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Abstract 

 

We studied twelve stream sites located in four watersheds in the Swiss Alps to examine CO2 dynam-

ics in high mountain streams. We observed interesting differences in median annual CO2 flux, with 

some sites experiencing years of overall sink and others of overall source. Our study confirms per-

vious finding regarding glacier-fed streams being significant CO2 sinks as a result of high rates of 

weathering within the catchment. However, our results show that the presence of a glacier is not 

necessary for a stream to be a sink of CO2. We suggest that the balance of weathering to soil respi-

ration across different type of catchments is a determining factor of whether a stream tends to 

either outgas or absorb CO2. 
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Introduction 

Inland waters are acknowledged as important components of the global carbon cycle, receiving and 

processing significant amounts of terrestrial carbon (Battin et al. 2009). More precisely streams and 

rivers play a central role in the global carbon cycle by transforming, outgassing and storing more 

than half of the carbon they receive from terrestrial ecosystems before delivery to the ocean (Drake 

et al. 2018). Therefore, ignoring inland waters in land carbon budgets may overestimate terrestrial 

carbon dioxide (CO2) uptake and storage. There is consequently a fundamental need to understand 

the drivers and rates of carbon dynamics and transport in running waters.  

 

The CO2 found in stream waters is the result of the multiple recognized reactions and processes 

occurring in the streams themselves (internal) and in their watersheds (external), with some reac-

tions result in production of CO2, while others consume CO2. Of the external processes,  a major one 

is soil respiration, which defines the CO2 produced by the biological activity in watershed soils and 

represents the most important pathway by which CO2 fixed by photosynthesis returns to the atmos-

phere (Schlesinger and Andrews 2000). Weathering at the catchment scale is responsible for con-

sumption of CO2 through the dissolution of sediments and minerals, typically silicates and car-

bonates. Internal processes leading to CO2 consumption include photosynthesis, which is responsi-

ble for carbon fixation by aquatic organisms capable of absorbing solar radiation and carbon, and 

calcite precipitation. Processing of dissolved organic carbon (DOC) is instead producing CO2 in 

stream.  

It has been observed that in most stream networks CO2 producing reactions are dominant making 

most streams net sources of CO2 to the atmosphere (Battin et al. 2009; Hotchkiss et al. 2015). Fur-

thermore, the size of streams has been shown to be a core attribute to characterize CO2 dynamics 

with headwater streams being prone to gather high amounts of terrestrially derived CO2 and organ-

ics inputs, making them outgas more CO2 compared to bigger rivers (Hotchkiss et al. 2015). Head-

water streams represents the smallest parts of river and stream networks, but make up most of the 

river length, and are estimated to deliver more than 30% of the global water runoff (Meybeck et al. 

2001). 

Mountains are typical environments of headwater streams. Among landmass, mountainous land-

scapes compose 25% of the earth’s land surface area and are estimated to deliver more than 30% 

of the global water runoff (Meybeck et al. 2001). Furthermore, headwater streams represent an 

important portion of inland waters and contribute to the emissions for 36% (i.e., 0.93 Pg C yr−1) of 

total CO2 outgassing from rivers and streams (Marx et al. 2017). However, most of our 
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understanding of these environments is built around the investigation on headwater streams where 

CO2 balances in stream water is dominated by soil respiration (Johnson et al. 2008; Wallin et al. 

2013; Lauerwald et al. 2015). Soil development has been shown to be a key variable in the amount 

of terrestrially derived CO2 and organic carbon inputs to the streams (Guelland et al. 2013). In soils, 

CO2 effluxes has been shown to increase with site age, which was related to soil carbon accumula-

tion and vegetation coverage. Nevertheless, many mountain catchments situated above the tree 

line are not characterized by important amount of soil development and supply of organic carbon. 

These environments have shown high temporal and spatial variability in CO2 concentration and flux 

as a result of the influence of multiple factors such as solar radiation, seasonal melting of glaciers 

and snow, variations in precipitation, landscape characteristics and soil organic matter (Clow et al. 

