical in paramo systems.
Higher elevations correspond with shallower soils and are dominated by cushion plants that shift to sedge and rush
vegetation at lower elevations.

2.2. Instrumentation

We measured pCO, with an infrared gas-analyzing (IRGA) CO, sensor (GMP-252 and GMM-220 Vaisala,
Helsinki, Finland), adapted for use in aquatic environments by sealing a polytetrafluorethylene (PTFE) sleeve as
in Johnson et al. (2010) and Schneider et al. (2020). Polytetrafluorethylene tubing is semi-permeable, allowing
CO, dissolved in the water to come into equilibrium with air inside the tubing. Infrared gas-analyzing sensors
were powered by a 12 V battery and connected to an Omega voltmeter data logger (OM-CP-VOLT101A-2.5V,
Omega Engineering Inc., Norwalk, Connecticut) programmed to record data every 5 s. Sensors were placed in the
water and allowed approximately 15 min to reach equilibrium, a process that could be visualized as approaching
an asymptote. After reaching equilibrium, the final sensor measurements were reported following adjustment for
temperature and pressure for the GMP-220 and only for pressure for the GMM-252 model which adjusts for
temperature internally. Barometric pressure was recoded with a barometric pressure transducer (Solinst Bar-
ologgers, Georgetown, Ontario) recording measurements every 15 min. Water temperature was recorded using
pressure transducer water level loggers that also measured water temperature (Solinst Levelogger Edge, Geor-
getown, Ontario; Hobo-U20 Onset Computer Corporation, Bourne, MA). When factory calibrated and previously
unused IRGA sensors were placed in water at the same location, allowed to come to equilibrium, and adjusted for
pressure and temperature, readings were within instrument error provided by manufacturer.
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Figure 1. Location of pCO, measurements collected from 18 June 2021, to 9 July 2021, in headwater streams ranging 3,893 to 4,393 m above sea level in a paramo
system in Cayambe Coca National Park, Ecuador. The river network was derived from a 3 m digital elevation model.

2.3. Geomorphology: Catchment Area and Slope

pCO, samples, wetted width, and depth measurements were geolocated using a handheld GPS unit (Garmin
eTrex20, Olathe, KS) programmed to collect latitude, longitude, and elevation measurements every 10 s such that,
as the researcher moved up and down the stream reach, the GPS unit recorded location data with maximum
accuracy of 3 m. Waypoints were marked at each sample point and every 50 m to ensure accurate geolocation of
width measurements. We identified stream flow paths by fitting a polynomial spline to the GPS recoded location
data using the bs () function in the R “splines” package (Boergens et al., 2021; Hastie, 1992). Waypoints were
snapped to the nearest point on the flow path prediction spline, thus adding attributes: latitude, longitude, distance,
and elevation to all measurements (see Figures S1-S5 in Supporting Information S1).

We derived a flow accumulation raster using a 3 m resolution, digital terrain model (DTM) available for Ecuador
through the Agricultural Public Information System of Ecuador. Pixels of high flow accumulation were
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Table 1
Summary of Sample Point Location of Four Streams Reaches and Three Tributaries

Elevation

Stream reach Min Max Catchment area Ave. water temp. Discharge at outlet Ave. slope
Units (m) (m) Dates sampled (ha) °C) (L/s) (m/m)
Antenas 3,893 4,393 5-6 July 10.1 9.0 1.62 0.123
Colmillo 3,963 4,288 6-9 July 2104 7.8 74.22 0.043
Gavilan 3,933 4,383
Gavilan (wetland inlet) 29-30 June 41.6 8.1 1.01 0.166
Gavilan (wetland outlet) 18-22 June 108 8.2 15.17 0.093
Gavilan trib. 1 23-29 June 1.5 8.9 0.25 0.117
Gavilan trib. 2 23 June 18.2 10.0 0.305 0.085
Gavilan trib. 3 29 June 0.5 8.2 NA 0.067

determined to be within the flow path of our river network. The outlet of Gavilan flowed through a wide peatland
where minimal elevation differences result in more uncertainty in flow path location. We found that the prediction
spline developed for the outlet of the Gavilan wetland improved flow path location based on field observations.
This was verified with RGB imagery of the site captured by drone (Mavic Pro V1, Da-Jiang Innovations, Nanshan
District, Shenzhen). Flow accumulation was converted to catchment area in which each pixel was equal to 9 m?.
Sample locations were snapped to the nearest flow pathway. In this way, sample points were also associated with
corresponding catchment area.

Slope was calculated as the difference in elevation between an upstream and downstream location divided by
distance for each sample point and was determined two ways, (a) slope-mid is the elevation difference between
10 m downstream and 10 m upstream of a sample point and (b) slope-up is elevation difference between a
measurement and 20 m upstream. This approach allowed us to estimate a slope value that was more representative
of each measurement location considering the complexity of the terrain. We used elevation data from the DTM in
combination with distance predicted by our river spline to calculate slope-mid and slope-up for all pCO,, width
and depth measurements. We calculated a slope of zero for 19 out of 113 pCO, measurement locations and 52 out
of 284 width and depth measurement locations. Slope of zero was attributed to insufficient resolution of the DTM
rather than reflecting the landscape. Consequently, these samples were assigned a value of 0.00025, or
approximately half the detection limit of 0.01 m elevation difference divided by 20 m distance.

