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Abstract

Inland waters are key components of the global carbon cycle, emitting a substantial amount of carbon dioxide (CO>) to
the atmosphere. Climate change and global warming affect mountain catchments significantly, leading to glacier retreat and changing
precipitation patterns. What this means for the streams in the mountains, and for CO, sources, dynamics and fluxes from those
streams, is poorly understood. Generally, mountain streams have low CO; concentrations, largely due to low organic carbon content
in catchments above the tree line and poorly developed soil horizons. However, it is yet unclear from where the streamwater CO; is
coming, what drives the CO, dynamics, and the magnitudes of the CO; evasion fluxes from the stream surfaces to the atmosphere.

This PhD thesis aims to fill this knowledge gap. By using a combination of field sampling, sensor monitoring stations, and analyses of
stable isotopes, | identify potential drivers of CO, concentrations and fluxes from mountain streams across different spatial and tem-
poral scales. Moreover, in combination with recent insights of gas exchange from mountain streams, this thesis comprises new quan-
tifications of CO; evasion fluxes from Swiss mountain streams, as well as mountain streams worldwide.

Within the frame of this thesis, two major field studies were carried out. The first field study consisted of repeated seasonal sampling
campaigns every 50 meter across an Alpine stream network. We found large seasonal and spatial variations in streamwater CO;
concentrations, and identified soil respiration as the major source of streamwater CO,. With spring snowmelt, and increased catch-
ment connectivity, more respiratory CO, could be transported to the stream, however due to high gas transfer velocities, the CO,
was rapidly evaded downstream.

The second major field study consisted of high-frequency (10 minutes) monitoring of streamwater CO; in 12 streams located in 4
Alpine catchments. This enabled us to further explore the role of snowmelt for CO, dynamics in mountain streams. We identified
different responses in CO, concentration and CO; evasion fluxes to increasing runoff across different temporal scales. On annual time
scales, increasing runoff led to lower streamwater CO, concentration. However, during the onset of snowmelt we found increasing
CO; concentrations with higher runoff, leading to higher CO, evasion fluxes.

To better contextualize our results and estimate CO, evasion fluxes from mountain streams, we combined insights gained from the
two field studies with recent insights of gas exchange in turbulent streams. We developed a simple CO; prediction model, and mod-
elled the CO; evasion fluxes from all small mountain streams in Switzerland, as well as all mountain streams worldwide. We estimate
that mountain streams worldwide emit 167 + 1.5 Tg C yr-1. This estimate is unexpectedly high given the small total surface area of
small mountain streams.

This thesis brings new light on the CO, dynamics in mountain streams, not only by highlighting the role of spatiotemporal catchment
dynamics and in particular the important role of snowmelt for facilitating transport of catchment-derived CO; to the streams, but
also by providing one of the first global estimates of the quantity of CO; that is evaded from mountain streams every year.
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Resumé

Les eaux continentales sont des composants clés du cycle global du carbone, car elles émettent une quantité importante
de CO; dans I'atmospheére. Les changements climatiques et le réchauffement de la planéte affectent considérablement les bassins
versants des montagnes, entrainant le retrait des glaciers et la modification des régimes de précipitations. Les conséquences pour
les ruisseaux de montagnes, ainsi que pour les sources, la dynamique et les flux de CO;, de ces ruisseaux, est mal compris. On sait que
les ruisseaux de montagne contiennent généralement de faibles concentrations de CO,, principalement en raison de la faible teneur
en carbone organique dans les bassins versants situés au-dessus de la limite des arbres et des horizons pédologiques peu développés.
Cependant, on ne sait pas encore d'ou provient le CO, contenus dans les cours d'eau, ce qui détermine la dynamique du CO; ou
I'ampleur des flux d'évasion de CO; de la surface des cours d'eau vers I'atmosphére.

Dans cette thése de doctorat, mon objectif est de mieux comprendre ces phénoménes. En combinant échantillonnages sur le terrain,
stations de surveillance de capteurs et analyses d'isotopes stables, j'identifie les facteurs potentiels qui influencent les concentrations
et flux de CO; des cours d'eau de montagne a différentes échelles spatiales et temporelles. De plus, la combinaison des connaissances
récentes sur les échanges de gaz dans les ruisseaux de montagne et des résultats acquis durant cette thése ont permis de nouvelles
quantifications des flux d'évasion de CO, des ruisseaux de montagne en Suisses et dans le monde entier.

Dans le cadre de cette these, deux études de terrain majeures ont été réalisées. La premiére consistait en campagnes d'échantillon-
nage saisonniéres avec une résolution de 50 métres sur un réseau de cours d'eau alpin. Nous avons trouvé de grandes variations
spatiales et saisonnieres dans les concentrations de CO; des ruisseaux et identifié la respiration du sol comme la principale source de
CO; dans les cours d’eau. Avec la fonte des neiges au printemps et la connectivité accrue des bassins versants davantage de CO; issus
de la respiration était transporté dans le ruisseau. Cependant, en raison des vitesses élevées de transfert, le CO, était rapidement
dissipé en aval.

La seconde étude de terrain a consisté en une surveillance du CO; dans les eaux de ruissellement, ainsi que des potentiels facteurs
influengant les concentrations et flux de CO,, avec une haute fréquence (10 minutes) dans 12 cours d'eau situés dans 4 bassins
versants des Alpes. Cela nous a permis d’explorer plus avant le réle de la fonte des neiges dans la dynamique du CO; dans les cours
d'eau de montagne. Nous avons identifié des réponses différentes aux ruissellement accrus en termes de concentration et de flux
d'évasion de CO; a différentes échelles temporelles. Sur une échelle de temps annuelle, des débits accrus ont mené a de plus faibles
concentrations de CO; dans les ruisseaux. Cependant, durant le début de la fonte des neiges, nous avons trouvé des concentrations
croissantes de CO; malgré de plus grands débits, résultant en des flux d’évasion plus élevés.

Afin de mieux contextualiser nos résultats et estimer les flux de CO, provenant des cours d’eaux des montagnes, nous avons combiné
les connaissances acquises grace aux deux campagnes de terrain avec les connaissances récentes en matiére d’échanges gazeux dans
les cours d’eaux turbulent. Nous avons développé un modéle simple de prévision du CO,, et modélisé les flux d’évasion de CO, de
tous les petits cours d'eau de montagne en Suisse et dans le monde entier. Nous avons estimé ces derniers a 167 + 1,5 Tg Can'L
Cette estimation est étonnamment élevée étant donné petite superficie que représente les petits ruisseaux de montagne.

Cette thése apporte un éclairage nouveau sur la dynamique du CO; dans les cours d'eau de montagne, non seulement en soulignant
I'importance de la dynamique spatio-temporelle des flux en provenance du bassin versant et en particulier le réle majeur de la fonte
des neiges dans la facilitation du transport du CO, depuis le bassin versant vers les cours d'eau, mais également en fournissant I'une
des premieres estimations mondiales de la quantité de CO, s’échappant chaque année des ruisseaux de montagne.

Mots-clés
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Zusammenfassung

Binnengewasser sind Schliisselkomponenten des globalen Kohlenstoffkreislaufs und geben eine erhebliche Menge an CO;
an die Atmosphare ab. Der Klimawandel und die globale Erwdarmung wirken sich erheblich auf alpine Einzugsgebiete aus und fihren
zu einem Riickgang der Gletscher und sich verdnderndem Niederschlag. Was dies fiir die CO,-Quellen, Dynamiken und Emissionen
aus Gebirgsbache bedeutet ist kaum bekannt. Es ist bekannt, dass Gebirgsbache im Allgemeinen niedrige CO,-Konzentrationen
aufweisen, was hauptsachlich auf den geringen Gehalt an organischem Kohlenstoff in Einzugsgebieten oberhalb der Baumgrenze und
schlecht entwickelte Bodenhorizonte zuriickzufiihren ist. Es ist jedoch noch unklar, woher das geléste CO; in den Gebirgsbachen
kommt, welche Mechanismen die CO,-Dynamiken antreibt und wie grof die CO,-Emissionen von den Bachen zur Atmosphare sind.

In dieser Doktorarbeit mochte ich diese Wissensliicke schlieBen. Mithilfe einer Kombination aus Feldproben, Sensorenmessungen
und der Analyse stabiler Isotope identifiziere ich die potenziellen Treiber von CO,-Konzentrationen und -Emissionen aus Ge-
birgsbachen auf verschiedenen raumlichen und zeitlichen Skalen. In Kombination mit den jlingsten Erkenntnissen zum Gasaustausch
aus Gebirgsbdachen umfasst diese Arbeit auRerdem neueste Quantifizierungen von CO,-Emissionen aus Schweizer Gebirgsbachen
sowie aus Gebirgsbachen weltweit.