2021). St. Pierre et al. (2019) showed how glacier-fed freshwater ecosystems differ substantially 

from other mountain streams, with the potential to be significant sinks of CO2. Watersheds with 

high glacier coverage exhibit high rates of weathering reactions, leading to the consumption of CO2. 

Furthermore, high mountain streams with glaciated catchments are the type of environments with 

negligible inputs of soil carbon with poor soil development and carbon stock. 

Another variable governing CO2 concentrations and fluxes, particularly in high mountain streams, is 

discharge, which is a fundamental characteristic of streams and affects CO2 effluxes and influxes in 

multiple ways. Firstly, as for any gas, CO2 exchange across the air-water surface is influenced by flow 

regimes (Ulseth et al. 2019). Gas exchange, in fact, can be considerably higher in mountain streams 

because of the steeper landscapes typical of these freshwater ecosystems. Furthermore, discharge 

controls the dynamics and transport of sediments, weathering solutes, nutrients and dissolved or-

ganic carbon (DOC; Diamond and Cohen 2018). CO2 does not differ in this regard and information 

on watershed characteristics and hydrology interactions can be drawn by exploring the responsive-

ness of CO2 to discharge, in so-called concentration-discharge (C-q) relationships. Liu and Raymond 

(2018) showed that that CO2 outgassing tends to increase with discharge, with small streams having 

the tendency to release higher amounts of CO2 at higher discharge. The analysis of the relationship 

between CO2 and stream specific discharge, in combination with other data about watershed struc-

ture and landscape characteristics, can be an useful way to gain mechanistic knowledge about CO2 

dynamics (Godsey et al. 2009).  

In this study we characterized CO2 exchange in high mountain streams to examine relationships 

between catchment characteristics and CO2 concentration and emissions in streams. We analysed 

data covering four years of high-resolution sensor data to estimate CO2 fluxes in twelve streams 

located in four distinct watersheds. This work allowed us to gain knowledge about high mountains 

stream CO2 dynamics and gain interesting insight about how glacier coverage, soil development, 

and discharge affect CO2 exchanges.
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Methods 

 

1.1 Site description 

We studied twelve sites located in four watersheds in the Swiss Alps (Cantons of Valais and Vaud). 

The data used in this work were gathered in the context of the METALP project managed by the 

River Ecosystems Laboratory (RIVER) at the Ecole Polytechnique Fédérale de Lausanne (EPFL). These 

streams have been described in previous studies (e.g., Horgby et al. 2019; Ulseth et al. 2019; Cana-

dell et al. 2021). The original design of METALP focused on understanding stream conditions and 

processes across altitudinal and glacial coverage gradients. The stations emplacements were chosen 

to explore these gradients both within catchments and between catchments, with three sites posi-

tioned in each of four larger watersheds. Sites were generally placed at upstream, downstream, and 

tributary sites in glacier fed systems. The watersheds are located in the Valsorey watershed which 

has a relatively large glacier, at an upstream (VAU), downstream (VAD), and tributary site (VEL); in 

Val Ferret with a relatively small glacier, with upstream (FEU), downstream (FED), and tributary 

(PEU) sites; in Vallon de Nant with downstream, AND, upstream ANU, and tributary RIC; in Champéry 

with upstream (VIU), middle (VIM) and downstream (VID) sites.  

Figure 1: Locations of the 12 study sites (Horgby et al. 2019) 
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Briefly, seven streams are glacier fed (VAD, VAU, FED, FEU, AND, ANU, RIC) with glacial coverage 

ranging from 3.41% to 33.5% (Table 1). VAD and VAU presented largely the highest glaciated cover-

age with respectively 33.5% and 27.5%. The drainage areas varied from 0.31 km2 (VIU) to 23.2 km2 

(VAD). Elevation was highest in Valsorey, and lowest in Champery with mean catchments altitude 

ranging from 1778 m at VID to 2893 m at VAU above sea level. Four streams drained partially for-

ested catchments (VID, RIC, AND, ANU), the other eight are located above the tree line. Vegetation 

cover was typically highest in the low elevation catchments, with the highest being 94.0% at VID 

and lowest being 21.1% at VAU. From a geological standpoint, Champéry and Vallon de Nant water-

sheds are dominated by carbonate sedimentary rocks, whether Valsorey and Ferret are character-

ized by a metamorphic lithology (Horgby et al. 2019). 