2.4. Discharge and Velocity

Stream gauging stations were established in streams, Gavilan and Colmillo where a water level-discharge rating
curve was developed using a pressure transducer sensor (HOBO Water Level Data Logger, Onset Bourne, MA).
Sensors recorded water level every 15 min and were paired with 20-23 discharge measurements using a handheld
velocity probe (FH950 Portable Velocity Meter, Hach Company, Loveland, Colorado). Where continuous data
was available, we report the average of all measurements recorded during sampling of a given stream. In streams
that were not gaged, we collected a single discharge measurement using the handheld unit at or near the most
upstream and most downstream location of each stream reach. We estimated discharge in unmeasured river
segments by developing a relationship between catchment area and discharge. A total of 16 discharge mea-
surements spanning the full range of catchment areas were collected. We calculated velocity (V, m s™") at lo-
cations were both width (w, m) and depth (D, m) measurements were collected using Equation 1 (Leopold &
Maddock, 1953).

_ 0
V_WXD ™

2.5. Calculating Gas Transfer Velocity and CO, Emission

Temperature-corrected gas transfer velocity (kgy,) Was estimated using a set of empirical equations provided by
Ulseth et al. (2019), developed from measurements of stream hydraulics and geomorphology and tracer injection-
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based ke, estimates. These researchers found kg to scale with stream energy dissipation rate (eD, m? s™°)
calculated as a product of gravitational acceleration (g, m s™2), and stream hydraulic geometry variables, velocity,
and slope (S, unitle ss) as described in Raymond et al. (2012) (Equation 2). We used DTM-derived slope and
velocity calculated from Equation 1 as inputs to Equation 2. A piece-wise power-law with a breakpoint at
eD = 0.02 (Equation 3) described 78% of variability in measured streams which included high gradient, mountain
streams (Ulseth et al., 2019). In our study, 11% of the reaches sampled had at least one characteristic (i.e.,
discharge, velocity, slope, depth, or width) below the range of streams measured in Ulseth et al. (2019).

eD=gxSxV @
For eD < 0.02 In(kgp) = 0.35 X In(eD) + 3.10

For eD > 0.02 In(kgpo) = 1.18 X In(eD) + 6.43 3)

We derived k from kg, using the Schmidt number of 600 that corresponds to CO, at 20°C using coefficients
provided in Wanninkhof (2014) (Equation 4). An exponent of 0.5 reflects the turbulent nature of running waters
measured in this study (Zappa et al., 2007) (Equation 5). CO, emission, or flux (Fq,) is the product of k and the
concentration gradient between CO, in the water and CO, saturation with the atmosphere (Equation 6). The
concentration of aqueous CO, was calculated as the product of pCO, measured in the field and Henry's Constant
(Kp) adjusted for temperature using constants published in Sander (2023). The concentration of aqueous CO, at
equilibrium with the atmosphere can be calculated as the partial pressure of CO, in the air (pCO,_,;,) and Henry's
Constant (Ky) (Raymond & Cole, 2001). While pCO, was measured directly, we used 416.45 ppm as a constant
value for concentration of CO, in the air. This value is the average concentration measured by Mauna Loa
Observatory (NOAA Earth System Research Laboratories Global Monitoring Laboratory) in 2021. In our study,
CO, was not always recorded at the same interval as width and depth measurements, therefore we associated
pCO, with each estimate of ke by applying a linear interpolation between pCO, sample points.

SCeo, = —125.06 X T,, +4.3773 X T,,> +0.085681 X T, * + 0.00070284 X T,* (4)
600 \
koo = k X < ) (5)
Cco,
Fo, = kX (pCO, —pCO,_s;) X Ky (6)

To calculate SA of the stream, we used direct measurements of width taken in the field and distance between
width measurements, which was 10 m for all streams. Total emission (F,..,; pmol d™') was calculated as a product
of modeled emission (pmol m~2d~!) and SA (m?) (Equation 7). These calculations were performed for each sub-
reach.