Im Rahmen dieser Arbeit wurden zwei groRBe Feldstudien durchgefiihrt. Die erste Feldstudie bestand aus einer regelmaRigen,
saisonalen Probenahme eines alpinen Bach Netzwerkes. Wir fanden groRe saisonale und rdumliche Schwankungen in den CO,-Kon-
zentrationen des Stromwassers und identifizierten Bodenatmung als Hauptquelle fiir CO, im Bachwasser. Durch die Schneeschmelze
und erhohter Konnektivitat der Einzugsgebiete, wurde mehr CO, aus dem Einzugsgebiet in den Bach transportiert, welches jedoch
aufgrund der hohen Geschwindigkeit des Gastransfers stromabwarts schnell an die Atmosphare abgegeben wurde.

Die zweite groRRe Feldstudie im Rahmen dieser Dissertation bestand aus hochauflésenden (10-Minuten-Intervalle), kontinuierlichen
Messungen der CO,-Emissionen in 12 Bachen in 4 alpinen Einzugsgebieten. Diese Messungen erlaubten uns den Einfluss der Schnee-
schmelze auf die CO,-Dynamiken in Gebirgsbachen genauer zu untersuchen. Die Hochfrequenzdaten ergaben unterschiedliche Reak-
tionen der CO,-Konzentration und Emission auf verschiedenen Zeitskalen. Wahrend der frilhen Schneeschmelze wurde signifikante
mehr CO2 von den Bachen transportiert und an die Atmosphare abgegeben, Gber das ganze Jahr betrachtet hatte dieses Phdanomen
jedoch nur einen geringen Einfluss.

Um unsere Ergebnisse besser zu kontextualisieren haben wir die Erkenntnisse tber CO,-Quellen und -Dynamiken mit den jiingsten
Erkenntnissen Gber den Gastransfer aus Gebirgsbachen kombiniert. Dazu haben wir ein einfaches CO,-Vorhersagemodell entwickelt,
welches mit Hilfe von Geodaten auf die Gebirgsbache der Schweiz sowie auf alle Gebirgsbache weltweit angewandt wurde. Wir
schatzen, dass Gebirgsbache 167 + 1,5 Tg C yr'l emittieren. Diese Schatzung ist unerwartet hoch, da die Flache kleiner Gebirgsbache
nur 4 bis 6% der weltweiten Ausdehnung von Bachen und Flissen ausmacht.

Diese Arbeit untersucht die CO,-Dynamik in Gebirgsbachen neu, indem sie nicht nur die Rolle der raumlichen und zeitlichen Ein-
zugsdynamik und insbesondere die wichtige Rolle der Schneeschmelze fiir den Transport von CO; aus Einzugsgebieten hervorhebt,
sondern auch eine der ersten globalen Schatzungen der Menge an CO,, die jedes Jahr aus Gebirgsbachen austritt ermdglicht.

Schliisselworter
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Riassunto

Le acque superficiali sono componenti chiave del ciclo globale del carbonio, emettendo una notevole quantita di anidride
carbonica (CO3) nell'atmosfera. Il cambiamento climatico e il riscaldamento globale influenzano in modo significativo i bacini di mon-
tagna, portando al ritiro dei ghiacciai e a modifiche nella frequenza e nell’intensita delle precipitazioni. Cio significa che per i corsi
d'acqua di montagna, e per le fonti di CO,, le dinamiche e i flussi di tali corsi d'acqua sono tuttora poco compresi. In generale, i
torrenti montani hanno basse concentrazioni di CO,, in gran parte a causa del basso contenuto di carbonio organico dei bacini im-
briferi posti al di sopra della linea degli alberi e con orizzonti pedologici poco sviluppati. Tuttavia, non € ancora totalmente chiaro da
dove provenga il CO; disciolto nell’acqua e che cosa ne controlli le dinamiche e le dimensioni dei flussi di evasione di CO, dalle
superfici dei corsi d’acqua all'atmosfera.

In questa tesi di dottorato investigo questa tematica in dettaglio. Utilizzando una combinazione tecniche che spaziano dal campi-
onamento sul campo, all’installazione di stazioni di monitoraggio provviste di sensori e all’analisi di isotopi stabili, ho identificato i
potenziali fattori che controllano le concentrazioni e i flussi di CO, espulsi dai corsi d’acqua di montagna a diverse scale temporali e
spaziali. Inoltre, in combinazione con le recenti scoperte nel campo degli scambi di gas dai corsi d'acqua di montagna, questa tesi
propone nuove quantificazioni dei flussi di evasione di CO, provenienti dai torrenti montani svizzeri, cosi come dai corsi d'acqua di
montagna in tutto il mondo.

Nell'ambito di questa tesi, sono stati condotti due importanti studi sul campo. Il primo consiste in ripetute campagne di campi-
onamento stagionale ogni 50 metri in una rete di ruscelli alpini. In questo ambito sono state osservate grandi variazioni stagionali e
spaziali nelle concentrazioni di CO; dell'acqua per le quali la respirazione del suolo ¢ stata identificata come la principale fonte di CO,
disciolto. Con lo scioglimento delle nevi primaverili e una maggiore connettivita del bacino imbrifero, e stato possibile osservare un
maggior trasporto di CO, proveniente dalla respirazione del suolo che, tuttavia, viene rapidamente espulso poco piu a valle a causa
delle elevate velocita di trasferimento del gas.

Il secondo importante studio sul campo consiste nel monitoraggio ad alta frequenza (10 minuti) di CO; disciolto in dodici corsi d'acqua
situati in quattro bacini alpini. Questa rete di misure ha permesso di esplorare ulteriormente il ruolo dello scioglimento della neve
nelle dinamiche di CO; nei ruscelli di montagna ed osservare diverse risposte nella concentrazione e nei flussi di evasione di questo
gas all'laumentare del deflusso del corso d’acqua. Su scale temporali annuali, I'aumento del deflusso porta generalmente a una minore
concentrazione di CO; nell'acqua. Tuttavia, durante I'insorgere dello scioglimento delle nevi & stato riscontrato un aumento delle
concentrazioni di CO; con un deflusso pil elevato, che porta a flussi di evasione di CO, maggiori.

Per contestualizzare meglio i nostri risultati e stimare i flussi di evasione di CO, dai corsi d'acqua montani, abbiamo combinato le
intuizioni acquisite dai due studi sul campo con le piu recenti scoperte sullo scambio di gas in flussi turbolenti. Abbiamo sviluppato
un modello di previsione del CO, e ne abbiamo modellato i flussi di evasione per tuttii piccoli corsi d'acqua di montagna della Svizzera,
cosi come per tutti quelli di tutto il mondo. Stimiamo che i corsi d'acqua di montagna del globo emettano 167 x 1,5 Tg C yr-1. Questa
stima e inaspettatamente elevata data la piccola superficie totale di piccoli corsi d'acqua di montagna.

Questa tesi porta nuove contribuzioni sulle dinamiche di CO; nei torrenti montani, non solo evidenziando il ruolo delle dinamiche
spazio-temporali che occorrono nei bacini imbriferi, e in particolare riguardo I'importante ruolo dello scioglimento della neve quale
facilitazione al trasporto di CO; proveniente dalla respirazione dei suoli dei bacini stessi, ma anche fornendo una delle prime stime
globali della quantita di CO; che viene espulsa dai torrenti di montagna ogni anno.

Parole chiave
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Sammanfattning

Inlandsvatten ar en viktig komponent i den globala koldioxidcykeln och avger en betydande mangd koldioxid (CO,) till
atmosfaren. Klimatférandringar och den globala uppvarmningen paverkar bergsomraden avsevart, och leder till smaltande glaciarer
och foérandrade nederbérdsmonster. Det ar oklart vad detta kommer att innebéara for backar och forsar i bergsomraden, samt for
CO,-kéllor, CO,-dynamik och avgivning av gas fran dessa vattendrag. Bergsbadckar har ofta ldga halter av CO,, vilket till stor del beror
pa litet organiskt kolinnehall i avrinningsomraden ovanfor tradgransen samt outvecklade jordmanshorisonter. Det dr emellertid
oklart varifran koldioxiden i bergsbackarna kommer ifran, vad som paverkar férandringar av vattnets koldioxidhalter samt hur mycket
koldioxid som avges fran bergsbackar ut i atmosfaren.

Denna doktorsavhandling stravar efter att fylla detta kunskapsgap. Genom att anvdnda en kombination av faltprovtagning, sensor-
stationer och analyser av isotoper, identifieras potentiella drivkrafter for férandringar i CO»-halter samt avgivning av gas fran backar
i bergsomraden 6ver tid och rum. Genom att kombinera detta med nya forskningsron om gasers transport mellan vattendrag och
atmsofaren, sa uppskattas hur mycket koldioxid som avges fran backar i de Schweiziska alperna samt hur mycket CO, som avges av
alla bergsbackar 6ver hela varlden.