Table 1: Site characteristics, including watershed location, altitude, area, and land cover.  

 

 

1.2 Data collection 

In each study site, high-frequency sensors measured water depth (mm; WT-HR 1000, Tru Track Ltd), 

dissolved CO2 concentration (ppm, GMT220 probe sealed with PFTE membrane sleeve according to 

the procedure described in Johnson et al. 2010, Vaisala), water temperature  and dissolved oxygen 

concentration (C° and mg O2 L−1; accuracy ± 5%, miniDOT, Precision Measurement Engineering). All 

parameters were recorded every 10 minutes when sensors were deployed and functioning. We an-

alysed data collected from 2017 to 2020. The sites were visited approximately monthly for sensor 

maintenance and data downloading. Visits in winter were less frequent because of the presence of 

snow and risk of avalanche. Grab samples of water were collected during site visits and analysed for 

dissolved CO2 concentration (ppm), dissolved organic carbon (DOC) concentration, and the isotopic 

composition of the dissolved inorganic carbon pool (δ13C-DIC). All grab sample data is available on 

the METALP website (https://metalp.epfl.ch). 

Catchment Site 
Station 

Altitude [m] 
Area [km2] 

Glacier 

Coverage [%] 

Vegetated 

Area [%] 

Valsorey 

VAD 1936 23.2 27.4 24.2 

VAU 2148 18.1 33.5 21.1 

VEL 2161 3.11 0 56.7 

Ferret 

FED 1773 20.2 3.41 62.4 

FEU 1996 9.33 7.40 46.3 

PEU 2024 3.97 0 70.2 

Vallon de 

Nant 

AND 1197 13.4 4.58 63.94 

ANU 1465 8.99 6.80 54.01 

RIC 1192 14.3 6.38 64.2 

Champéry 

VID 1416 3.64 0 94.0 

VIM 1630 0.74 0 86.1 

VIU 1689 0.31 0 80.9 
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Discharge was calculated using rating curves from water depth , the development of which is de-

scribed in Canadell et al. (2021).Barometric pressure was obtained from MeteoSwiss weather sta-

tions (network managed by the Swiss Federal Office and Meteorology and Climatology). The Col du 

Grand St Bernard station (elevation 2473 m) was used for the Valsorey and Ferret catchments, the 

Evionnaz station (482 m) for Champéry, and Les Diablerets (2964 m) station for Vallon de Nant. 

Barometric pressure (P, mbar) was adjusted for site-specific elevation and temperature following: 

P = P0 exp (
−gM(h−h0)

RT
) (1) 

where P0 is the barometric pressure measure at the MeteoSwiss station (mbar), h0 and h (m) are 

the altitude of the meteorological and at the monitoring stations, respectively, g is the gravity ac-

celeration (9.81 m s-2), M the molar mass of air (0.0289644 kg mol-1), R the universal gas constant 

(8.31432 J m mol-1 K-1). The temperature of air Tair (°C) at the METALP stations is estimated through 

the temperature T0 (°C) measured at the MeteoSwiss station (equation 2), where the temperature 

gradient ΔT/ Δh is set to 0.54 °C/100. 

Tair = T0 − ((h − h0) ∙
∆T

∆h
)  (2) 

Measured concentrations of pCO2 (ppm) were adjusted to site-specific conditions following the 

manufacturer’s suggested equation: 

pCO2,corr = pCO2 ∙
p

1013
∙

298

273.15+TW
  (3) 

where p (mbar) corresponds to the barometric pressure at location and Tw (°C) the water tempera-

ture. Dissolved CO2 concentration (μmol L-1) was then derived by multiplying the corrected pCO2,corr 

with Henry’s constant KH (mol L-1 atm-1) and with the barometric pressure, p (atm), at each site: 

[CO2] = pCO2,corr ∙ KH ∙ p  (4) 

KH is a function of water temperature (Tk, K) with A is 108.3865, B is 0.01985076, C is -6919.53, D is 

-40.4515, E is 669365 according to Plummer and Busenberg (1982). 

