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Abstract High-altitude tropical grasslands, known as “pdramos,” are characterized by high solar
radiation, high precipitation, and low temperature. They also exhibit some of the highest ecosystem
carbon stocks per unit area on Earth. Recent observations have shown that piramos may be a net source of
CO, to the atmosphere as a result of climate change; however, little is known about the source of this excess
CO, in these mountainous environments or which landscape components contribute the most CO,. We
evaluated the spatial and temporal variability of surface CO, fluxes to the atmosphere from adjacent
terrestrial and aquatic environments in a high-altitude catchment of Ecuador, based on a suite of field
measurements performed during the wet season. Our findings revealed the importance of hydrologic
dynamics in regulating the magnitude and likely fate of dissolved carbon in the stream. While headwater
catchments are known to contribute disproportionately larger amounts of carbon to the atmosphere than
their downstream counterparts, our study highlights the spatial heterogeneity of CO, fluxes within and
between aquatic and terrestrial landscape elements in headwater catchments of complex topography. Our
findings revealed that CO, evasion from stream surfaces was up to an order of magnitude greater than
soil CO, efflux from the adjacent terrestrial environment. Stream carbon flux to the atmosphere appeared to
be transport limited (i.e., controlled by flow characteristics, turbulent flow, and water velocity) in the upper
reaches of the stream, and source limited (i.e., controlled by CO, and carbon availability) in the lower
reaches of the stream. A 4-m waterfall along the channel accounted for up to 35% of the total evasion
observed along a 250-m stream reach. These findings represent a first step in understanding ecosystem
carbon cycling at the interface of terrestrial and aquatic ecosystems in high-altitude, tropical, headwater
catchments.

Plain Language Summary Mountain streams are a critical part of the global carbon cycle.
Multiple studies have highlighted this importance in different regions around the globe, and some have
shown that mountain streams are a significant source of carbon dioxide emissions. The Tropical Andes are
unique because of proximity to the equator, high elevation, and high rainfall. We studied a high-altitude,
tropical grassland ecosystem known as a “paramo,” which contains some of the highest carbon stocks on
Earth. Our results demonstrate that hydrologic connectivity between wetlands and streams is critical for the
movement of carbon downstream and also for the emissions of carbon to the atmosphere. Our study
highlights that hydrologic dynamics play an important role in determining the amount and the fate of
dissolved carbon within the stream as well as the spatial differences in carbon emissions across the
aquatic-terrestrial interface. These results represent a first step in understanding ecosystem-level carbon
cycling between wetland and stream ecosystems in high-altitude, tropical, headwater catchments.

1. Introduction

A rapidly growing body of work recognizes inland waters as fundamental players in the carbon cycle
(Bastviken et al., 2011; Butman & Raymond, 2011; Hotchkiss et al., 2015; Raymond et al., 2013). In particu-
lar, headwater streams have been the focus of recent scientific investigations because they connect terrestrial
and aquatic ecosystems, having a higher proportion of stream water volume in direct contact with adjacent
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soils (Argerich et al., 2016; Benstead & Leigh, 2012). Headwater streams receive and transform terrestrial
carbon, emitting greenhouse gases such as CO, into the atmosphere, and transporting dissolved organic,
inorganic, or particulate carbon downstream (Aufdenkampe et al., 2011; Battin et al., 2008). Headwater
streams comprise over 80% of the total length of all perennial channels (Downing et al., 2012; Vannote
et al., 1980), and recent investigations suggest that the surface area of these streams is much greater than pre-
viously thought, particularly in areas with dense stream networks such as the Andean-Amazon basin where
stream surface area has been underestimated by up to 67% (Allen & Pavelsky, 2018).

While the importance of headwater streams in the global carbon cycle seems clear today, CO, effluxes from
headwater catchments are poorly characterized. Studies that quantify CO, fluxes from aquatic environments
traditionally focus on one type of aquatic system (i.e., wetland, stream, and lake), keeping with a long tradi-
tion of intellectual separation among lake, stream, and wetland science (Stanley & del Giorgio, 2018). The
result is a disconnect in our understanding of how hydrologic processes affect whole-ecosystem C fluxes
across the continuum from terrestrial to aquatic systems. Current estimates suggest that the fate of terrestrial
C entering aquatic systems involves mainly two large fluxes: direct loss of aquatic C to the atmosphere and
downstream export (Cole et al., 2007; Ward et al., 2017); only a small fraction of the terrestrial C input is
stored in aquatic sediments. A recent cross-ecosystem review by Webb et al. (2019) integrated aquatic and
terrestrial fluxes at the catchment scale on an annual basis and across a broad latitudinal gradient. Two
important themes emerged after the Webb et al. (2019) study. The first is that aquatic C fluxes represent a
wide range of the total net ecosystem carbon budget across different ecosystems (e.g., forests, wetlands,
and agrosystems). The second theme is that the role of hydrologic processes in contributing to the variability
of such aquatic C fluxes may be as wide and varied as the ecosystems themselves. For instance, at the
continental scale, Hotchkiss et al. (2015) suggested that the relative role of rivers as conduits for terrestrial
CO, efflux is a function of their size as well as their connectivity with landscapes. The same researchers
suggested that for some rivers, hydrologic connectivity with floodplains might be more important than dis-
charge, stream order, or other size-based attributes. At the scale of single catchments, connectivity between
streams and nearby soils is known to facilitate the delivery of dissolved carbon to the stream (Pacific
etal., 2010). However, factors such as topography and hydrologic dynamics are known to mediate the spatial
patterns of greenhouse gas fluxes from terrestrial environments to the atmosphere (Riveros-Iregui &
McGlynn, 2009; Riveros-Iregui, McGlynn, et al., 2011). To the best of our knowledge, a comparison of
CO, effluxes from different landscape elements, including adjacent terrestrial and aquatic environments,
and in the context of hydrologic variability is lacking.