Inom ramen fér doktorsavhandlingen har tva stora faltstudier genomforts. Den férsta faltstudien bestod av fyra upprepade provtagn-
ingsomgangar i ett alpint avrinningsomarde dar huvudbacken och sidobackar provtogs varje 50:e meter. CO, producerad av bakterier
i omgivande mark identifierades som den viktigaste CO,-kallan. Ett specifikt omrade med hog grundvattentillrinning fungerade som
en "kontrollpunkt" och styrde backens biogeokemiska sammansattning. Med varens sndsmaltning dkade transportvigarna mellan
backen och den omigvande marken, och mer koldioxid kunde transporteras till backen. Denna CO, avgas dock snabbt nedstroms pa
grund av de hoga gasdverforingshastigheterna.

Den andra stora faltstudien bestod av hogfrekvensmatningar (var 10:e minut) av CO; i 12 vattendrag i fyra alpina avrinningsomraden.
Tidsserierna mojliggjorde ytterligare analyser av sndsmaltningens roll for CO,-dynamik i bergsbackar. Trots overgripande
utspadningsrespons pa arlig basis sa identifierade vi betydande handelser under tidig snésmaltning, da backarna innehdll hogre halter
av CO;, och darmed mer CO, som kunde avges till atmosfaren.

For att kunna préva och satta in resultaten i en vetenskaplig kontext kombinerades resultat fran de bada ovanstdende studierna med
nya forskningsron om gasoéverféring fran branta och turbulenta backar. | denna studie utvecklade vi en forutsagelsemodell fér CO; i
bergsbédckar och modellerade avgasning av CO, fran alla bergsbackar i Schweiz, liksom fran alla bergsbackar 6ver hela vérlden. Vi
uppskattar att backar som rinner i bergsomraden avger 167 + 1,5 Tg C per ar. Denna uppskattning ar ovantat hog med tanke pa de
sma bergsbackarnas blygsamma yta.

Denna doktorsavhandling ger ny information om hur CO2-dynamiken fungerar i bergsstrommar. Den gor det inte bara genom att lyfta
fram vikten av spatiotempordara matningar och persepektiv, och da séarskilt betydelsen av snésmaltning for transport av CO; till

backarna, utan ocksad genom att presentera en forsta global uppskattning av mangden koldioxid som avges varje ar fran backar i
bergsomraden.

Nyckelord
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Chapter 1 Introduction

1.1 Facing a climate emergency

On May 12 this year, 2019, a new record was reached when atmospheric carbon dioxide (CO,) exceeded 415 ppm at the
Mauna Loa monitoring station in Hawaii. Never before in human history had atmospheric CO, concentrations been this high?.

The exponential increase of greenhouse gases in the atmosphere, including CO,, methane (CH4) and nitrous oxide (N,0), started with
the industrial revolution in the 1850t and is projected to continue to increase in the future. Anomalies in air temperatures and
precipitation patterns, predicted by the Intergovernmental Panel of Climate Change (IPCC), are currently causing, and will continue
to cause, extreme weather events, glacier melt, permafrost thawing and sea level rise2. Climate change is difficult to assess and
mitigate, nonetheless, it is highly likely that climate change will indirectly or directly impact most of our lives and the life of the coming
generations. Consequently, many jurisdictions and nations3 have now declared that we are not only facing climate change — we are
facing a climate emergency.

Glaciers have historically shown to be one of the more responsive physical systems to climate change* and the rate of glacier shrink-
age is accelerating®. The periods of glacier volume loss increases in intensity due to higher greenhouse gas concentrations in the
atmosphereb, changes in albedo and moraine cover’, as well as changes in atmospheric oscillation patterns® and changes in local
precipitation and wind patterns’. As an example, the total glacial coverage area in the European Alps decreased with 35 % during 80
years (1850-1970)° and most Alpine glaciers will be gone within the coming 20 to 80 years; glaciers situated below 2000 m (a.s.l.) are
predicted to be gone by 2050 and glaciers below 2500 predicted to be gone by 2100°. A projected 3°C temperature increase in the
Alpine regions, together with a 10-30 % precipitation decrease, would lead to a shift in the seasonal distribution of precipitation?. In
Switzerland, effects of climate change can already be seen. Average summer temperatures during the last 30 years exceeds all pre-
vious periods since 1685 and the near-surface temperature has increased by 2°C during the last 150 years (1864-2017). This can be
compared by a 0.9°C increase globally. As a result, the days of snowfall below 800 m (a.s.l.) have now decreased with half of the days
compared to the 1970s, as the winter precipitation has shifted to more rain. In the coming 80 years, climate projections (RCP8.5)
indicate a precipitation decrease in Switzerland during summer (-43 to +2 %) along with a precipitation increase in winter (2 to 24 %).
Depending on the climate scenario, the temperature rise in Switzerland is predicted to be between 0.6 and 1.9 °C (RCP2.6) and 3.3
and 5.4 °C (RCP8.5) by the end of the century, resulting in a snow cover decrease by up to 80 % at lower elevations!!. Hence, drastic
alterations of hydrological regimes are to be expected for the streams and rivers in the Alps. Glacial and nival hydrological regimes,
common regimes in the Swiss Alps (Federal Office for the Environment, FOEN, Switzerland, 2013), will transit into pluvial regimes.
Thus, high-altitude streams are highly susceptible to global warming, where shifting hydrological regimes impact stream and river
biogeochemistry and carbon cycling?2.

1.2 Inland waters and the global carbon cycle

During the last decade, the role of inland waters (i.e. streams, rivers, lakes, wetlands, estuaries and reservoirs) in the
global carbon cycle has caught more attention from the scientific community. In 2007, Cole and colleagues emphasized that inland
waters indeed are key components of the global carbon cycle: transporting, storing and transforming organic and inorganic carbon,
and emitting CO; and CH4 to the atmosphere!3. This differed substantially from previous views of inland waters as passive pipes,
transporting carbon along the land to ocean aquatic continuum (LOAC) (Figure 1:1).
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CO, evasion

Ocean

Sedimentation

Figure 1:1: Conceptual view of inland waters as funnels, not only transporting carbon along the land to ocean aquatic continuum; carbon also gets
transformed, sedimented and evaded along the way. Figure modified from Cole and colleagues in 2007%.

Inland waters were for the first time included in the report from the International Panel of Climate Change (IPCC) in 2013, when
freshwaters were estimated to emit 1.0 Pg C per year!4. Since those first acknowledgements of the contributions of inland waters to
the global carbon cycle, a number of studies have focused on better quantifying CO, (e.g., refs. 15-18), CH, (e.g., ref. 19) and N,0O (e.g.,
ref. 20) evasion fluxes from inland waters. The estimate of the total CO; evasion flux from inland waters has increased since estimates
from contributing components. This includes revised estimates of CO, fluxes from deltas (e.g., ref. 21), reservoirs (e.g., ref. 22), and
lakes (e.g., refs. 23.24), Moreover, more studies from poorly studied parts of the world, such as African streams and rivers (e.g., ref.
25), Chinese rivers (e.g., ref. 26) and Indian estuaries (e.g., ref. 27) have been included. Nevertheless, current estimates of CO, evasion
fluxes from inland waters vary considerably between publications, from 0.75 to 3.88 Pg C per year?8 (Figure 1:2). Thus, the research
community is far from a consensus of the quantity of CO; emitted from inland waters and there are still major components left to be
better quantified. One example of this are the streams in the very beginning of the land to ocean aquatic continuum: the headwater
streams29:30),
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Figure 1:2 The estimate of the total carbon evasion flux has been revised upwards during the last decade. Figure created with data synthetized from
Drake and colleagues in 2018 (ref. 28) based on several studies!31%17-19,2531-33,

1.3 Mountain headwater streams and the global carbon cycle

Headwater streams are estimated to comprise approximately 89% of the total stream and river length3435, although
streams and rivers contribute with only 0.6 % of the Earth’s non-glaciated land surface3¢. Nevertheless, headwater streams are esti-
mated to emit an very high amount of CO, with respect to their surface area3%37.38, Most of those estimates are based on studies
from high-latitude headwater streams6:3%-41 where partial pressure of the streamwater CO, (pCO,) generally is high due to high
quantities of organic carbon present*243 (Figure 1:3a, Figure 1:3b). Fewer studies have been conducted on more carbon-poor systems,
such as mountain stream networks, despite the fact that mountains cover one fourth of the land surface***> and mountain streams
and rivers contribute with 32 % of the global runoff4. In fact, median altitude of the CO, data included in the global river chemistry
database (GLORICH)*¢ is 409 m above sea level (Figure 1:3c). Overall, high-altitude streams have comparably low pCO, and sporadi-
cally also undersaturated CO, concentrations with respect to the atmosphere*’-59, the magnitude of their CO, emissions to the at-
mosphere is still debated*7:42,
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Figure 1:3 Streamwater pCO; data included in the GLORICH database (a) is highly biased towards high latitude streams (b) as well as streams located
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1.4  CO2 evasion fluxes from mountain streams: high gas exchange and low
streamwater CO2