KH = 10
A+B∙TK+

C

TK
+D∙log10(TK)+

E

TK
2   (5) 

The standard gas transfer velocity (k600, m d-1) was calculated using the relationships proposed by 

Ulseth et al. (2019) for high-energy streams: 

ln(k600) for eD > 0.02 = 1.18 ∙ ln(eD) + 6.63  (6) 

ln(k600) for eD < 0.02 = 0.35 ∙ ln(eD) + 3.10  (7) 

where eD is the stream energy dissipation rate (m2 s-3), which is obtained by multiplying the gravity 

acceleration with slope (S, unitless) and stream flow velocity (v, m s-1) 
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eD = g ∙ S ∙ v  (8) 

Velocity was calculated with discharge (m3 s-2) according to the hydraulic geometry scaling proposed 

by Horgby et al. (2019): 

v = 0.668 ∙ Q0.365  (9) 

To convert k600 to kCO2 (equation 11) we used the temperature dependent Schmidt scaling according 

to Wanninkhof (2014) 

ScCO2
= 1923.6 − 125.06 ∙ TW + 4.3773 ∙ TW

2 − 0.85681 ∙ TW
3 + 0.00070284 ∙ TW

4  (10) 

 

kCO2
=

k600

(
600

ScCO2
)

−0.5 (11) 

The flux was finally calculated using the following relationship  

FCO2
= kCO2

∙ ∆CO2  (12) 

were ΔCO2 (g CO2-C L-1) represent the gradient between the measured concentration of stream-

water CO2 (CO2,water) and the equilibrium concentration (CO2,sat). 

The equilibrium CO2 concentration (μmol L-1) was calculated using monthly mean atmospheric CO2 

measured at the Jungfraujoch, the ratio between of atmospheric pressure at a site (Patm, atm) and 

standard pressure of 1 atmosphere (Pstd, atm) and Henry’s Law constant for CO2 (KH): 

[CO2,sat] = CO2,Jungfrau ∙  
Patm

Pstd
∙ KH (13) 

1.3 Data analysis 

All data processing and analysis was performed with the software environment for statistical com-

puting and graphics R (version 4.1.2). We investigated possible influences on median CO2 concen-

tration by exploring the correlation with various watershed and stream characteristics, including 

glacial coverage, vegetation coverage, slope, catchment average slope, altitude, temperature, and 

discharge. The Pearson's correlation coefficient (r) was calculated to measure these relationships. 

To determine differences between median concentrations between catchments, we used the Krus-

kall-Wallis test. For all statistical analyses, a significance level of α = 0.05 was used. 

We followed the approach used by Liu and Raymond (2018) to assess the responsiveness of CO2 

concentration and flux to discharge regimes. From the high-frequency data, we found the median 

daily values of specific discharge (q, mm d-1), CO2 concentration, and CO2 flux. We then determined 

the slope of the power law function to analyse the magnitude and the typology of response of CO2 

concentration and CO2 flux to specific discharge. A C-q slope of zero, or near-zero, is commonly 
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interpreted as chemostatic behaviour, where chemical concentrations remain relatively constant as 

discharge varies. Here we define a C-q slope as chemostatic if the slope is between −0.2 and +0.2. 

Whether slopes of less than -0.2 were considered sour limitation, and slopes greater than 0.2 were 

considered transport limitation (Godsey et al. 2009). 
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Results 

 

Hydrological regimes and stream water CO2 concentration dynamics 

Table 2: Median CO2 concentration, CO2 saturation, gas exchange, and CO2 flux at the twelve moni-

tored sites. The interquartile range is shown in parentheses.  