Ftotal = FbO; X SA (7)

2.6. Statistical Analysis

We also tested distance from the most upstream measurement as a predictor of pCO, using linear regression. We
used multiple log-linear regression models to test the relationship between our field observations (pCO,, width,
depth and discharge), and DTM derived spatial variables (catchment area and slope gradient). When one variable
was not found to be significant, we removed that variable and applied the regression model again before reporting
p-values. If both methods for calculating slope were significant within the model, we selected the slope that
resulted in the greatest increase in model fit. Models were further used to upscale estimated emissions to a river
network as described in the following section. We applied an Analysis of Variance test followed by post-hoc test,
Tukey Honest Significant Differences, to identify differences in CO, evasion, kg4, and pCO, among stream
reaches. pCO,, CO, emission, discharge, width, depth, slope, and catchment area were log transformed before all
analyses to fit model assumption of normality.
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2.7. Upscaling Measurements to the River Network

To examine spatial patterns of CO, emissions across river networks, we upscaled estimates of pCO, and kg to a
river network draining three adjacent catchments. We estimated pCO, throughout the river network using a log-
linear relationship between pCO,, catchment area and slope. We calculated velocity using Equation 1, and
modeled kg, using Equations 2 and 3. To enable comparison across river networks, we delineated catchments of
similar sizes by expanding catchments Antenas and Gavilan to approximately the same size our largest catchment,
Colmillo. This expansion had an impact on the resolution of our data as a 5 m* by 1 m resolution DTM covered
about 10% of each catchment area. We converted all 5 m? raster pixels to point and used a spline to interpolate a
3 m? raster. This process retained a higher resolution in the x and y-axis, but the z-axis resolution (elevation), was
lowered from 0.01 to 1 m for the full catchment. As a result, our detection limit for slope increased in all upscaled
estimates to 0.025, or half the detection limit of 1 m elevation difference divided by 20 m distance.

Each catchment outlet (i.e., the most downstream river segment) was selected by locating flow accumulation
approximately equal to our highest flow accumulation in our largest catchment, Colmillo. The stream initiation
value (i.e., the most upstream river segment) was selected based on field observations and by visually inspecting
drone imagery from our field site. In the field, three streams that drained catchments 0.3-1 ha in size were
sampled up to their spring head. We also observed wet areas—including small ponds—in drone imagery of
catchments of the same size. Because we were unable to determine from imagery whether the wet areas were
flowing, we selected the more conservative 1 ha as our stream initiation value.

We calculated slope-mid and slope-up for each river segment, represented as a 3 X 3 pixel, within our modeled
stream network, which included streams draining catchments from 1 to 202 ha in area. To determine slope-mid,
we selected river segments upstream and downstream at distances between 9 m and 9 X \/ 2 m and with flow
accumulation values closest to those of the target river segment. Slope-up were determined similarly, using river
segments between 18 m and 18 X \/ 2 m in distance upstream of the target river segment. We then calculated
elevation difference and distance between upstream and downstream points to derive slope.

Resulting river networks were composed of between 3,546 and 5,099 river segments, 3 m in length. Less than 5%
of slopes were less than 0 and omitted from the dataset. Slopes were equal to 0 in 29% of measurements and
subsequently converted to 0.025. We developed site-specific log-linear relationships between remotely derived
catchment size and slope and field-measured depth, width, discharge, and pCO, to (a) predict pCO,, (b) model
keoo and (c) calculate CO, emission for each river segment. To interpret findings for each catchment, we log
transformed catchment area and separated stream reaches by catchment area into 5 bins.

2.8. Software

All statistical analyses were performed in R (R Core Team, 2024, version 4.3.2) and visualizations were produced
in ggplot2 (version 3.4.4) (Wickham, 2009). Spatial analyses were preformed using ArcGIS Pro software and the
hydrology toolbox (Environmental Systems Research Institute Inc., Redlands, CA), and the sf package in R
(Pebesma & Bivand, 2025).

3. Results

We observed a wide span of pCO, concentrations, ranging from 317 to 11,460 ppm. In three measurements,
maximum concentration was higher than reported here, as pCO, exceeded what is measurable by our sensors
(approximately 11,500 ppm after adjusting for pressure and temperature). Calculated kg, ranged from 6.4 to
621 m d~'. CO, emission rate, calculated from pCO, and ke, ranged from —0.14 to 42.5 mol m™> day™"
(Table 2). pCO, decreased from upstream to downstream within our smallest reaches where the most upstream
sampling point was close to the spring head and the stream flowed directly from groundwater. These reaches
included Antenas (p-value = 0.011, R?=0.28) and two tributaries (p-value = 0.25 and 0.05, R*=0.32and 0.57)
(Figure 2b). Though not significant, a similar pattern of decreasing pCO, was observed in Gavilan Tributary 2.
There was no discernible trend in pCO, along the entirety of Gavil4n stream reach. However, when Gavildn was
separated into two stream reaches, upstream and downstream of a large wetland bisecting the stream, we observed
a similar trend of decreasing pCO, beginning at the outlet of the wetland (p-value <0.0001, R* = 0.65) (Figure 2b).