CO; fluxes (Fcoz2) depend both on the CO, concentration gradient between water and atmosphere (COawater — CO2air) and
on the CO, gas exchange between the streamwater surface and the atmosphere (Equation 1:1). The gas exchange can be described
as a function of the gas transfer velocity (k), as shown in Equation 1:1. Gas transfer velocity varies between different gases and can
be translated into CO, gas transfer velocity (kco2) using the Schmidt number for CO,. The Schmidt number is an empirically calculated
parameter of the water’s kinematic viscosity divided the gas molecular diffusion coefficient. It is gas specific and temperature specific,
meaning that every gas has a different Schmidt number (the Schmidt number is also influenced by salinity which has to be considered
in non-freshwater environments)>1,

Fcoz = (COzpater — CO2qir) X ko

Equation 1:1 — CO; evasion fluxes

The CO, concentration gradient between the streamwater and the atmosphere generally increases in downstream stream and river
networks due to higher inputs of organic carbon and higher rates of in-situ CO;, production from aquatic metabolism, in comparison
to dominating catchment-derived CO; sources in headwater streams (Figure 1:4a)38. Oppositely, the gas exchange might be high in
headwater4!52 (Figure 1:4b) since the gas transfer velocity increases with stream channel slopes#133.54, |n fact, gas transfer velocity
rates in mountain high-energy streams are disproportionally high due to high turbulence and bubble formation within the water
column®4, For mountain streams, this implies that even a slight CO, oversaturation might lead to high CO, evasion fluxes.

External CO,

catchment-derived i

High gas exchange:
Steep channel slopes
High flow velocities

Lower gas exchange:
Flatter channel slopes
Lower flow velocities

Internal CO,
sources:
in-situ produced

Figure 1:4 Streamwater CO2 sources are known to vary along the land to ocean aquatic continuum, where headwaters have a higher contribution of
catchment-derived CO; (external CO; sources) compared to downstream rivers that have higher proportions of in-situ produced CO: (internal
sources) (a). The gas exchange between the stream and the atmosphere is higher in steeper, high-energy, streams due to the higher turbulence,
compared to in flatter, low-energy, streams (b). Figure modified from: Tracey Saxby, Integration and Application Network, University of Maryland
Center for Environmental Science (ian.umces.edu/imagelibrary/).
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1.5 Spatiotemporal CO2 dynamics in mountain streams

Due to the high gas exchange in mountain streams, combined with pCO, close to atmospheric equilibrium, those streams
in particular require accurate estimations of streamwater pCO,. There are different methods for estimating streamwater CO,. Tradi-
tionally, streamwater CO; has been estimated indirectly through calculations based on the carbonate equilibria where the speciation
of dissolved inorganic carbon (DIC) (i.e., dissolved CO,, carbonic acid, bicarbonate and carbonate) depend on pH and temperature5>°6,
This method is relatively simple and cost-effective, although associated with high errors, especially at low pH>’. A more accurate
method is to estimate streamwater CO, from grab samples using a headspace equilibrium method, where a headspace is created in-
situ or in a laboratory. The headspace it then let to equilibrate with the remaining water in the vial, either through shaking3® or
heating®. Thereafter, the gas in the headspace can be extracted and measured an infrared gas analyzer>8, gas chromatography>® or
cavity ring-down mass spectrometry®. CO, can also be measured via drifting chamber measurements®l. During the last couple of
decades, there has been an increasing availability pCO; sensors that directly measure the stream water mole fraction of CO,. A major
advantage using the pCO, sensors is that they can continuously measure CO,, enabling more long-term monitoring®263, With an
increasing possibility of more accurate estimations and monitoring of CO,, higher resolution of sampling is possible. This is a major
breakthrough, since streamwater pCO; is known be highly variable both spatially and temporally®4-%, causing spatiotemporally dy-
namic CO; ‘hotspots’ and ‘hot moments’67-69,

In mountain streams, hydrological regimes drives temporal variations in stream biogeochemistry, where the sources of water (pre-
cipitation, groundwater, snowmelt and glacier ice melt) changes throughout the year!27°, The hydrological connectivity of the catch-
ment, enhancing the transport of soil CO, and weathered products, has been identified as a major driver of streamwater CO, dynam-
ics in headwater streams37.66.71.72 where groundwater upwelling may cause CO, hotspots37.62 that significantly alter the stream bio-
geochemistry’3. Streamwater hydrology is also important for the gas exchange, where gas transfer velocities increases with increasing
turbulence®*74, The relationship between streamwater hydrology and streamwater CO, dynamics in mountain streams, and how this
varies over different spatial and temporal scales, is yet today poorly constrained. This includes both streamwater CO, sources and
CO; evasion fluxes — from Swiss mountain streams as well as from mountain streams worldwide. Mountain streams are exposed to
present and future alterations due to the ongoing climate emergency, with biogeochemical and hydrological shifts1275, such as a tree
line advancing to higher altitudes’® and increased catchment connectivity due to glacier retreat’”. This makes it even more important
to better understand the drivers and mechanisms behind CO, dynamics and evasion fluxes from mountain streams.
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1.6

Thesis objectives and chapters

We are facing a threat of a changing climate that human kind has never experienced before. Despite this, many compo-

nents of the global carbon cycles remain to be refined. This includes the role of mountain streams for global carbon fluxes. This is

remarkable given the probability of mountain streams contributing significantly to global CO, emissions*?, as well as the susceptibility
of mountain streams to climate change'278. The objective of my PhD thesis is therefore to better constrain CO; sources, CO, dy-

namics, and CO; evasion fluxes from mountain streams. My thesis is divided into five chapters, where the first chapter is this thesis

introduction. The following two chapters aim to assess mountain stream CO; dynamics and fluxes at different spatial and temporal
scales; high-resolution spatial scale and high-resolution temporal scale. The forth chapter of my thesis focuses on a global scale and

aims to assess the overall role of mountain streams in the global carbon cycle. Finally, the fifth chapter contains a conclusion of all

results of this thesis, and an outlook with future perspectives.

1.6.1

1.6.2

1.6.3

1.6.4
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Chapter 2: High-resolution spatial sampling identifies groundwater as driver of CO2 dy-
namics in an Alpine stream network

This chapter focuses on spatial and seasonal variations in CO; sources and drivers in a high-altitude Alpine stream network.
| present a case study from a small headwater catchment in the Swiss Alps were we have conducted highly resolved spatial
sampling campaigns repetitively during four periods of the year; winter, spring, summer and autumn (2016). In total,
streamwater samples from 300 sites were collected, and approximately 3000 samples analyzed. By interpreting the data,
we reconstructed seasonal hydrological changes and the important role of catchment connectivity for streamwater CO,
dynamics, sources and evasion fluxes from the stream network.

Chapter 3: Dynamics and potential drivers of CO2 concentration and evasion across tem-
poral scales in high-alpine streams

In this chapter, unique results from a study in the Swiss Alps are presented. We monitored streamwater pCO, and water
levels continuously (every 10 minutes) during two years (August 2016 to September 2018). By relating the responses in
streamwater CO; concentration, and CO, evasion fluxes, with discharge dynamics, we identified the importance of temporal
scale for assessment of CO;, evasion fluxes from streams that are low in CO,. Despite overall diluting responses in CO,
concentration to increasing flow, we identified pulses of CO, during early snowmelt, when soil-derived CO, was flushed
from the catchments to the streams.

Chapter 4: Unexpected large evasion fluxes of carbon dioxide from turbulent streams
draining the world’s mountains

The fourth chapter of my thesis contains an estimation of the total contribution from mountain streams to the global carbon
cycle. | used, together with my colleagues, insights from the two previous chapters and upscaled the results to cover larger
areas: first to cover all small mountain streams in Switzerland, and then to all small mountain streams in the world. We
constructed a prediction model of streamwater CO; in mountain streams that we coupled with estimates of gas exchange
and derived a new estimate of the total CO; annually emitted from the world’s mountain streams.

Chapter 5: Conclusions and future perspectives

The fifth chapter starts with a summary of achieved results and then continuing with an outlook of future development.
Altogether, the chapters in this thesis brings together a new perspective of CO; dynamics, sources and fluxes from mountain
streams, and stresses that a better implementation of mountain streams in the global carbon budgets is needed — not only
to enable better prediction models of the global carbon cycle but also to better monitor and predict future alterations for
the world’s mountain streams due to climate change.
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2.1 Abstract

Inland waters are major sources of CO; to the atmosphere. The origin of this CO; is often elusive, especially in high-
altitude streams that remain poorly studied at present. Here we study the spatial and seasonal variations in streamwater CO,, its
potential sources and drivers in an Alpine stream network (Switzerland). High-resolution sampling combined with stable isotope
analysis and mixing models enabled us to capture the fine-scale spatial heterogeneity in streamwater pCO; as the stream network
expanded and contracted during seasons. We identified soil respiration as a major source of CO; to the stream. We also identified a
major groundwater upwelling zone as an ecosystem ‘control point’ that disproportionately influenced stream biogeochemistry. This
was particularly pronounced when the stream network expanded during snowmelt, when it covered a five times larger area com-
pared to winter (35,300 m2compared to 7,100 m2). Downstream from this control point, CO, evaded rapidly owing to high gas trans-
fer velocity. The stream network was a net source of CO; to the atmosphere with an average areal evasion flux of 30.1 (18.0-43.1)
pumol m2 st and a total flux at network scale ranging from 237 (141-339) kg C d* in winter to 1793 (1069-2565) kg C d* during spring
snowmelt. Our study highlights the role of stream network dynamics and control points for the CO, dynamics in high-altitude streams.
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2.2 Introduction

Inland waters are key components of the global carbon cycle. They transport and store organic and inorganic carbon, but
also transform carbon with the ultimate emission of carbon dioxide (CO) and methane (CH,4) to the atmosphere!3:1517.79, While high-
latitude streams are recognized as large emitters of CO, (e.g., refs. 3%-41), the emissions of CO, from high-altitude streams are less
well studied at present649.80 This is remarkable given the susceptibility of high-altitude streams to climate change, where glacier
retreat and shifts in precipitation patterns, with consequences for snowpack distribution, change the hydrological and thermal re-
gimes275 and carbon fluxes®?.