 

Across all study sites, median concentration of CO2 ranged from 15.1 μmol L-1 at VAU to 30.4 μmol 

L-1 at FEU (Table 2). This represents a percent saturation of 69.3% to 140.7%, respectively (Figure 2). 

Over the entire monitoring period, six sites exhibited median CO2
 concentrations below saturation 

(VAD, VAU, VEL, FED, PEU, VIM), and six sites above saturation (FEU, AND, ANU, RIC, VID, VIU). At 

two sites, VAU and VAD, the dissolved concentration of CO2 was almost always below saturation 

(Table 2). At all other sites, CO2 concentrations below and above saturation were observed. At VID, 

the CO2 concentration was below saturation only 9.0% of the monitored period, the least of any 

Site 

Median CO2 

concentration 

(μmol L-1) 

CO2 

saturation 

(%) 

Median 

k600 

(m d-1) 

Median CO2 

flux 

(g C d-1 m-2) 

VAD 17.0 (4.7) 78.6 (12.9) 398 (500) -21.7 (29.5) 

VAU 15.1 (5.19) 67.3 (16.7) 202 (200) -11.4 (20.3) 

VEL 16.2 (5.97) 77.8 (26) 31.2 (42.1) -1.54 (2.06) 

FED 21.5 (8.43) 94.1 (30.9) 86.3 (21.7) -0.894 (5.12) 

FEU 30.4 (23.4) 148 (82.8) 118 (59.5) 6.01 (14.6) 

PEU 18.7 (4.37) 96.3 (21.1) 76.7 (28.5) -0.4 (2.97) 

AND 23.6 (2.96) 98.8 (6.01) 467 (138) -1.05 (4.93) 

ANU 27.6 (5.82) 124 (24.1) 75.6 (69.8) 3.86 (7.51) 

RIC 23.2 (2.42) 100 (8.97) 183 (149) -0.113 (2.22) 

VID 29.4 (14.1) 127 (73) 204 (104) 11.2 (18.1) 

VIM 20.1 (6.68) 96.6 (21.2) 146 (82) -0.842 (8.02) 

VIU 23.3 (15.4) 108 (67.5) 34.5 (11.6) 0.453 (2.48) 
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site. The minimum instantaneous CO2 concentration was 2.5 μmol L-1 at VAU, while the highest con-

centration was 68.3 μmol L-1 at VID. The interquartile range of concentrations observed at a site was 

always lower than the median concentration, suggesting that temporal variation in concentration is 

relatively limited.  

Regarding calculated standard gas transfer velocities (k600)  AND showed the highest median value 

with 467 m d-1, while VEL had the lowest median value with 31.2 m d-1 (Table 2). VAD had widely 

the largest variability in k600 between sites (IQR=500), while VIU the lowest (IQR = 11.6). 

The lowest and highest median CO2 flux values were found at VAD (-21.7 g C-CO2 d-1 m-2) and VID 

(11.2 g C-CO2 d-1 m-2), respectively (Table 2). Following the patterns in CO2 saturation, six streams 

(VAD, VAU, VEL, FED, PEU, VIM), exhibited median rates of CO2 influx over the study period while 

the remaining streams exhibited efflux (FEU, AND, ANU, RIC, VID, VIU). Instantaneous CO2 fluxes 

ranged from -130 g C-CO2 d-1 m-2 at VAD to 129 VID g C-CO2 d-1 m-2. VAD showed the highest varia-

bility in flux (IQR = 29.5 g C-CO2 d-1 m-2) and VEL the lowest (IQR = 2.06 g C-CO2 d-1 m-2). Differences 

in median annual CO2 flux were observed, with some sites experiencing years of overall influx and 

others of overall efflux. For example, the median flux at FED in 2019 was -1.11 g C-CO2 d-1 m-2 and 

in 2020 was 4.85 g C-CO2 d-1 m-2.  