Differences in pCO,, CO, emission, and k4, among all stream reaches were found to be statistically significant.
Pair-wise comparisons showed significantly higher pCO, in very small tributaries in comparison to other stream
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Table 2 reaches (p-value <0.001 for all comparisons) (Figure 3a). koo Was signifi-
Summary of pCO,, CO, Emission and kg, Values cantly higher in Gavilan Inlet and Outlet than in Antenas, Gavilan tributaries
Stream teach  Mean  Stdev  Median  Min Max  Observations and Cf)lmlllo (p-value <0.0093 'fo.r all com_parlsons) (Flgu_re .3b). We found
Gavilan outlet to support significantly higher CO, emission rates than
pCO, (ppm) Antenas (p-value <0.00001), and Colmillo (p-value = 0.0003) (Figure 3c).
Antenas 2,071 2,646 1,210 317 11,460 19 CO, emission from Gavildn Inlet was also significantly higher than Antenas
Colmillo 1,033 219 1,011 701 1,385 29 (p-value = 0.006). CO, emission from Antenas was higher than Colmillo
Gavilan Inlet 904 335 812 497 1557 13 (p-value = 0.05). Taken together, the highest pCO, measurements were
Gavildn Outlet 1,933 2,049 859 444 759 o recorded in our sm.alle.st streams, wher.ea§ the hlghf%st kﬁog values were
. . calculated for two mid-sized streams. Emissions were highest in our smallest
Gavilan Trib 1 5,460 3,653 4,539 1,896 11,206 13 S
streams and mid-sized streams.
Gavilan Trib2 2,115 1,012 1,740 1,405 3,574 4
Gavilin Trib3 2337 1733 1733 1201 5842 6 We found hydraulic attrlbutf.:s, sgch .as dlscharge,. width, and depth to increase
Modeled kon (m d-') with catchment area. Logarithmic linear regressions between catchment and
ocered Koo (M all hydraulic variables were highly significant (p-values <0.00001). Catch-
LIS elz  gs ey B = ment area explained 70% of variation in discharge (Figure 4a) and 34% of
Colmillo 357 604 169 6.5  479.6 131 variation in channel width (Figure 4b). Depth had a negative relationship with
Gavilan Inlet ~ 124.3 1204  99.5 145 5082 19 stream slope (p-value = < 0.0001). On average, steeper slopes yielded shal-
Gavilan Outlet 1224 1574  44.8 64 6210 55 lower rivers. Together, catchment and slope explained 51% of variance in
Gavilan Trib1 241 172 187 70 737 18 depth (Figure 4c).
Gavilan Trib2  46.1 274 39.9 169 918 8 We found larger catchment area and steeper slopes to correlate with lower
Gavildan Trib3 NA  NA NA NA NA NA pCO,. We found the slope 20 m above a sample point to be a better predictor
Modeled CO, emissions (mol m~2 d™) of pCO, than 10 m abcl)ve and 10 m bt?lO.W tl}e sample point. Catchmen.t size
and stream slope explained 27% of variation in all pCO, measurements in our
Antenas 263  5.04 094 0.099 234 39 .

_ study sites (p-value <0.0001). Four measurements recorded downstream of a
Colmllle Ly 2ol iz nay 2z 131 large wetland and upstream of a 10 m waterfall, a distance of 120 m, were
Gavilan Inlet 422 496 253 067  20.6 19 much higher in pCO, than predicted by our multilinear regression. Removing
Gavilan Outlet 6.58  11.6 276 0074 724 55 these 4 measurements improved the model fit of the log-linear relationship

2 2 .
Gavilan Trib 1 3.89  2.69  3.09 084 127 18 from R” = 0.27 to R” = 0.42 (Figure 5).
Gavilan Trib2 ~ 3.71 318  2.63 124 109 8 To visualize emission differences along a river reach, we multiplied emission
Gavilan Trib3 NA  NA NA NA NA NA by SA and then calculated cumulative flux from the most upstream mea-

surement to the most downstream reach (Figure 6). These estimates revealed

that Gavilan outlet emitted more than five times the amount of CO, over a 300 m reach than the amount emitted
from all other streams over a similar distance. This analysis also highlights the outsized contribution of specific

river segments to total emission. For example, emissions that occurred between 80 and 110 m in Gavilan Outlet

made up almost half of the emissions from the full reach sampled, 590 m in total. This stream segment corre-

sponds to a tall waterfall downstream of a flow-through wetland. Similarly, emissions from within 50 m was equal
to about a third of total emissions from Colmillo, a 1,350 m river reach.

Using the information above, we modeled pCO,, kg, and CO, emission for every 3 m length stream segment in
river networks draining three catchments of approximately equal area. Models were based on the relationship

I;:)l;leelj Used to Calculate Hydraulic Geometry of Headwater Pdaramo Streams Including Intercept, Coefficients, and Estimate of Model Fit and Statistical Significance
Model Intercept In (catchment) In (slope+1)* R-sq p-value
1. In (Q_m3s) ~ In (catchment) —9.2275 1.1326 NA 0.70 <0.0001
2. In(w) ~ In (catchment) 3.16554 0.24332 NA 0.34 <0.0001
3. In(d) ~ In (catchment) + In (slope+1) 1.49607 0.38943 —1.89478 0.51 <0.0001
4. In (pCO2) ~ In (catchment) + In (slope+1)° 7.93443 —0.17284 —2.55674 0.27 <0.0001
5. 1n (pCO2) ~ In (catchment) + In (slope+1)° 7.85000 —0.18424 —2.04810 0.42 <0.0001