Recent investigations have highlighted the role of mountainous environments in global carbon fluxes,
as CO, fluxes from mountain streams can equal or exceed those from lowland tropical environments
or boreal streams (Horgby, Segatto, et al., 2019). One region that has remained absent from direct
observations in mountain environments are the Tropical Andes, particularly at the highest elevations
(Riveros-Iregui et al., 2018). These are regions known to be important carbon stores due to unique com-
binations of environmental variables, including high solar radiation, high precipitation, and low tem-
perature. In fact, high-altitude tropical grasslands known as “paramos” exhibit some of the highest
rates of ecosystem carbon storage per unit area on Earth (30% by volume; Hribljan et al., 2017), not-
withstanding that their geographic extent along the Andes is small (from 35,000 to 77,000 km?%
Buytaert et al., 2006; Luteyn, 1999). Field observations from paramos have shown that, at the ecosystem
level, these high-altitude grasslands may act as a net source of CO, to the atmosphere, likely as a result
of ongoing climate change (Carrillo-Rojas et al., 2019). However, little is known about the source of this
excess CO, in these mountainous environments or whether specific landscape positions may be dispro-
portionally contributing more CO, to the atmosphere than others.

In this paper, we evaluated the spatial and temporal variability of surface CO, fluxes from adjacent terres-
trial and aquatic environments in high-altitude, tropical environments. We report on direct observations
conducted over 7 weeks of the wet season in a small pdramo catchment in northern Ecuador with strong geo-
morphic gradients. We provide a comparison of terrestrial and aquatic CO, fluxes from diel to seasonal time
scales with a threefold goal: (1) to quantify CO, fluxes to the atmosphere from adjacent aquatic-terrestrial
ecosystems, (2) to evaluate the longitudinal change of aquatic CO, fluxes to the atmosphere, and (3) to pro-
vide a field evaluation of CO, fluxes to the atmosphere across wetland-stream transitions. This new
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Figure 1. (top left) The map of Ecuador was produced by the GinkoMaps project (https://www.ginkomaps.com). (top center) Digital elevation model of the
study catchment, located in the Cayambe-Coca Ecological Reserve. (top right) Sampling locations across the terrestrial and aquatic environments, which
included soil CO, efflux (terrestrial) and pCO, and CO, observations (aquatic). Bottom panels depict photographs of the study site, including peatland with
Antisana Volcano in the background (bottom left) and peatland outlet (bottom right).

understanding is needed to better constrain estimates of CO, effluxes from heterogeneous, headwater
catchments in high-altitude tropical regions.

2. Methods
2.1. Study Site

Our research site was located in the Cayambe-Coca National Park, a paramo ecoregion in the northern
Ecuadorian Andes (elevation 4,130 m). This paramo ecosystem exhibits a mean daily temperature of 5°C
and a mean annual precipitation of 1,375 mm (Sanchez et al., 2017). The study watershed was a headwater
catchment delimited to the west by the continental divide of the Andes Mountains, and draining to the east
toward the Napo and Amazon Rivers. The site is characterized by high-altitude wetland and peatland com-
plexes that are connected by well-defined, incised stream channels. Land cover at this site consists of pAramo
vegetation communities, including grassland, scrublands, and small pockets of high Andean forests and
dense shrubs. Vegetation in the hillslopes includes Calamagrostis intermedia, Diplostephium spp.,
Loricaria spp., and Hypericum laricifolium. We focused on a 2.3-ha peatland (hereafter peatland) drained
by a single outlet on the south end and into a stream channel cutting through complex topography
(Figure 1). Vegetation in this peatland is dominated by Carex lemanniana, Calamagrostis ligulata, and
Eleocharis sp. The outlet stream flowed NNE-SSW, of which the first 250 m was selected as the stream reach
for this study (hereafter stream reach). This stream reach was divided into upper and lower portions by a 4-m
waterfall located 107 m downstream from the peatland outlet (Figure 1). Mean peatland soil depth for the
region is 4.6 m, with a mean estimated storage of 2,100 Mg C ha™!, believed to be at least 3,000 years old
(Hribljan et al., 2016, 2017).