We measured relatively low DOC concentrations (< 400 µg L-1) across all catchments. The Champéry 

catchment had the highest median DOC concentration (375 µg L-1; p < 0.01). Other catchments had 

similar concentrations with median values ranging from 149 µg L-1 at Ferret to 215 µg L-1 at Valsorey. 

δ13C-DIC was depleted in our streams relative to atmospheric equilibrium with median values rang-

ing between -5.95‰ at Valsorey to -9.28‰ at Champéry. Again, Champéry was significantly differ-

ence compared to the other catchments (p < 0.01). The median concentration of CO2 most strongly 

correlated to site elevation (r = -0.53), temperature (r = 0.43), watershed glacial coverage (r = -0.43), 

and watershed vegetation coverage (r = 0.42). All other variables exhibited correlations below 0.30.  

We observed O2 percent saturation to be relatively uniform compared to CO2, both spatially and 

temporally. All sites were typically close to saturation or slightly undersaturated, with median values 

ranging from 94.8% at VEL to 99.7% at AND (Table S1). Variability in CO2 saturation was much greater 

than O2, with the minimum difference between the 5th and 95th percentiles being approximately 

20% for CO2 and the maximum difference being approximately 10% for O2.  

Inverse relationships between CO2 concentration and specific discharge were most). The median 

value for the parameter bc was -0.10 and ranged between -0.37 at FEU to 0.03 at VEL common (Table 

S2). Every site can be defined as chemostatic, with the sole exception of FEU which showed source 

limitation dynamics (bc = -0.37) (Figure S7). Ten of the sites exhibited significant (p < 0.05) C-q rela-

tionships, with the exception of FED and VIM. For CO2 flux, the median value of bF was -0.01 ranging 

between -0.14 at VAD and 0.03 at AND (Figure S8). Again, all sites are defined as chemostatic. Here, 

all sites exhibited significant relationships, except for VIM.  
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Figure 2: Time series of daily median CO2 saturation across the twelve monitored streams. The dashed line represents 100% saturation, and point 

above the line denote supersaturation
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Discussion 

Alpine streams can be sinks of CO2 

The streams in this study were found to be both sources and sinks of CO2 to the atmosphere. Glob-

ally, streams have most often been found to be sources of CO2 to the atmosphere (Raymond et al. 

2013). Exceptions to this general pattern have been found where in-stream photosynthesis is high 

(Pu et al. 2017), or where weathering within the catchment and stream acts as a sink of CO2(Clark and 

Fritz 1997). Specifically, streams draining glaciers in Canada were shown to be significant sinks of CO2 

as a result of the influence of weathering reactions (St. Pierre et al. 2019). Decomposition and CO2 

production in these environments is low because of relatively low inputs of terrestrial organic car-

bon, as a result, weathering subsequent from the erosion of poorly consolidated landscapes, typical 

of glacierized catchments, dominates the CO2 balance. Indeed, the streams in this study with the 

highest glacier influence (VAU and VAD) were the largest sinks of CO2. This concept is sustained 

additionally by the negative relationship we found between the CO2 concentration and glaciated 

coverage. Nevertheless, we found that most sites that are not glacier-fed were prone to be under-

saturated in CO2 during at least some periods, making them even relevant unexpected sinks. It be-

comes therefore essential to understand the mechanisms that make these streams absorb CO2 from 

the atmosphere likewise the glacier-fed freshwater ecosystem. Carbon isotopes measurements pro-

vide useful insight about processes influencing this behaviour (Clark and Fritz 1997). In fact, δ13C-

DIC in all our study streams, glacier-fed and not, was highly depleted relative to atmospheric equi-

librium. The only processes that could have led to depletion in δ13C-DIC are weathering and oxida-

tion of organic carbon. However, dissolved organic carbon concentrations found in our study site 

were relatively negligible to justify oxidation as the main driver of δ13C-DIC depletion. Furthermore, 

organic carbon consumption would have resulted in oversaturation of co2, not in undersaturation 

as observed in our study. 