While a third of the CO; evasion from streams and rivers occurs in headwater catchments39, it is only recently that attempts are being
made to constrain the sources of the CO, in these streams37:38, Overall, these studies suggest that terrestrial deliveries of CO, prevail
in headwaters and that autochthonous CO; sources (e.g., from aquatic ecosystem respiration) become more important downstream.
This is, among other reasons, because of the typically high hydrological connectivity between groundwater with their adjacent soils
in headwater streams®671.80, Shallow groundwater transports CO, derived from soil respiration8?, while deeper groundwater can en-
train dissolved inorganic carbon (DIC) from carbonaceous rock weathering®? into the streams. The upwelling of groundwater may
therefore locally enrich streamwater in CO, (and DIC) and subsequently increase CO, evasion fluxes along downstream reaches37.62,
Such zones of local groundwater upwelling may function as ‘control points’ that spatially and temporally control ecosystem dynamics
and related biogeochemical fluxes’3. If not properly accounted for, the rapid local CO; evasion downstream from such control points
may lead to an underestimation of CO; evasion rates at larger scales (i.e., reach scale and beyond)37.67, Thus, insights in catchment
hydrology and streamwater sources are helpful for tracking the sources and fate of streamwater CO,.

The sources of CO; in streamwater can be identified using stable carbon isotope analyses828485 §13C values of streamwater CO,
depend on the relative contribution of carbon from respiration, weathering and atmospheric exchange®®. Isotopic discrimination
occurs during CO; assimilation by plants, where the lighter isotope is preferentially used over the heavier isotope. CO; originating
from in-stream or soil respiration (either from root respiration or heterotrophic oxidation of soil organic matter) has 613C values
similar to those of the organic carbon being respired8’, commonly ranging between -34 to -24 %038 in temperate environments where
C3 is the most abundant photosynthetic pathway®°. In the presence of carbonate bedrock, calcium carbonate dissolution (with §13C
values close to zero) commonly occurs due to a reaction with carbonic acid (H,COs3) originating from soil respiration®. Therefore, in
streams with carbonate mineral dissolution, streamwater CO, is typically enriched in 13C with values ranging from -23 to -11 %.°.
Moreover, during exchange with atmospheric CO,, the lighter 12C isotopes evade more easily from the streamwater, which results in
an enrichment of streamwater CO, and DIC in the heavier isotope 13C8592,

The aim of this study was, using high-resolution spatial surveys, to study the dynamics of CO,, its sources and evasion fluxes from an
Alpine headwater stream network as it expands and contracts during seasons. Alpine catchments, with their hydrology being domi-
nated by snow and glacier ice melt, are well suited to study the dynamics of hydrological connectivity and its impact on stream
biogeochemistry. In fact, the hydrology of alpine streams is shaped by the relative contributions from groundwater, precipitation,
snowmelt and glacier ice melt, all of them changing seasonally and becoming increasingly altered because of global warming!2. We
hypothesized that the spatial and temporal variability of groundwater upwelling is a major driver of the dynamics of streamwater
pCO; and CO; evasion fluxes from the stream network. We also anticipated that local valley geomorphology can act as a control
point”? that, depending on the hydrology, modulates groundwater upwelling and hence CO; delivery into the stream. Furthermore,
we expected the hydrological connectivity as modulated by seasonal expansion and contraction of the stream network, together
with seasonal fluctuation of shallow groundwater dynamics, to influence pCO; dynamics and CO; evasion fluxes.
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2.3 Materials and Methods

2.3.1 Study site description

We conducted field surveys in the stream network draining the Vallon de Nant catchment (13.4 km?, 46° 15’12.3”N, 7°
06’34.7"’E) in the Swiss Alps (Figure 2:1). Catchment boundaries were delineated in ArcGIS 10.5 (Environmental Systems Research
Institute, USA) using a digital elevation model (DEM; 2 m2resolution) (Geodata © Swisstopo). The catchment elevation ranges from
1190 to 3051 m above sea level (a.s.l.). The upstream catchment is characterized by a wide valley bottom with braided and low-
sloped channels. Downstream from this braided area, the valley geomorphology constrains the stream into a canyon-like channel
that gradually opens up again further downstream (Figure 2:1). The average catchment slope is 0.32 m m-1 and the average stream
channel slope is 0.093 + 0.033 m m'L. The stream network, with a maximum stream length of 4500 m, expands and contracts through-
out the year depending on the variable contributions from snowmelt, glacier ice melt, groundwater and precipitation (Figure 2:2).
The glacier, situated in the southeast part of the catchment, covers 5 % of the catchment area.Vegetation cover consists of natural
grassland (18 %), coniferous forest (15 %), sparsely vegetated areas (13 %) and moors and peatland (4 %); roughly 45 % of the
catchment consists of bare rock, including calcareous minerals, estimated in ArcGIS from CORINE land cover (European Environment
Agency, Denmark). In 2016, the annual air temperature averaged 5.9 + 6.1 °C and streamwater temperature averaged 4.8 + 2.8 °C.
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Figure 2:1 Topographic map of the study catchment, Vallon de Nant (Switzerland) with an elevation ranging from 1190 to 3051 m above sea level
(a.s.l.). The geomorphological transition partitions the stream channels in an upstream braided system and a downstream canyon-like system.
Shown are 10 m elevation contour lines derived from a digital elevation model, derived in QGIS 3.2.1 (QGIS Development Team, Switzerland) Data
source: Geodata © Swisstopo.
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2.3.2 Sampling design

We conducted sampling campaigns (2016) in winter (March), spring (May), summer (September) and autumn (November)
and timed them to capture the seasonal hydrological variability typical for Alpine catchments. During each season, streamwater
samples were collected during 3 to 4 days along the main channel and intermittent tributaries approximately every 50 to 80 m,
starting from the catchment outlet, to a maximal length of 4500 m upstream depending on the network expansion. Hereafter, we
refer to the various sampling sites as the linear distance upstream from the catchment outlet (i.e., from the most downstream site
in our sampling sequence). We systematically restricted the sampling window and only sampled between 6 am and 12 am in order
to avoid effects from diurnal fluctuations in streamwater chemistry owing to glacier ice melt and snowmelt later during the day.
Moreover, we compared the daily fluctuations in streamwater temperature in the catchment outlet (measured every 10 minutes) to
the instantaneous values measured during sampling to verify that we sampled well within that window of relative stability. During
sampling in winter, large parts of the stream network were snow-covered, which precluded sampling in the reaches beyond a distance
of 2700 m upstream from the outlet. During this time the stream network was at maximum contraction. During spring snowmelt,
water flow in tributaries and locally emerging subsurface flow paths transiently expanded the network. In summer, glacier ice melt
provided water flow to the stream reach directly downstream from the glacier, a channel which fell dry again in autumn. In autumn,
various springs along the northwestern flank of the catchment contributed to stream flow in the main channel. The network behavior
allowed us to collect streamwater samples from a total of 43 sites in late winter (March), 118 sites in spring (May), 75 sites in summer
(September) and 64 sites in autumn (November); sampling sites along the main stem slightly differed between seasons.

2.3.3 Chemical composition of streamwater

Streamwater was collected from the thalweg to analyze a suite of parameters. Samples were stored in the dark (4°C)
pending analyses in the laboratory within 24 h. We also measured streamwater pH, temperature and specific conductivity (SC) in the
field with daily calibrated WTW multi-parameter probes (Xylem Inc., USA).