Slopes in model 3 was calculated using elevation difference 10 m upstream and 10 m downstream of the measurement point. Slope in models 4 and 5 was calculated
using elevation difference between the measurement point and 20 m upstream. "This model includes all pCO, measurements collected. “This model omits pCO,
measurements collected within a 120 m reach downstream of the large Gavilan wetland, and upstream of a 10 m waterfall.
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Figure 2. (a) The spatial distribution of pCO, measurements in all mainstream reaches and inset of the Gavilan river network with stream reaches labeled, and
(b) Relationship between pCO, and distance downstream within river reaches. Distance of 0 indicates the most upstream measurement within a stream reach. Streams in
which a significant downward trend was observed include Antenas, the outlet of the large in-stream wetland in Gavilan, and three Gavilan tributaries.

between catchment area, stream slope (derived from a DTM), and stream discharge, width, and depth as observed
in the field. Our findings show that while pCO, decreases with increasing catchment area (Figure 7a), kgqq in-
creases with catchment area for the smallest and mid-sized catchment size bins although not across the largest
catchments (Figure 7b). CO, emission declined slightly with catchment area for all catchments (Figure 7c).
However, when stream width was accounted for in upscaled estimates, we observed a general trend of increasing
CO, emission (mol d™") with catchment area (Figure 7d).

We evaluated CO, emission from an entire stream network (Figure 8a) by summing estimates of emission for
each catchment area bin. As expected from a typical stream network, stream reaches draining small areas were
more abundant than large streams (Figures 8b and 8c). In all stream networks, most CO, is evaded in our smallest
streams. However, we did not observe consistent patterns of CO, emission among catchments. In the river
network draining the Antenas catchment, total flux decreases with increasing catchment area. This pattern was not
observed in the Gavilan catchment where emission was highest in both its smallest and largest catchment areas.

4. Discussion

Our study reports direct measurements of pCO, and hydraulic geometry of headwater streams in an ecosystem
underrepresented in scientific literature, the Ecuadorian paramo (Mosquera et al., 2023). Further, we upscaled our
measurements to estimate CO, emission across the stream networks of three headwater catchments in the paramo.
Streams were supersaturated and a source of CO, to the atmosphere in all measurements. Discrete measurements
ranged from near equilibrium with the atmosphere to over 10,000 ppm. Our measurements were within the range
of measurements recorded at the same location in 2019 (Schneider et al., 2020; Whitmore et al., 2021) and
measurements recorded from headwater streams in boreal landscapes at high latitudes, from Scotland (Dinsmore
et al., 2010) to Sweden (Lundin et al., 2013) to Quebec, Canada (Campeau et al., 2014; Taillardat et al., 2022).
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Figure 3. (a) Direct measurements of pCO,, (b) calculated kg, and (c) CO, emissions calculated from pCO, and kg, in four
stream reaches, and from three small tributaries, arranged from smallest to largest in this figure. Letters indicate significant
differences among stream reaches (p-value <0.05). Red diamonds indicate the mean values, and the dashed, red line
indicates atmospheric CO, concentration.

pCO, recorded in our study's largest stream closely matched that of a first-order stream in northern Sweden, with
average differences of less than 3% (Lundin et al., 2013). Though far from the tropics, the boreal landscapes
highlighted in these studies shared similarities with our paramo site including glacier carved, U-shaped valleys, a
high density of lakes and wetlands, and carbon rich, peatland soils. We found pCO, at our sites to be lower on
average than in boreal studies. In addition, k¢, values were higher in our study site as a result of steep slopes
(Campeau et al., 2014; Lundin et al., 2013; Taillardat et al., 2022; Teodoru et al., 2009), and suggest that lower
pCO, in our study region may be a result of faster emission rather than lower carbon loading.

pCO, reported in this study is much higher in both range and average than pCO, reported in studies of mountainous
regions at northern latitudes such as in the Alps in Europe (mean = 718 ppm; Schelker et al., 2016) and the Rocky
Mountains of North America (median = 445 ppm; Clow et al., 2021 and mean =417 ppm; Crawford etal., 2015). In
such studies, researchers report streams with steeply sloped catchments and dominated by rocky soils. Low pCO, in
mountain streams has been attributed to low inputs from organic-carbon poor soils (Crawford et al., 2015).
However, more recent studies have shown steep slopes of mountain streams drive high rates of emission and a rapid
decline in pCO, rather than suppressed groundwater inputs (Clow et al., 2021; Horgby et al., 2019). In contrast,
streams in our site are not only steep sloped but they also sustain pCO, concentrations well above atmosphere
concentrations, >1,000, presumably due to shallow and subsurface groundwater inputs supplemented by in-stream
respiration, as observed in other studies (Duvert et al., 2018; Horgby et al., 2019; Limpens et al., 2008).