2.2. Environmental Variables

We evaluated the spatial and temporal variability of CO, effluxes to the atmosphere from this headwater
catchment, based on a suite of field measurements performed from 1 July to 16 August 2019; this period
is typically the beginning of the wet season for the region (Sklenaf & Laegaard, 2003). Precipitation was
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recorded every 5 min at a weather station located ~1 km to the south (Station No. M5025, Lat: —0.33,
Long: —78.19), which is part of the Hydroclimatic Stations Network of the Fund for the Protection of
Water (FONAG), a member of the Latin American Water Funds Partnership.

Water level was collected from two permanently deployed in-stream water level loggers along the channel
(Model 3001, Solinst Canada Ltd., Georgetown, Ontario), collecting observations every 15 min. Dissolved
oxygen (DO) was collected using DO sensors (HOBO Dissolved Oxygen Level Logger, Onset Computer
Corporation, Bourne, Massachusetts) every 15 min. Level-discharge rating curves were developed by collect-
ing velocity, depth, and width measurements of vertical segments across the stream cross section and adding
discharges for all segments. Velocity measurements were collected using a current meter (Model FP101,
Global Flow Probe, Global Water, Gold River, California). Rating curves were based on 40 discharge mea-
surements collected over the course of the study period. Discharge is reported in (m® s™).

2.3. Aquatic Fluxes: pCO,, CO, Evasion, and Other Aquatic Variables

We report on continuous and discrete observations of several variables collected throughout our site. Four
stations were established in the stream reach at 6.2 m (Station 1), 26 m (Station 2), 56 m (Station 3), and
140 m (Station 4) downstream from the peatland outlet. Each station was equipped with a solid-state CO,
sensor (GMP222 with transmitter, Vaisala, Helsinki, Finland) installed at the bottom of the stream measur-
ing dissolved CO, (pCO,) at 15-min intervals and logging to a datalogger (OM-CP-VOLT101A-2.5 V, Omega
Engineering Inc., Norwalk, Connecticut). The solid-state sensors were adapted for wet environments as in
Johnson et al. (2010), and all measurements were corrected following pressure and temperature compensa-
tory procedures described by the manufacturer in the manual. Along with the CO, probes, two water-level
loggers were placed at Stations 1 and 3, and three DO sensors were placed at Stations 1, 2, and 4.

We deployed two EosFD flux chambers (EosFD, Eosense Inc., Dartmouth, Nova Scotia Canada) to estimate
so0il CO, efflux and CO, evasion. Because the EosFD was developed for measurements over the soil (Risk
etal., 2011), we adapted one unit for continuous measurements of CO, evasion from the water surface using
a floating platform collar open at the bottom that allowed for minimum disruption of streamflow while trap-
ping CO, evaded from the water surface under most levels of streamflow. The floating platform was con-
structed from a semirigid plastic disk with a 61-cm diameter fastened to two “pontoons” made of 6.35-cm
diameter PVC pipe. The pontoons were cut to ~61-cm lengths and capped to provide flotation and angled
in a “V” configuration so that they would not create turbulent conditions of water flowing under the disk
and eosFD. In addition, the disk was fitted with a PVC collar in the center, allowing the eosFD to fit snuggly
onto one end while the other end dipped approximately 3 cm below the water surface when floating in the
stream. A C6 Multi-Sensor (C6 Multi-Sensor Platform, Turner Designs Inc., San Jose, California) was
deployed between Stations 1 and 2, 10 m downstream from the peatland outlet, to collect measurements
of turbidity, chlorophyll A, and colored dissolved organic matter (CDOM). This C6 sensor was calibrated
in the lab according to the manufacturer's instructions prior to deployment, with one final calibration in situ
to adjust for local elevation and atmospheric pressure. The C6 was initially deployed at a depth of 20 cm
below the water surface, but this depth ranged between 5 and 45 cm with changing water stage.

In addition to the continuous pCO, observations at the four stations, we collected synoptic observations at 35
locations along the 250-m reach on six different days throughout the study period. These sampling cam-
paigns included manual measurements of pCO, using a handheld probe (GM70 Hand-held, Vaisala,
Helsinki, Finland) at spatial intervals ranging from 2 to 10 m (n = 35), and measurements of CO, evasion
at spatial intervals ranging from 10 to 35 m (n = 10). The pCO, observations measured by the GM70 probe
were corrected for temperature and pressure following compensatory procedures described by the manufac-
turer in the manual. To measure CO, evasion, the EosFD chamber was secured to a rebar post, which was
inserted into the bottom of the streambed so that the bottom of the EosFD chamber was flush with the sur-
face of the water. This design was intended to minimally disrupt flow while creating a seal preventing atmo-
spheric air from entering the chamber while measurements were being conducted. Three CO, evasion
measurements were collected at each site at 5-min intervals for a total of 15 min per site. Synoptic observa-
tions were conducted on 18, 25, 29, and 31 July and 6 and 12 August with the goal of capturing the dynamics
of pCO, and CO, evasion under different hydrologic conditions.
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Figure 2. Continuous observations of rainfall (5 min), CO, evasion (15 min),

and dissolved CO, (pCO,; 15 min) collected at monitoring four stations along
the stream channel.