That is, we observe glacier-influenced streams that are sources of CO2 (e.g., FEU, ANU) and streams 

without glacier influence that are sinks of CO2 (e.g., VEL, PEU). As a result, whether a stream in our 

study is a sink or a source of CO2 must depend on additional factors, and that weathering may be 

relevant in high elevation catchments more broadly than glacier-influenced ones only. Photosyn-

thesis may play a small role in reducing CO2 concentrations in these streams, but it is likely minimal 

when compared to weathering. Rates of gross primary productivity (GPP) have been estimated in 

these streams previously (Boix Canadell et al. 2021). Rates, measured during optimal conditions for 

GPP, were generally less than 2 g O2 m-2 d-1. Given the influx of CO2 to these streams routinely ex-

ceeds 2 g CO2 m2 d-1, photosynthesis could not account for this alone. Similarly, the saturation of O2 
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in these streams is typically near saturation or below (Table S1). If photosynthesis was significant, 

we would expect O2 saturation to be elevated above saturation. Thus, while in-stream GPP is likely 

occurring and acting as a small sink of CO2, we expect the majority of CO2 undersaturation is ex-

plained by weathering in the catchment and stream. 

Sources of CO2 limited in montane catchments 

Weathering is occurring in all of these catchments, so the determination of whether a site is a sink 

or source of CO2 is also dependent on the relative amount of CO2 sources. Sources of CO2 to a stream 

can be internal, from the processing of organic matter, or external, typically from the transport of 

soil respiration via groundwater to the stream (Hotchkiss et al. 2015). In small streams generally, 

external sources have been shown to be most important. However, in the high elevation catch-

ments, soils are typically very thin and little developed (Egli et al. 2006). Typically, soil depth de-

creases with elevation, with little to no soil development at very high elevations. 

Another possible source of CO2 could be in-stream decomposition of organic matter. This is a mech-

anism that is likely occurring in the sites. However, Boix Canadell et al. (2021) found low respiration 

rates in our study streams. Furthermore, our results suggest we can exclude oxidation of organic 

carbon in stream to be a relevant process. We found relatively low concentrations of DOC in all our 

streams, as well as O2 concentrations close to saturation (Table 1). These data suggest that there 

are not substantial amounts of organic carbon that could potentially be converted to CO2, and that 

O2 is not consumed considerably by biological mechanisms, excluding the contribution of processing 

of organic carbon to be a relevant CO2 source. 

Influence of discharge on CO2 sources, concentration, and emissions 

The C-q relationships we found across our sites were chemostatic, suggesting that the main pro-

cesses that we defined in the catchments, namely weathering and soil respiration, are not clearly 

transport or source limited. VAD and VAU tend to be more source limited than other sites. Since 

these are the streams draining the biggest glaciers, this result suggests a higher rate of weathering 

for highest discharges, consequently of the action of meltwaters transporting reactive sediments 

highly affected by weathering. C-q relationships furnish interesting insights about CO2 transports 

across the watersheds, however the unexpected tendency of our study sites to be sinks of CO2 make 

complicated to interpret the results. When in-stream CO2 concentration is below saturation, the 

atmosphere acts as an additional source of CO2, complicating the assumptions of source location 

within the watershed for C-q analysis. 

While glaciers may be indicative of higher potential rates of weathering, our results suggest that the 

presence of glaciers is of itself not determinate of whether a stream is a sink or source of CO2. As 

stated above multiple factors indicate at weathering as a main process occurring in all our catch-

ments. However, CO2 consumed by this process is balanced by the CO2 produced by organic matter 

within the catchment, as a consequence, the final tendency for a stream to act as a net source or 

sink of CO2 depends mostly on the terrestrial carbon delivered to the stream. In this regard, it is of 
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particular interest how Guelland et al. (2013) demonstrated how respiration increases with soil de-

velopment. An important increase of rates of CO2 effluxes has been shown to be linked with soil 

carbon accumulation and vegetation cover. Our results confirm this pattern as we found a positive 

relationship between CO2 concentration and vegetation coverage. We therefore suggest that soil 

development can be a key factor to determine the CO2 metabolism of high mountain streams.