Sampling for our study took place over the course of a few weeks and during daylight hours. This short but
spatially explicit snapshot of pCO, dynamics does not account for diurnal or seasonal variation in temperature,
light, and climate—all of which are expected to drive fluctuation in pCO, throughout the day and year. Globally,
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Figure 4. (a) Discharge, (b) width, and (c) depth increased with catchment area in a paramo river network. In addition, depth decreased with stream gradient (slope). The
black line is the fit from natural log-linear regressions and the gray band represents 95% confidence interval of the predicted hydraulic variable. Coefficients for all

models can be found in Table 3.

CO, emission from rivers increase at night, driven in part by biotic in-stream processes (Goémez-Gener
et al., 2021), and by storm-events (Woodrow et al., 2024). A previous study of the Gavilan outlet reported
maximum pCO, to occur most frequently at-dawn, which is also outside of our sampling window (Whitmore
etal., 2021). Since our sampling effort took place from the late morning through the afternoon, we expect reported
values of pCO, to be slightly lower than daily averages. Seasonally, the tropical paramo is far more consistent in
temperature throughout the year than other systems at higher latitudes. Unlike boreal streams, paramo streams
never accumulate ice and likely emit CO, year-round. Understanding the effect of seasonality is critical to
accurately estimating carbon emissions from the tropical pdramo and a major need in future sampling efforts.

4.1. What Patterns of pCO, Can Be Observed Within River Reaches and Within River Networks?

We observed a pattern of decreasing pCO, in the downstream direction in small stream reaches that originate at
spring heads. Concentrations that exceeded 10,000 ppm decreased by over 70% within 100 m, a rate of decline
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Figure 5. pCO, decreased with catchment area and with increasingly steep steam gradient upstream of sample point. The
black line is the fit from log linear regressions and the gray band represents 95% CI of the predicted hydraulic variable. The
red circle indicates 4 sample points measured directly below a large wetland outlet. Model fit improves with the removal of
these points from R> = 0.27 to R* = 0.42. Coefficients for pCO, prediction model can be found in Table 3.
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Figure 7. (a) pCO, in ppm, (b) k¢, in m () CO, emission in mol m~2d~"!, and (d) CO, emission in mol d~" modeled for all 3 m stream reaches within river networks
of three similarly sized catchments, Antenas, Gavilan, and Colmillo. Stream reaches were separated into 5 bins following a logarithmic transformation of catchment
area. Red diamonds indicate the mean value of all catchments for each sub-catchment area bin. Four negative values are not shown in Figures 7c and 7d due to log

transformation.

within the range reported by other studies of pCO, attenuation in tropical, subtropical, and temperate seeps and
springs (Chan et al., 2021; Duvert et al., 2018). A trend of decreasing pCO, with increasing stream size has been
reported in previous studies (Finlay, 2003; Johnson et al., 2008; Wallin et al., 2018). For example, in a forested
Amazonian catchment, very high pCO, concentrations were observed in seeps and headwaters in upstream lo-
cations (11,000 to 25,000 ppm), declining to 4,000 to 5,000 ppm within 5,000 m (Davidson et al., 2010).

A large, in-stream wetland interrupted the trend of declining pCO, in the Gavilan stream reach. Though pCO,
concentrations at the inlet of the wetland were lower than 1,000 ppm, pCO, at the outlet was similar in magnitude
to those observed at spring heads (~7,000 ppm). In addition, along the stream reach flowing out of the Gavilan,
we observed short-lived increases in pCO, as the stream cut through a wetland and received lateral inflows of
small tributaries (Figure 2b). Previous studies of peatland-rich environments have found pCO, to be closely
related to soil type; for instance, pCO, is seen to decrease when flowing through mineral soil but increase when
flowing through peatland soils (Hope et al., 2014; Wallin et al., 2010). As in our study, others have found peatland
soils capable of replenishing CO, in streams to levels similar to direct additions from groundwater (Taillardat
et al., 2022).

We observed the highest pCO, and the most pronounced downstream trend in areas where sampling points were
close to groundwater springs or wetland outlets, highlighting the need to include springs and seeps in the eval-
uation of paramo river networks. We did not observe a trend of decreasing pCO, in our largest stream, Colmillo
nor in the Gavilan Inlet. Though the most upstream measurement of Gavilan Inlet emerged from underground, our
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Figure 8. (a) Rate of CO, emission (mol d™") across the stream network of the three study catchments, (b) frequency distribution of catchment areas within the three
study catchments, and (c) the total emission in mol day ™' for each sub-catchment area bin.

observations suggest the bulk of that flow comes from large macropore flowpaths, common in peatlands
(Holden, 2005). In contrast with spring heads flowing from groundwater, macropore flowpaths can develop
turbulent flow like those found in an open stream channel, capable of emitting CO, before reaching the macropore
outlet (Dinsmore et al., 2011). Though lower in pCO, overall, stream reaches Colmillo and Gavilan Inlet did not
reach equilibrium with the atmosphere (Figures 2 and 3a), and inputs from floodplains, riparian wetlands, and
in-stream respiration are likely responsible for sustaining high pCO, throughout the reach (Duvert et al., 2018;
Lupon et al., 2019, 2023).