2.4. Terrestrial Fluxes: Soil CO, Efflux

Two transects were established on hillslopes adjacent to the peatland,
along a soil moisture gradient imposed by topography that exhibited
various degrees of saturation. The first transect was established north
of the peatland (i.e., opposite end from the peatland outlet), with
three permanent plots starting at the edge of the peatland and extend-
ing into the adjacent hillslope. The second transect was established to
the southeast of the peatland, with four permanent plots starting at
the edge of the peatland and extending into the adjacent hillslope.
In each transect plot, a PVC collar was inserted approximately 1 cm
into the soil and the vegetation was carefully removed from the
enclosed area as in Riveros-Iregui and McGlynn (2009). Due to the
known challenges of overestimation of soil moisture in organic soils
using traditional field soil moisture sensors (Pacific et al., 2008), soil
moisture was not volumetrically measured and instead it was only
characterized by the level of saturation of the soil, divided into either
“saturated” or “unsaturated” based on whether standing water was
present. Flux was measured by placing the EosFD flux chamber over
each collar and allowing for sampling for 15 min at 5-min intervals,
for a total of three soil CO, efflux measurements per plot. Results
are reported as the mean and one standard deviation of the three
measurements.

2.5. Isotopic Analysis of Soil CO, Efflux and CO, Evasion

Air samples for isotopic analysis were collected during four synoptic campaign days along the stream reach,
and during four additional days from the two hillslope transects. The aforementioned PVC collars were
adapted for manual sampling of their headspace with Nalgene tubing installed through the side, sealed,
and fitted with a stopcock valve. On sampling days, 120 ml of headspace air were extracted from each
PVC collar with a syringe over a period of 2 min, following Liang et al. (2016). Gas extraction was conducted
while the EosFD chamber was deployed and circulating air, and once all EosFD measurements had been
completed. The samples were immediately transferred into 1-L Tedlar bags (Standard FlexFoil Air Sample
Bags, SKC Inc., Eighty Four, Pennsylvania) and taken to the lab for analysis.

Within 24 hr of collection, Tedlar bags were connected to a Cavity Ring-Down Spectroscopy (CRDS) analy-
zer (Model 2101-i Picarro Inc., Santa Clara, California) to measure the §'3C composition of CO, in soil efflux
and evasion. The CRDS analyzer was routinely calibrated following manufacturer’s recommendations in a
lab at the Universidad de San Francisco de Quito and according to protocols described in Liang et al. (2016).
Working standards were created in-lab using a purchased NOAA Global Monitoring Division certified CO,
standard. The measured precision of the standard gas was better than 0.2%. from 20 repeated measurements.

3. Results

3.1. Environmental Variables

Variability of precipitation is summarized in Figure 2 (top panel). During the seven-week study period, the
site received 340 mm of rainfall with a maximum daily value of 38.2 mm on 14 July 2019. This maximum
value was also the largest daily rainfall amount recorded at this site since 2012. During the study period, over
half of the days (60%) received less than 6 mm of rainfall, while the historic record shows that, since 2010,
88% of days have received at least 0.2 mm of rainfall. Average daily temperature was 2.9°C, with a daily max-
imum of 5.5°C and a daily minimum of 1.4°C. The highest temperature recorded during the study period was
12°C on 3 July, whereas the lowest temperature was —2.2°C recorded on 14 August. Discharge in the stream
reach ranged by over an order of magnitude, from 0.0025 m>/s on 12 August to 0.06 m>/s on 14 July 2019.

3.2. Aquatic Fluxes: pCO,, CO, Evasion, and Other Aquatic Variables

Continuous measurements collected at Stations 1, 2, and 3 showed an increase in pCO, over periods of low
precipitation and a decrease in pCO, following precipitation events (Figure 2, bottom panel). In general,
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Figure 3. Dissolved CO, (pCO,; left) and CO, evasion (right) measured over six different days in relation to the outlet of
the 2.3-ha peatland. Different colors represent the different days in which these synoptic observations were

conducted and the measured discharge on each day. The dashed lines denote the location a 4-m waterfall along the
stream channel.

pCO, across Stations 1, 2, and 3 was similar in magnitude and temporal behavior, varying by at least
1,000 ppm over the course of a day and ranging from 1,000 to over 4,000 ppm over the study period. In
contrast, pCO, measured below the waterfall at Station 4 was much lower in magnitude, varying by less
than 100 ppm over the course of a day and ranging from 250 to 750 ppm over the study period. CO,
evasion measured continuously at Station 1 varied by approximately 1.5 umol m™2 s™* on a diel basis,
ranging from 0.5 to 3.5 umol m~2 s™* over the study period (Figure 2, middle panel). Measurements of
CO, evasion at Station 4 were conducted for only a few days before a large storm event permanently
damaged our sampling setup. During these few days, CO, evasion at Station 4 ranged from close to 0 to
0.8 umol m™2 s, and it appears that CO, evasion was increasing rapidly as discharge increased during
the storm.