Conclusion 

 
16 

 

Conclusion 

Overall, our study confirms pervious finding regarding glacier-fed streams being significant CO2 

sinks. However, our results suggest that high mountain streams without a glacier can be overlooked 

CO2 sinks due to weathering being in some cases the predominant process. We suggest that varia-

tion in terrestrial respiration across different type of catchments is a determining factor to the net 

tendency of freshwater ecosystem to either outgas or absorb CO2.  

Further analysis on soil properties, such as composition, chemistry and development, in our study 

catchments could help to further describe the relationships between in stream CO2 fluxes and wa-

tersheds spatial attributes. This approach could in particular be useful to better assess and charac-

terize the main processes occurring in high mountain streams, allowing to further comprehend 

mechanisms driving CO2 dynamics.
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Table S1: The median percent saturation of dissolved oxygen (O2) and carbon dioxide (CO2) at the 

twelve sites from all instantaneous sensor measurements. The 5th and 95th percentiles are shown in 

parentheses. 

Site O2 CO2 

VAD    98.2 (96.8, 102.7)    79.1 (64.0, 93.9) 
VAU    98.4 (96.1, 103.9)    69.3 (37.5, 78.8) 
VEL    94.8 (92.3, 98.4)    80.1 (46.4, 122.5) 

FED    97.2 (93.9, 99.4)    92.9 (80.4, 155.8) 
FEU    96.9 (93.7, 99.4)   140.7 (74.7, 246.8) 
PEU    97.0 (94.7, 100.0)    96.7 (80.1, 127.1) 

AND    99.7 (96.3, 101.3)   100.5 (90.4, 110.4) 
ANU    96.7 (93.1, 99.6)   125.0 (93.7, 180.0) 
RIC    97.8 (94.4, 99.6)   102.7 (94.9, 118.9) 

VID    97.4 (89.4, 100.0)   133.6 (99.5, 249.3) 
VIU    96.8 (93.8, 99.4)   105.1 (68.4, 214.1) 
VIM    98.7 (96.8, 101.1)    97.3 (70.4, 133.5) 
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 Figure S1: Time series of daily median CO2 concentration across the twelve monitored streams. 
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 Figure S2: Time series of k600 across the twelve monitored streams. 
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 Figure S3: Time series of daily median CO2 flux across the twelve monitored streams.                                                                                                                                                                                                                          
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Table S2: Power slopes of the linear regressions for daily median CO2 concentration versus daily 

median runoff (bC), and daily median FCO2 versus daily median runoff (bF). Flux data was log 10 trans-

formed prior to analysis (x+120) to keep potential negative CO2 evasion fluxes. 

 CO2 vs. specific discharge FCO2 vs. specific discharge 

Site n bc R2 P-value bF R2 P-value 

VAD 783 -0.11 0.72 <0.01 -0.14 0.71 <0.01 

VAU 1006 -0.19 0.56 <0.01 -0.10 0.78 <0.01 

VEL 532 0.03 0.04 <0.01 -0.01 0.56 <0.01 

FED 493 -0.02 0.00 0.27 0.01 0.01 0.03 

FEU 644 -0.37 0.55 <0.01 -0.07 0.53 <0.01 

PEU 238 -0.11 0.32 <0.01 -0.02 0.37 <0.01 

AND 247 -0.10 0.33 <0.01 0.03 0.12 <0.01 

ANU 515 -0.02 0.01 <0.01 0.02 0.15 <0.01 

RIC 723 -0.01 0.05 <0.01 0.00 0.01 0.04 

VID 359 -0.16 0.29 <0.01 -0.02 0.02 <0.01 

VIM 268 0.00 0.00 0.91 -0.01 0.01 0.10 

VIU 497 -0.12 0.11 <0.01 -0.01 0.21 <0.01 
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Figure S7: Relationship between streamwater CO2 concentration and specific discharge for each study site. 
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 Figure S8: Relationship between streamwater CO2 fluxes to specific discharge for each study site 