We collected water samples for CO, concentration and isotopic composition (613C-CO,). Duplicate samples were collected in glass
vials (60 mL) that contained crystalized sodium azide (300 uL) for sample preservation. In the field, vials were carefully submerged
in the water to avoid bubble formation and turbulence-induced CO; loss, and while still submerged, the vials were sealed with rubber
stoppers and metal caps. Back in the lab, a headspace with synthetic air (< 5 ppm CO3) was created and the water phase and the
headspace were equilibrated (2 hours)*?. We measured the CO, concentrations and isotopic compositions using a cavity ring-down
spectrometer (G2201-/, Picarro Instruments, USA). In the beginning and end of each laboratory day, we analyzed blanks with synthetic
air to ensure that it contained less than 5 ppm of CO,. At each sampling site in the field, we also sampled air into glass vials (60 mL)
for the determination of atmospheric CO, using the same cavity ring-down spectrometer as above.

For dissolved inorganic carbon (DIC) concentrations and isotopic compositions (613C-DIC), streamwater was filtered directly in the
field (0.47 um nylon filter) into 40 mL glass vials (one vial per site). We assessed the possibility of degassing CO, because of filtration;
the risk of underestimation of DIC was found to be small since DIC mostly consisted of HCO3™ (97 + 0.6 %) and the proportion of
dissolved free CO, was 2.4 + 0.7 % due to elevated streamwater pH (8.14 £ 0.12). For the measurements of DIC in the laboratory, we
added 200 pL of 85 % orthophosphoric acid into empty glass vials, which we flushed with helium to avoid background CO,. We then
injected 1.5 mL of streamwater and equilibrated the samples for two hours in the helium headspace. Next, we measured DIC as the
CO; released by the reaction with the orthophosphoric acid using isotope ratio mass spectrometry (Finnigan™ GasBench I, Thermo
Finnigan DeltaPlus XL, USA)%3. The measured values were normalized with an in-house standard, Carrara Marble Il, which was ana-
lyzed in the beginning and the end of each sequence as well as dispersed throughout the sequence between every 8 to 10 samples.

Streamwater samples were also analyzed for DOC, alkalinity, major anions and cations and deuterium (6D) and oxygen (6180) stable
isotopes. Samples for DOC analysis were filtered through double GF/F filters (Whatman) into 40 mL acid-washed and pre-combusted
glass vials and analyzed within 1 to 3 days (Sievers M5310c TOC Analyzer, GE Analytical Instruments, USA). The accuracy of the in-
strument is + 2 %, precision <1 % and detection limit 1.83 umol C L* (N. Escoffier, personal communication). Non-filtered samples
for the estimation of streamwater alkalinity were collected in 500 mL polyethylene bottles and analyzed by titration with 0.05 N HCI.
For quality control, titrations were performed on freshly opened Evian© bottled water, which has a constant and known alkalinity.
We performed the alkalinity measurements with both manual and automatic titration (916_Ti-touch automatic titrator, Metrohm,
Switzerland). Concentrations of major anions and cations were measured on streamwater filtered through 0.22-um filtered (Mixed
Cellulose Ester) using ion chromatography (ICS-3000 Dionex, USA). Finally, values of streamwater 6D and 6180 were determined on
filtered (0.47 um) samples using a Picarro cavity ring-down spectrometer (L1102-i).
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Discharge (Q) was estimated approximately every 300 m using slug additions of dissolved sodium chloride (NaCl) into the stream-
water and measuring the changes of streamwater SC downstream. We established an empirical relationship between NaCl concen-
tration and SC and calculated the discharge from the breakthrough curves®®. We measured channel width at every sampling site to
estimate the surface area of the stream network for each season. We also calculated streambed area between sites with Q measure-
ments, from which we inferred areal specific stream discharge (Aq).

2.3.4 Data analysis

The relative contributions from groundwater, snowmelt and glacier ice melt (Table 2:1) were estimated using a Bayesian
end-member mixing model with the R package simmr®*. A dual tracer approach was used to achieve a two-dimensional plane of the
potential water source contributions. Due to the similarity of the stable isotopic composition of groundwater and glacier ice melt, we
performed mixing analyses using 680 as the first tracer and SC as the second tracer; these are common tracers for end-member
mixing analyses®®. The glacial stream end-member was sampled close to the glacier during summer (n = 12). Several nival tributaries
were sampled during the spring campaign, across the stream network, and the 6180 and SC of these sites served as the nival stream
source (n = 27). The groundwater end-member values were obtained from a 5 m deep groundwater well installed in a large alluvial
aquifer system below the braided reach 2800 m upstream. Groundwater is generally well mixed here and expected to be relatively
stable in terms of its geochemistry (J. Thornton, personal communication). We received groundwater 6180 data from this well in
August 2017 and determined SC, pCO,, DIC and isotopic compositions of CO, and DIC in October 2017.

Parameters Glacial stream Groundwater Nival stream
5180 (%o VSMOW) -12.8(0.03) -12.7 (N/A) -14.6 (0.16)
Specific Conductivity (1S cm™) 165.6 (0.67) 272.0 (N/A) 138.1 (7.35)

Table 2:1 End-members for the mixing model; glacial stream (n = 12), groundwater (n = 1) and nival stream (n = 27). Values are means (standard
deviations). Abbreviation: N/A, not available.

We used changepoint analysis®®7 with the R package changepoint®® to detect shifts in streamwater constituents along the main
channel.

Sources of CO; and DIC were explored using Keeling®® and Miller-Tans®? linear mixing models. Both models are based on the assump-
tion that the mixing of two different sources with different isotopic compositions create a two-dimensional space that can be de-
scribed by a simple linear model (y = ax + b). The mass balances for CO, and §13C-CO; (and correspondingly for DIC and §13C-DIC) give
the following relationship,

813CM XCM = 813(:5 X C5+ 613CB X CB
Equation 2:1 — Isotopic mass balance

where the measured isotopic composition (613Cy) and concentration (Cy) equal the sum of the isotopic composition and concentra-
tion of the source (63Csand Cs) and the background (613Cg and Cg). 613Csand Cs represent the sum of all carbon sources while 613Cg
and Cg is the composition of atmospheric CO,%8-19, From Equation 2:1, the equations for the Keeling (Equation 2:2) and Miller-Tans
(Equation 2:3) plots are derived as

813Cy = Cg(8¥3Cp x 83Cg) X (1/Cy) + 813Cg
Equation 2:2 — Mixing model: Keeling
813Cy x Cy = 83Cg X Cy — Cp(8'3Cg — 83Cy)
Equation 2:3 — Mixing model: Miller-Tans

In the Keeling plot, the measured streamwater §13C is plotted against the inverse carbon concentration (1/C) where the y-intercept
equals to the 813C of the source®®101, |n the Miller-Tans plot, the observed isotopic ratio is multiplied by the concentration and ex-
pressed as a function of the measured concentration, where the slope represents the 613Cs value. Keeling and Miller-Tans models
are based on linear mixing and we acknowledge that isotopic fractionation (e.g., during CO; evasion) can violate that assumption.
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Therefore, additional to applying the Keeling and Miller-Tans models to the measured CO; and DIC concentrations and isotopic com-
positions, we also estimated CO, sources from theoretically calculated CO, concentrations (e.g., ref. 192) and theoretically calculated
isotopic compositions>%103 (from DIC concentration, 613C-DIC and streamwater temperature) assuming an isotopic fractionation of
813C-CO; in equilibrium with DIC. Hence, we could better constrain the effect of CO, evasion for the estimation of CO, sources because
rapid CO; evasion can drastically change its isotopic composition.

We estimated CO, evasion fluxes for winter, spring, summer and autumn, using seasonal median pCO, values combined with the
empirical kego equation from Ulseth and colleagues in 2019°%. Briefly, we derived kegoo from seasonal average energy dissipation (eD,
m2 s3), where eD is a product of flow velocity (V, m s1), channel slope (S, m m1) and the gravitational acceleration (m s2) equation
(2:4). To incorporate the large variation in stream channel slope along the stream network, and the potential impact slope might
have on the resulting flux estimates, we used average stream channel slope (+ standard deviation) for the calculations. Since eD was
higher than 0.02 m2 s3 we used the equation established for turbulent and high-energy streams.