Discrete observations along the stream reach revealed that pCO, and CO, evasion were higher near the out-
let of the peatland and progressively decreased downstream (Figure 3). This pattern was consistent over all
six synoptic campaigns, with pCO, decreasing from 3,850 ppm near the outlet of the peatland to ~400 ppm at
the most downstream portion of the stream reach (250 m downstream). After the rapid decrease of pCO, in
the upper 125 m of the stream, pCO, remained relatively constant for the remaining 125 m of the stream
reach. CO, evasion followed a similar decreasing trend in the downstream direction although not as well
defined as pCO,, particularly within the upper portion of the stream. For the upper 125 m of the stream
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(CDOM), chlorophyll A, and dissolved oxygen (DO) collected 18 m downstream from outlet over a 6-day period that
included a record-setting rainfall event (14 July).
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responded to increases in discharge but maintained their diel
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between 1500 and 1700 LT, and a daily minimum did not occur dur-
ing a consistent time period.

3.3. Terrestrial Fluxes: Soil CO, Efflux

The average CO, efflux from unsaturated soil was 0.83 umol m~2s™*, whereas CO, efflux from saturated soil

was 0.46 umol m~2 s~ (Figure 5). For comparison, the average CO, evasion flux measured in the upper
100 m of the stream reach was 5.24 ymol m™2 s™*, about 7.7 times higher than that of the lower portion
of the stream reach (0.68 umol m™2 s™%). Overall, mean soil CO, efflux was greater (p < 0.001; Wilcoxon
Rank Sum and two-sampled ¢ test) in unsaturated soils (n = 108) than in saturated soils (n = 83).
However, regardless of saturation, mean soil CO, efflux was lower (p < 0.001) than mean CO, evasion from
the upper stream reach (n = 75). CO, evasion from the lower stream reach (n = 114) was lower than soil CO,
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Figure 6. The st3c composition of CO, evasion (513CAQ) collected from the surface water during four synoptic
campaigns and graphed as a function of distance from the peatland outlet. Symbol colors correspond with discharge
values in Figure 3. The dashed lines denote the location a 4-m waterfall along the stream channel.
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Figure 7. The st3c composition of CO, efflux (613CS) collected from the soil

surface, including unsaturated and saturated locations. Data points represent
the mean and one standard deviation of all measurements.

efflux from unsaturated soils (p < 0.01) but greater than soil CO,
efflux from saturated soils (p < 0.001). Finally, we observed differ-
ences in the diel dynamics of soil CO, efflux compared to CO, eva-
sion from the stream (Figure 5, inset). CO, evasion ranged from ~1

2 57! with well-defined diel patterns, whereas soil
-1

to 2.9 umol m™
CO, efflux from saturated soils ranged from 0.2 to 0.4 umol m™2 s
with no sign of diel variability.

3.4. Isotopic Analysis of Soil CO, Efflux and CO, Evasion

The §3C composition of CO, evasion from the stream "¢ AQ) Was
measured over four synoptic campaigns (n = 37). The §**C 'AQ ACTOSS
all samples ranged from —10.9%. to —17.2%. (Figure 6). In general,
the highest observed 8'°C,, along the stream reach was in the vici-
nity of the waterfall occurring at 107 m downstream of the outlet.
However, no other apparent spatial pattern was observed along the
stream reach. On the other hand, the variability in §"*C of soil CO,

efflux (§'*Cg) collected from soil collars is shown in Figure 7, separated into saturated and unsaturated areas.
The §"Cg ranged from —9.7%o to —18.0%, with unsaturated collars showing more negative values (—10.6%o
to —18.0%o0) than saturated collars (—9.7%o to —14.3%0). We found significant differences between means of
st3c Aqand 5'3Cg (p < 0.05; Wilcoxon Rank Sum and two-sampled ¢ test), but no significant differences were
found between 8'3Cg of saturated and unsaturated locations.

Finally, an interesting finding emerged when evaluating the relationship between pCO, and §"°C,q in
the context of position within the stream reach. Stream reach locations closer to the peatland outlet had
higher pCO, concentrations and more negative 513CAQ values (Figure 8) than those locations farther
from the peatland outlet. As distance from the outlet increased, pCO, decreased and &' Caq became
more variable, exhibiting some highly enriched values.
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Figure 8. Variability in the e composition of CO, evasion (613CAQ) in

relation to that of dissolved CO, (pCO,). Symbol color denotes distance from
the peatland outlet.