Together, catchment area and stream slope were predictive of pCO, in streams. pCO, declined with catchment
area and with steeper slopes upstream, explaining 42% variability in pCO,. Previous studies have found slope to
drive k in lotic environments (Raymond et al., 2012; Ulseth et al., 2019; Wallin et al., 2011) and thus we hy-
pothesize that steeper slopes facilitate high emissions upstream and reduce pCO, downstream. pCO, in stream
networks can be highly spatially variable (Rocher-Ros et al., 2019) and difficult to capture within heterogeneous
river networks. An approach to representing this variability used a complex model that included groundwater
inputs, water column, benthic hyporheic zone respiration, advection, and emission (Saccardi & Winnick, 2021),
and even though model parameters were optimized to observations within their network, this model reached an R?
of 0.70. A model based on global observation of pCO, that spanned wide gradients in productivity, biomes, and
temperature and included many model predictors (Lauerwald et al., 2015) had an R? of 0.47. While our model is
quite parsimonious, including only 2 predictors, it explains a substantial amount of variability of pCO, in our
study system.

We identified pCO, measured just downstream of the Gavilan wetland to be outliers, underestimated by
catchment and slope. The Gavilan wetland is a particularly large flow-through wetland that was not observed in
any of the other catchments we sampled. We subsequently removed these points from upscaling models.
Nonetheless, wetlands of this size do occur throughout the pdramo and are clearly a substantial source of CO, to
the atmosphere. Future work to upscale CO, estimates will need to include these uniquely large landscape
features.

4.2. What Patterns of k4), Can Be Observed Within River Networks?

In our focal stream reaches, modeled k¢, was highest in streams of intermediate size, namely the Gavilan inlet
and outlet (Figure 3b). When we upscaled estimates to headwater river networks, our modeled estimation of k¢,

WHITMORE ET AL.

14 of 18

85U8017 SUOWILIOD BAIE8.1D) 8(ed! [dde ay) Aq peusenoB 812 S9Ie VO ‘95N JO S3|nJ 0§ ARiq1T 8UIUO /B UO (SUORIPUCD-PUR-SWLBIALIOY A8 1M Ate.q Ul juO//SdIy) SUORIPUOD pUe SULB | 8} 89S *[G202/S0/TT] Uo AiqiT8ulluo AB|IM ‘S90us s I noLiBy JO AVSIBAIUN USIpems Aq 9E08E08MYZ02/620T OT/10p/wod’ A | 1m Akeiqiputuo'sandnBe//sdny Wwoiy pepeojumoq v ‘520z '€L6.76T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2024WR038036

also increased with catchment area from the smallest to mid-sized catchments. Modeled kg, wWas highest on
average in our intermediate to largest streams but this trend varied greatly between catchments (Figure 7b). The
increase in kg, with stream size was unexpected and differed from previous studies of both mountainous and low
gradient landscapes (Clow et al., 2021; Raymond et al., 2012; Schelker et al., 2016; Wallin et al., 2018). Low
order streams often correspond with steeper slopes, especially in mountainous environments. Findings of
increasing kg, with stream size are rare. Campeau et al. (2014) for example, found increasing kg, with total
stream length and attributed this to their boreal system's flat landscape.

Variability in discharge rather than slope was determined to be an important driver of k4, in our system. In this
mountain environment, streams slopes were high in catchments of all sizes (Figure S6 in Supporting Informa-
tion S1). In contrast, discharge, width, and depth, had a much stronger relationship to catchment area (Figure 4).
While streams in this study range in size, they are all low-order streams. Had our study included larger streams we
may have observed more consistently lower-gradient steam slopes.

It is important to note that the empirical relationships used to estimate kg, in our study are based on measure-
ments made in non-paramo streams (Ulseth et al., 2019), which may differ in morphology, topography, and
streambed roughness. In addition, the smallest streams measured in our study were smaller than the range of
streams used to develop the Ulseth et al. (2019) models. Nonetheless, our measurements confirm that very small
streams are capable of sustaining very high rates of CO, emission and therefore more accurate quantification of
CO, emission in small systems is needed, not just in the paramo but globally. Furthermore, direct measurements
of kg, that capture the role of microtopography within a single stream are needed. Direct observations using
tracer injections of argon, propane, or CO, (Hall & Madinger, 2018; McDowell & Johnson, 2018) should be a
focus of future work.