_ 6.43+1.18 xIn(eD
keoo = exp (D)

Equation 2:4 — Normalized gas transfer velocity

kcoz was then estimated from keoo using the Schmidt number scaling (Scco2)194, which is temperature (T°C) dependent, where the
exponent of -0.5 is commonly used for turbulent water1%,

Sccop = 1911.1 — 11811 X T + 3.4527 x T? — 0.041320 X T3

Equation 2:5 — Schmidt scaling for CO:

-0.5
Sccoz

600

kcoz = k600 X

Equation 2:6 — Gas transfer velocity of CO.
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2.4 Results

2.4.1 Variation in discharge

Discharge in the main channel of the stream network varied seasonally and spatially (Figure 2:2). Average discharge was
lowest during winter baseflow (70 L s1), increased tenfold and was highest in spring during snowmelt (970 L s) to gradually decrease
again during glacier ice melt in summer (230 L s1), and back to baseflow in autumn (140 L s'1). Along the mainstem, discharge in-
creased markedly around 2800 m upstream where the braided channels transited into constrained canyon-like channel (Figure 2:1).
Here, the specific discharge was 1.30, 0.25 and 0.13 L m2 s1in spring, summer and autumn, respectively; changes in specific discharge
could not be estimated in winter because of snow cover. The spatial variation in discharge downstream of this gaining reach was
generally low.
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Figure 2:2 Samples were taken every 50 m along the nivo-glacial headwater stream network, during winter, spring, summer, and autumn. The cir-
cles specify each sampling location during the four campaigns. The steam network expanded and contracted throughout the year. A distinct in-
crease in specific conductivity (maps and panel a-d) is noted approximately 2800 m (+ 100 m) upstream, in a braided stream segment. This corre-
sponds to an increase in discharge (e-h) in the same stream segment.
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2.4.2 Spatial and seasonal variations in source contributions to stream flow

Contributions from groundwater, glacial ice melt and snowmelt to streamflow changed seasonally and were linked to the
expansion and contraction dynamics of the stream network. The end-member mixing analysis showed that groundwater was the
dominant source of water in winter, spring and autumn (Figure 2:3). Groundwater was relatively stable downstream (< 2800 m) from
the braided reach, with contributions of 65.5 + 2.8, 61.8 + 2.9, 40.8 + 1.5, and 54.1 + 2.1 % in winter, spring, summer and autumn,
respectively. No mixing model estimates were computed for the upstream reaches (> 2800 m) in winter because of the lack of data
owing to the snow cover. In spring, however, groundwater contributions were lower in the upstream reaches (34.2 + 12.2 %) com-
pared to downstream reaches, while snow melt contributed 58.1 + 10.8 % to the stream flow upstream. In summer, glacier ice melt
was the primary source (92.2 + 18.5 %) to streamwater flow in reaches above 2800 m. Owing to lateral groundwater upwelling, glacier
ice melt contributed only 45.4 £+ 6.2 % to the streamflow in the downstream reaches. During autumn, groundwater contributed on
average 45.9 £ 23.9 % to the streamflow in the upstream reaches (2800 m) and were relatively constant along the mainstem.
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Figure 2:3 680 values and specific conductivity of the streamwater sources and of the water collected along the stream network across the four
seasonal sampling campaigns. The dashed line indicates the 2-dimensional space between the three identified water source contributions as ob-
tained from the Bayesian mixing model; groundwater, glacial stream flow and nival stream flow (a). Water source contribution and difference in
specific stream discharge (Aq) varied across winter (b), spring (c), summer (d), and autumn (e). The difference in specific discharge (Aq) was highest
in the braided stream reach, where groundwater contributions increased in spring and summer.

2.4.3 Spatial and seasonal CO2 dynamics

Streamwater pCO; averaged 634 + 108 patm during the study year and varied seasonally and spatially along the mainstem
of the stream network (Figure 2:4; Table 2:2). Streamwater was supersaturated in CO, with respect to the atmosphere for 92 % of all
sample sites across the stream network and over all four seasons (n=247). In the mainstem, streamwater CO; supersaturation was
observed in 93 % of the sampling sites (n=159). The maximum streamwater pCO, (1305 patm) was measured in a spring-fed stream
draining into the braided reach (2800 m); the lowest pCO, was sampled in a snowmelt-fed tributary during spring (309 patm). Of all
streamwater samples, 8 % were undersaturated in CO, with respect to the atmosphere. The undersaturation was observed in nival
tributaries in spring (13 % undersaturation) and in the reaches closest to the glacier in summer. The sites with CO, undersaturation
had one commonality: low concentration of calcium ions, low DIC concentrations and an enriched §3C-CO, and &3C-DIC isotopic
compositions. A possible explanation for this CO, undersaturation is carbonate buffering in the stream, where snow and ice meltwa-
ter, low in CO,, mix with the streamwater. DIC represented the vast majority of the total dissolved carbon (DIC and DOC) in the
streamwater (99.0 + 0.8 % across the stream network). Of the DIC species (CO,, HCO3~ and CO3%) CO, accounted for 2.9 + 0.6 % of
the DIC given the high pH (8.14 + 0.12).
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Streamwater DOC concentration averaged 0.011 + 0.003 mmol C L1 in the mainstem across all seasons; it was highest in spring (0.017
+0.004 mmol C L) and lowest in summer (0.006 + 0.001 mmol C L'1). The largest spatial variation in DOC concentration was observed
in spring, when DOC concentration in snow-fed tributaries (0.026 + 0.010 mmol C L!) was up to 66 % higher than in the mainstem.
Linear regression analysis detected a weak positive relationship between streamwater DOC concentration and pCO; for all sites along
the mainstem and across all four seasons (RZ = 0.17, p < 0.0001); however, when including the tributaries, there was no relation
between DOC concentration and pCO; (R? = 0.0005, p > 0.05). Streamwater DIC concentration was positively related to pCO; across
all mainstem sites and seasons (R2 = 0.26, p < 0.0001), and across the entire network (R2 = 0.33, p < 0.0001). Streamwater DIC con-
centration was related to pCO, in spring (R? = 0.59, p < 0.0001) and summer (R2 = 0.42, p < 0.0001), but not in winter and autumn.

Furthermore, the isotopic composition of DIC and CO; varied spatially and across seasons (Figure 2:4). §13C-DIC was negatively related
to streamwater pCO; for all mainstem sites (R? = 0.49, p < 0.0001), and also for the entire stream network (R? = 0.42, p < 0.0001).
613C-CO; was negatively related to streamwater pCO; for all mainstem sites (R? = 0.49, p < 0.0001) and for the entire stream network
(R?2 =0.45, p < 0.0001). The theoretically calculated §3C-CO, values (i.e., estimated from DIC concentration, §23C-DIC and tempera-
ture) were negatively related to streamwater pCO; for all mainstem sites (R? = 0.66, p < 0.0001) and the entire stream network (R? =
0.39, p <0.0001). In spring, 613C-DIC (R2 = 0.68, p < 0.0001), measured 613C-CO, (R?2 = 0.74, p < 0.0001) and calculated §13C-CO, (R? =
0.66, p < 0.0001) were all inversely related to pCO,. Those three parameters were also significantly (p < 0.0001) related with pCO; in
summer (RZ=0.41, R2=0.38 and R = 0.39, respectively). No corresponding relationships were observed in winter or autumn.

Season Mainstem Mean pCO. Mean DOC Mean DIC Mean 8§3C-DIC  Mean 6*3C-CO; Mean Atm.
sampling sites (natm) (mmol L?) (mmol L?) (%0VPDB) (%0VPDB) CO; (patm)
Winter 35 671 (74) 0.011 (0.001) 1.645 (0.152) -5.02 (0.39) -10.69 (0.79) 404 (16)
Spring 49 744 (146) 0.017 (0.004) 1.733 (0.323) -5.76 (1.34) -11.15 (1.16) 402 (18)
Summer 61 544 (133) 0.006 (0.001) 1.331(0.272) -4.39 (0.81) -8.91 (1.84) 405 (25)
Autumn 46 578 (78) 0.011 (0.004) 1.890 (0.203) -5.08 (0.70) -10.23 (1.02) 399 (13)
Yearly 190 634 (108) 0.011 (0.003) 1.649 (0.237) -5.06 (0.81) -10.25 (1.20) 402 (3)

Table 2:2 Dissolved organic and inorganic carbon concentrations, isotopic values of DIC, CO2, and pCO. Values are seasonal means (standard devia-
tions). Abbreviations: DOC, dissolved organic carbon; DIC, dissolved inorganic carbon; VPDB, Vienna Peedee belemnite.

Change point analyses detected spatial shifts in streamwater pCO, and related chemical constituents. In winter, spatial shifts were
detected at 1600 m and 2600 m from the outlet where decreasing streamwater pCO; was associated with an increase in pH and
enrichment in isotopic compositions of CO, and DIC. These changes indicate local upwelling of groundwater delivering CO; to the
stream. Similarly, in summer, we identified a local increase in streamwater pCO, at 3000 m, which was associated with elevated SC,
alkalinity and calcium concentrations, and with more depleted §13C-CO; values. In autumn, decreases in pCO; at 2600 m and 300 m
were associated with an increase in pH and an enrichment in the isotopic compositions of CO, and DIC. Interestingly, this spatial
pattern with local upwelling was not pronounced in spring. Rather, there was a gradual increase in pCO; along the braided channels
(Figure 2:4), which was associated with increases in streamwater temperature, SC, pH, alkalinity and calcium concentrations, but also
with more depleted isotopic compositions of CO; and DIC.
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Figure 2:4 Spatial variations in pCO2 and groundwater contributions (upper row, a-d), and measured and calculated §*3C-CO; (lower row, e-h). The
mainstem streamwater pCO; varied across winter (a), spring (b), summer (c), and autumn (d). The groundwater contributions increased in the
braided stream segment during spring and summer (marked with a grey band) simultaneously as the isotopic compositions of CO, became more
depleted in 13C. The calculated isotopic compositions of CO followed the same spatial dynamic patterns as the measured isotopic compositions of
CO..