4. Discussion

4.1. Are High-Altitude Tropical Peatlands Important
Contributors of Greenhouse Gases to the Atmosphere?

We observed that dissolved CO, generated in this high-altitude, tropi-
cal peatland was carried into the stream reach where over 80% of it
was evaded to the atmosphere within the first ~150 m of the channel
(Figures 2 and 3), regardless of stream discharge. These results sug-
gest that high-altitude tropical peatlands may act as sources of dis-
solved CO, to the stream network via lateral transport, at least
while hydrologic connectivity between the peatland and the stream
allows for the mobilization of dissolved carbon downstream (e.g.,
during the wet season). Wetlands store high amounts of organic mat-
ter and emit high fluxes of CO, and CHy, to the atmosphere (Schelker
et al., 2016). While freshwater wetlands are predominantly under-
stood as carbon sinks, wetland generated greenhouse gases may be
readily mobilized laterally through hydrologic connectivity between
wetlands and adjacent streams (Aho & Raymond, 2019). Our study
examined the potential for this mobilization and the fate of dissolved
CO, in a high-altitude tropical setting and found that the mobiliza-
tion is rather large and the CO, rapidly evaded to the atmosphere.

Tropical wetlands and peatlands are often unaccounted for in Earth
system models, despite being recognized as important sources of
greenhouse gases to the atmosphere (Page et al., 2011). While
high-altitude wetlands remain poorly studied relative to their low
altitude counterparts (Chimner & Karberg, 2008), our observations
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suggest that—on a per unit area—the upper portion of the stream reach draining this peatland emits more
CO, to the atmosphere (Figure 3) than tropical wetlands at lower elevations (Sjogersten et al., 2014) or than
river waters in the central Amazon (Abril et al., 2014). Rainfall-driven hydrologic variability may amplify or
reduce the transport potential among peatlands and streams, but it appears that connectivity between the
peatland and the stream allows for the large CO, fluxes to the atmosphere. Further investigations should
evaluate stream CO, evasion during other times of the year (i.e., less rainy months), when peatlands and
streams become less connected and stream discharge is considerably reduced across paramos (Correa
et al., 2017). Taken together, our findings suggest that high-altitude tropical peatlands (>4,000-m elevation)
are important contributors of greenhouse gases to the atmosphere, and given their carbon content, they may
play an important role in the global carbon cycle.

4.2. What Are the Mechanisms Driving the Variability in Aquatic CO, Fluxes?

At any time and location on the landscape, the molecular concentration of CO, can be understood as the
balance between biology (production/consumption) and physics (advection/diffusion/evasion). Previous
work has shown that the diel dynamics of pCO, in wetlands differs from that of adjacent streams
(Riveros-Iregui et al., 2018) and from that of gas-phase CO, in upland soils (Riveros-Iregui et al., 2007)
due to differences in the magnitude and timing of such biological and physical processes. Our observations
corroborate these previous findings (e.g., Figure 5) and suggest that at this high-altitude site, streams are lar-
gely carbon “transporters” and peatlands are carbon “transformers” during this time of the year (Figures 2
and 3). It is likely that throughout the year the transforming potential of peatlands and the transport poten-
tial between peatlands and streams change as a result of hydrologic connectivity between the peatland and
the stream. Peatland-generated CO, is mobilized downstream and is subject, primarily, to geomorphic and
hydrologic effects that directly influence its concentration. The longitudinal decrease in pCO, is primarily
mediated by CO, evasion as streams supersaturated with CO, tend to reach equilibrium mostly via degas-
sing. Accordingly, our observations suggest that at supersaturated conditions, geomorphic and hydrologic
conditions mediate the temporal and spatial efflux of CO, but, as equilibrium is reached, hydrologic and geo-
morphic factors become less important in predicting evasion rate. Thus, we observed that CO, evasion in this
system is transport-limited (i.e., controlled by flow characteristics, turbulent flow, and water velocity) in the
upper portion of the stream, and source limited (i.e., controlled by carbon availability) in the lower portion of
the stream. This threshold-like behavior is clearly depicted in Figure 3 as pCO, and flux flatten out at a dis-
tance of ~125 m downstream of the peatland. The apparent threshold ranges between 350 and 700 ppm and
is likely mediated by atmospheric equilibrium, daily stream conditions, atmospheric pressure, and
temperature.