4.3. Where do Most Emissions Occur Within a Headwater River Network?

We highlight four factors central to understanding and upscaling CO, emission from a freshwater landscape.
These factors can be thought of as iterative in nature, and include: (a) pCO,, (b) kg0, () SA, and (d) density of the
river drainage network. We found the interpretation of emission patterns and location of emission hotspots to
change depending on the role of one or more of these factors. The highest emission rates per meter squared were
observed in streams that drained catchments less than 50 ha in area. The outsized importance of small streams
within a river network has been reported in many studies (Hotchkiss et al., 2015; Marx et al., 2017). Though all
streams measured in this study are small, our analysis nevertheless shows the importance of considering SA.
When we incorporated SA into our estimation of emission, small streams decreased in relative importance. A
wider stream with greater water/atmosphere interface will emit more CO, than a narrower stream with compa-
rable pCO, and kg attributes and therefore we found emission rates to be generally higher in our larger streams
(Figures 6 and 7). This may be particularly relevant to paramo systems, where elevated pCO, is sustained by
groundwater inputs from carbon rich peatlands along the way in contrast to other systems where CO, may be
more depleted in high order streams.

Lastly, in a dendritic drainage network, the density of smaller streams is higher than larger streams. Small streams
have been found to make up 90% of total stream length in a Swedish catchments less than 15,000 m* (Bishop
et al., 2008) and 96% of the number of streams globally (Marx et al., 2017). For our study region, the Andean-
Amazon basin, it has been estimated that stream area has been underestimated by up to 67% because of small
streams (Allen & Pavelsky, 2018). When we included the drainage network in our upscaled estimates of CO,
emission from three catchments, we found the smallest streams to emit the highest amount of CO,. Furthermore,
we found catchment geomorphology, which shapes both drainage patterns and river gradient, to play an important
role in determining where most emissions occur. As a result, we observed differences in the spatial patterns of
total CO, emissions among catchments.

The upscaling exercise presented in this study omits atypical landscape elements such as large, flow-through
wetlands. We have evidence that wetlands export high levels of pCO,, not well predicted by catchment area
and may contribute disproportionally to emissions from a catchment (Figure 6). Abrupt changes in elevation such
as waterfalls or very steep reaches are also not fully represented in our upscaling model and may play an important
role in controlling the location of emission hot spots within a catchment. We observed notable increases in CO,
emission over short distances that corresponded to known locations of waterfalls (Figure 6). This finding is
valuable in highlighting the potential disproportionate importance of localized points in driving CO, emissions.
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Further, defining the spring head of a stream and predicting its location within the landscape can alter emission
estimates greatly. Given that we omitted flow-through wetlands and used a conservative stream initiation value,
we expect our estimate of emissions to be conservative overall. Finally, an elevation driven gradient of soil depth
and vegetation community had the potential to be a confounding factor in our study where the elevation relief
within each catchment is greater than 400 m. We saw no evidence of an elevation effect in our study: Antenas was
very high in elevation, yet pCO, at its spring head was of similar magnitude to a same-sized stream at lower
elevation. Nevertheless, future upscaling of this ecoregion should include consideration of flow-through wet-
lands, a more well-defined stream initiation value, and the potential effects of elevation and corresponding
vegetation zones.

5. Conclusion

Our study, located in a high elevation, tropical peatland, represents a significant contribution to the body of
literature estimating global carbon emissions from freshwater systems. Current global models rely on local
estimation of carbon processes and surface water extent, which are critically lacking in paramo ecoregions. In this
study we recorded direct measurements of pCO, and channel geometry in headwaters of a paramo ecosystem,
evaluated spatial patterns across the landscape, and connected patterns to landscape geomorphology and riverine
morphology.

We found streams to be net sources of carbon and measured very high pCO, at spring heads and at a wetland
outlet. A pattern of decreasing pCO, within short distances underscores the importance of sampling headwaters
near spring heads and at wetland outlets. Downstream, pCO, was sustained in larger rivers by some combination
of floodplain soils, wetlands, and instream respiration. Decreasing pCO, and increasing k¢, with catchment area
resulted in CO, emission controls differing by landscape position. When we include SA, the largest stream
appeared to become a more significant source of CO, emission. However, this gap closed when we considered the
entire drainage network.

Our study highlights the need to include all components of the river network, rates of emission, stream width, and
drainage network density when studying river systems. The spatially explicit observations presented here suggest
that important contributions of dissolved carbon from shallow groundwater and peatlands along stream reaches
are responsible for sustaining emissions across the stream network. However, our study represents only a starting
framework. New research questions in combination with co-located, independent methodologies are needed to
fully characterize carbon emission dynamics from these high-density paramo river networks. Future studies
should focus on, for example, improved estimations of kg in relation to geomorphology, independent, land-
atmosphere measures of carbon exchange (e.g., eddy covariance), and the temporal variability of many of the
dynamics presented here through continuous monitoring. Site specific models of k¢, that include super saturated,
very small streams are also needed. This information is important to inform models of CO, emissions to upscaled
to entire river networks in tropical mountainous regions.

Data Availability Statement

All data used in analyses and figure production for this study are publicly available for download via HydroShare
(Whitmore et al., 2024).
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