In our study, geomorphic controls on CO, evasion appear to be twofold. First, the local slope of the stream
channel, which was relatively slight and consistent (<0.08 m/m) for the first ~50 m of the stream reach but
progressively increased between 50 and 110 m of the stream reach (up to 0.19 m/m), resulted in a progressive
increase in water velocity and turbulence downstream. These hydrologic dynamics are likely responsible for
the high CO, evasion rates that were accompanied by a rapid drop of pCO, observed through the upper por-
tion of the stream reach (Figure 3). Second, the 4-m waterfall 107 m downstream of the peatland outlet
appeared to be the critical final force in the evasion of CO,, driving equilibrium between pCO, and atmo-
spheric air through the end of the stream reach. While downstream of the waterfall the local slope of the
stream channel is lower (average of 0.09 m/m), it appears that once stream pCO, has decreased to close to
atmospheric levels no further changes in pCO, occurred—at least during this time of year—Ilikely due to
the lack of substantial lateral inputs or not enough in-stream respiration to exceed the CO, lost via evasion.
Based on our observations, the waterfall accounted for up to 35% of the total evasion observed along the
250-m stream reach, which is comparable to what has been attributed to high slope reaches and waterfalls
in other environments (e.g., 36% by Natchimuthu et al., 2017). Waterfalls are very common geomorphic fea-
tures throughout this steep terrain in the northern Andes, and thus they are likely to be important drivers of
pCO, dynamics and the spatial patterns of CO, evasion in the region, attenuating variation otherwise con-
trolled by channel slope or hydrologic conditions. Geomorphic features and landscape topography were
found to be important drivers of stream pCO, and CO, evasion in an arctic region of Sweden (Rocher-Ros
et al., 2019). In particular, their study found turbulent reaches were less variable, whereas less turbulent
streams supported a broader range of CO, concentrations. In our study, high temporal variation, both on
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adiel and seasonal scale, is likely the result of connectivity between the peatland and the stream. As peatland
water enters the stream channel, it carries with it the diel signal in pCO, from photosynthetic and respiratory
processes. This diel signal is considerably attenuated by Station 4 (right below the waterfall; Figure 2), likely
as a combination of both evasion and in-stream photosynthesis.

In addition to geomorphic controls, an important driver of pCO, and CO, evasion in the stream was the
hydrology itself, namely, discharge and precipitation. Higher discharge resulted in lower pCO, in the upper
stream reach, likely as a combination of dilution of dissolved CO, carried from the peatland into the stream
channel and enhanced CO, evasion along the stream channel. Large rainfall events flushed peatland CO,
and resulted in a combined decreased in stream pCO, and enhanced CO, evasion (Figure 4), which can
be observed particularly well for pCO, before and after the rainfall event of July 14 (e.g., 13 vs. 16 July).
These observations corroborate previous studies (Peter et al., 2014) that reported that large storm events
can cause significant impacts that break down diel patterns not only of carbon flux but also other metrics
such as discharge, turbidity, pCO,, and CDOM and suggest that hydrologic dynamics are important drivers
of the timing and magnitude of CO, fluxes to the atmosphere in this region.

4.3. How Do CO, Fluxes From Terrestrial and Aquatic Environments Compare to One Another in
High-Altitude Tropical Catchments?

Our research provides a site-level comparison of CO, effluxes from adjacent terrestrial and aquatic land-
scape elements on a per unit area (and per unit time) basis. Average aquatic flux from the upper stream reach
was found to be almost seven times greater than the lower reach of the stream, whereas soil CO, efflux from
unsaturated soils was found to be almost twice as much as that of saturated soils. The flux from unsaturated
soils was slightly larger than the flux from the lower stream reach, while the flux from saturated soils was
lower than that of downstream reach. These data support the hypothesis that soil moisture gradient and
overall landscape structure are primary drivers of the spatial variability of CO, efflux from the terrestrial
environments (Riveros-Iregui & McGlynn, 2009). These observations could also support the pulse-shunt
hypothesis for aquatic environments and that major hydrologic events may drive the timing and movement
of aquatic carbon downstream (Raymond et al., 2016), although additional observations of in-stream carbon
processing are required. Nonetheless, our findings expand both concepts by highlighting the magnitude dif-
ference (i.e., up to an order of magnitude) between aquatic and terrestrial CO, fluxes from adjacent land-
scape positions. Quantifying this magnitude difference is important because it may help constrain CO,
effluxes from complex terrain on the basis of landscape structure. Further work should evaluate how seaso-
nal effects, including changes in precipitation, water retention, and connectivity between wetlands and
streams, affect the relative magnitude differences between terrestrial and aquatic environments.

Isotopic analyses of the CO, degassed from the stream showed that the §'*C of CO, evasion (§'*C AQ) Tanged
from —10.9%0 to —17.2%. with higher values near the waterfall, likely as a result of turbulent stream
dynamics, high degassing rates, and enhanced mixing with atmospheric air (Figure 6). Comparable values
(i.e., ranging from —9.7%o to —18.0%0) were found in the 8'3C of soil CO, efflux (8*3Cg) from the terrestrial
environment (Figure 7), suggesting that CO, being emitted from both saturated and unsaturated soil envir-
onments may be derived from a similar source. While Paramo vegetation is dominated by C3 plants, our iso-
topic measurements differ considerably from those to be expected from C3 dominated environments which
can be attributed to three plausible explanations. The first explanation relates to the potential contribution
from carbonate dissolution and dissolved inorganic carbon from soil processes to §'>C aq- This phenomenon
has been well documented in environments where carbonate is present in the soil or the bedrock (Duvert
et al., 2019; Horgby, Boix Canadell, et al., 2019; Horgby, Segatto, et al., 2019). Carbonates are reported to
be absent in paramo volcanic soils (Tonneijck et al., 2010), and thus, any dissolved CO, would need to be
originated in the bedrock. The second explanation involves strong isotopic effects of ongoing CO, evasion
and methanogenesis, as it has been shown that both processes lead to isotopic enrichment in 513CAQ
(Campeau et al., 2018; Polsenaere & Abril, 2012; Venkiteswaran et al., 2014; Whiticar, 1999). While we
did not measure fluxes of CH,, this phenomenon is likely occurring at our site given the carbon content
and saturated conditions of soils and therefore future colocated observations of CH, fluxes are warranted.
The final explanation involves potentially old carbon (i.e., derived from other than recent photosynthate)
being respired into the atmosphere, as it has been previously reported that older and deeper carbon may
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carry a more enriched isotopic signature that that of recent carbon accumulated in shallow soil (Hicks Pries
et al., 2013). This final explanation would also be supported by recent reports from eddy covariance observa-
tions that suggest that the Andean Paramo is acting as a net carbon source (Carrillo-Rojas et al., 2019).
Future studies should thus examine the ratio between gross primary production and ecosystem respiration
of these important carbon stores of the tropics.

The inverse relationship between 8'3C aq and pCO, is not entirely surprising (Figure 8). Although not statis-
tically significant in our study, the mixing relationship between 8**C and CO, has been well examined and
described both theoretically and experimentally in previous studies of CO, in forest air (e.g., Bowling
et al., 2009; Riveros-Iregui, Hu, et al., 2011), soil (e.g., Cerling et al., 1991; Liang et al., 2016), and dissolved
CO, in aquatic environments (e.g., Campeau et al., 2018; Venkiteswaran et al., 2014). However, to the best of
our knowledge, this is the first study to observe this relationship in CO, evasion from surface waters of a sin-
gle stream channel in the context of distance from an aquatic carbon source, namely, the peatland. Our mea-
surements showed that stream locations closer to the peatland outlet had a higher pCO, and a more negative
613CAQ, likely because the composition of dissolved CO, closer to the peatland outlet was more similar to
that of peatland-respired CO, and less isotopic fractionation due to degassing or mixing had occurred.
Stream locations farther away from the peatland outlet showed a more positive §**C Aq (and also a greater
range in 8'°C,q), likely due to evasion-driven fractionation and a longer travel time during which isotopic
fractionation can occur. In addition, in-stream photosynthesis may also contribute—and likely more
strongly than evasion—to this observed relationship (e.g., Parker et al., 2005; Waldron et al., 2007). Future
studies should examine the diel variability of §'*Cg to disentangle the effects of evasion from those of photo-
synthesis. Future studies should also explore the effects of advection and methanogenesis on the 8t3C aq and
within a hydrologic context, as this information is required to constrain carbon transformation and fluxes at
the catchment scale.

5. Conclusions

Our findings revealed that CO, evasion from stream surfaces was up to an order of magnitude greater than
soil CO, efflux from the adjacent terrestrial environment. Our findings also revealed the importance of
hydrologic dynamics in regulating the magnitude and likely fate of dissolved carbon in the stream. While
headwater catchments are known to contribute disproportionately larger amounts of carbon to the atmo-
sphere than their downstream counterparts, our study highlights the spatial heterogeneity of CO, fluxes
within and between aquatic and terrestrial landscape elements in headwater catchments of complex
topography.

Stream carbon flux to the atmosphere appeared to be transport limited (i.e., controlled by flow characteris-
tics, turbulent flow, and water velocity) in the upper reaches of the stream draining the peatland, and source
limited (i.e., controlled by carbon availability) in the lower reaches of the stream. Thus, proximity to large
carbon storage bodies such as wetlands and peatlands, and hydrologic connectivity between wetlands and
streams, may mediate the partitioning between lateral (downstream) and vertical (to the atmosphere) fluxes
of carbon. A 4-m waterfall along the channel accounted for up to 35% of the total evasion observed along a
250-m stream reach.

Finally, estimates of global carbon budgets are confined by the complexity and heterogeneity of inland land-
scapes and processes accompanying each (e.g., wetlands, inland waters, and forests; Bodmer et al., 2019;
Webb et al., 2019). This heterogeneity often leads to estimates that oversimplify diverse environments, or,
inversely, evaluate landscapes elements too independently. Understanding the relationship between carbon
flux across terrestrial-aquatic transitions is crucial in the evaluation of the role of headwater streams in the
global carbon cycle. Our findings represent a first step in understanding ecosystem carbon cycling at the
interface of terrestrial and aquatic ecosystems in high-altitude, tropical, headwater catchments.

Data Availability Statement

All data and code for the reproduction of the analyses presented in this manuscript are freely and publicly
available through the University of North Carolina Digital Repository (https://cdr.lib.unc.edu/concern/
data_sets/j96026303?locale=en).
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