2.4.4 Sources of streamwater CO2

Relative groundwater contributions to the streamflow coincided with elevated streamwater pCO; for all data pooled
across seasons (R?2=0.47, p < 0.0001) (Figure 2:5, a); it was not significantly related to streamwater pCO; in winter or autumn, but in
spring (mainstem: R2=0.73, p < 0.0001; braided reach: R2=0.93, p < 0.0001) and in summer (mainstem: R2= 0.66, p < 0.0001; braided
reach: R?=0.66, p < 0.01). Streamwater pCO, was inversely related to the relative snowmelt contributions in spring (R2= 0.74, p <
0.0001). Streamwater pCO, was also inversely related to the relative glacier ice melt in spring (R?=0.56, p < 0.0001) and summer (R?
=0.51, p < 0.0001). Across all seasons, relative groundwater contributions were negatively related to streamwater §3C-DIC (R2 =
0.62, p <0.0001), suggesting groundwater as a major source of DIC. Relative groundwater contributions were also negatively related
to streamwater 613C-CO, (R% = 0.59, p < 0.0001) (Figure 2:5, b) and to the theoretically calculated 613C-CO, (R? = 0.68, p < 0.0001)
(Figure 2:5, c), suggesting that groundwater was also an important CO; source to the streamwater.
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Figure 2:5 Groundwater contributions were significant positively related to pCO: (a), and significantly negatively related to measured §*3C-CO> (b)
and calculated 6'3C-CO; as (CO; in equilibrium with dissolved inorganic carbon) (c).

The results obtained from the Miller-Tans and Keeling linear mixing models suggest that the DIC sources to the stream-
water were enriched in 13C. An equal contribution from abiotic CO, originating from carbonate bedrock dissolution/precipitation (i.e.,
0 %0%) and heterotrophic and autotrophic soil respiration (approximated to -21.5 %o, calculated from groundwater §13C-DIC values,
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DIC concentration and temperature) would imply a 613C-DIC value of -10.8 %.. However, measured streamwater 613C-DIC source
estimates (from Miller-Tans and Keeling plot averages) deviated from this prediction and changed seasonally from -4.9 to -11.2 %o
(Figure 2:6, Table 2:3). Linear mixing suggests that carbonate bedrock weathering likely was the dominant DIC source throughout the
year, comprising 72, 48, 66, and 76 % of the DIC source in winter, spring, summer and autumn, respectively. The DIC sources did not
only vary temporally. They also varied spatially with DIC in the braided reach being isotopically more depleted in 13C (annual mean of
-9.45 + 0.69 %o, most 13C depleted in spring with -10.20 %o) than the downstream reaches (annual mean -5.57 + 1.33 %o, most en-
riched in autumn with -4.44 %.) and upstream reaches (annual mean -4.59 + 1.34 %o, most enriched in summer with -3.09 %o.).

Season Model n Equation DIC source R? Std. error p-value
(%0VPDB)

Winter Miller-Tans 35 8%3C-DIC x [DIC] =-4.72 x [DIC] - 0.49 -4.72 0.54 0.76 <0.0001

Keeling 613C-DIC=0.21x 1/[DIC] - 5.15 -5.15 0.0009 0.76 <0.0001

Spring Miller-Tans 49 861C-DIC x [DIC] =-10.96 x [DIC] + 8.66 -10.96 0.94 0.40 <0.0001

Keeling 61C-DIC =9.43 x 1/[DIC] - 11.42 -11.42 0.80 0.42 <0.0001

Summer  Miller-Tans 61 613C-DIC x [DIC] =-7.40 x [DIC] + 3.83 -7.40 0.91 0.31 <0.0001
Keeling 613C-DIC =3.85 x 1/[DIC] - 7.42 -7.42 0.67 0.28 <0.0001

Autumn  Miller-Tans 46 S613C-DIC x [DIC] =-5.39 x [DIC] + 0.59 -5.39 0.40 0.99 <0.0001
Keeling 613C-DIC=-0.14 x 1/[DIC] - 5.01 -5.01 0.0002 0.81 <0.0001

Table 2:3 Equations and DIC source estimates obtained from the Miller-Tans and Keeling plots. The standard errors and p-values represent the accu-
racy of the slopes (Miller-Tans) and intercepts (Keeling). Abbreviation: DIC, dissolved inorganic carbon.
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Figure 2:6 Estimation of the isotopic composition of the DIC sources by season (winter, spring, summer and autumn). The isotopic composition of
the carbon source is the slope of the linear regression in the Miller-Tans plot (a) and the intercept with the y-axis in the Keeling plot (b). The Miller-
Tans and Keeling plots indicate a DIC source enriched in *3C in winter relative to a more depleted source in spring. In summer, the isotopic composi-

tion of the DIC source becomes more 3C enriched and in autumn the 3C source composition is similar to the composition in winter. All plots were

significant (p < 0.0001).

The annual mean isotopic composition of the CO, source was -13.23 + 2.28 %o (Miller-Tans) and -13.50 * 2.56 %o (Keeling). The
isotopic composition of the source was more enriched in winter (-12.41 + 1.39 %o) and autumn (-10.72 + 2.13 %o) than in spring (-
15.96 + 0.26 %o) and summer (-14.37 + 0.35 %o) (Figure 2:7, Table 2:4). This suggests that a relevant contribution of CO, from soil
respiration to the streamwater across all seasons (58, 74, 67, and 50 % in winter, spring, summer and autumn, respectively). Similar
spatial isotopic variation as for the DIC sources could be seen for CO; sources, where CO; in the braided reach was isotopically more
depleted in 13C (annual mean of -15.59 + 3.58 %o) than in the downstream (annual mean of -10.47 + 2.11 %o) and upstream (annual
mean of -10.95 + 3.07 %o) reaches. Using linear mixing, we estimated the mean annual contribution of respiratory soil CO; to stream-
water to 73 £ 0.2 %. However, all above estimates were likely influenced by atmospheric exchange. In fact, the theoretically calculated
813C-CO, was more depleted in 13C compared to the measured 613C-CO,, which suggests that the CO; is not in equilibrium with the
rest of the DIC species. It also implies that a proportion of the CO, measured in the stream may originate from the speciation within
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the carbonate equilibria, such as weathering-derived carbon with a heavier isotopic composition. Applying the Miller-Tans and Keel-

ing mixing models on the theoretically calculated CO, concentrations and isotopic compositions resulted in CO, source estimates
substantially more depleted in 13C compared to the models applied to the measured values (Miller-Tans: -19.08 + 1.95 %.; Keeling: -
18.97 * 2.25) (Figure 2:7, Table 2:4). CO, evasion can shift 613C-DIC isotopic compositions by 1 to 4 %082 and thereby bias those
estimates. However, a more depleted DIC would reflect an even higher 13C depletion of the CO,. Thus, source estimates based on

those ‘pre-evaded’ theoretically calculated 613C-CO; revealed that respiratory soil CO; most likely contribute to the vast majority of

the CO; in the streamwater. As estimated by linear mixing from the theoretically calculated §3C-CO; values, the mean annual con-
tribution of respiratory soil CO, to streamwater CO, was 88 £ 0.1 %, while the remaining CO; originated from weathered products by

conversion of HCO3™ to CO; due to the speciation within the carbonate equilibria.

Measured

Calculated

Miller-Tans
Season Slope 813C-CO2x  Slope §13C-CO; x
[CO,] vs. [COy] [DIC] vs. [DIC]

Winter -11.97 -12.85
Spring -15.79 -15.71
Summer -14.09 -14.11
Autumn -12.55 -8.75
Winter -18.35 -17.01
Spring -20.28 -23.12
Summer -18.94 -19.45
Autumn -17.49 -17.96

Intercept 6%3C-
COz vs. 1/[CO3]

-10.77
-16.29
-14.83
-12.56
-17.76
-20.86
-18.31
-16.86

Keeling Mean (+ std.)

Intercept 63C- CO; source

COz vs. 1/[DIC]

-14.05 -12.41 (+ 1.39)
-16.03 -15.96 (+ 0.26)
-14.43 -14.37 (+ 0.35)
-9.00 -10.72 (+ 2.13)
-17.21 -17.58 (+ 0.60)
-23.54 -21.95 (+ 1.62)
-19.42 -19.03 (+ 0.53)
-17.76 -17.52 (+ 0.48)

Table 2:4 Estimate of the CO2 source isotopic compositions obtained from the Miller-Tans and Keeling plots. Both the CO. concentrations and the
total DIC concentrations were used, to reduce potential errors caused by decreasing concentrations due to loss of CO; to the atmosphere. All plots
were significant (p < 0.0001).
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Figure 2:7 Estimation of the isotopic composition of the CO, sources by season (winter, spring, summer and autumn). Measured 8§'3C-CO; (full sym-
bols) were higher than 6'3C-CO; calculated from §'3C-DIC, DIC concentration and temperature (open symbols). The annual mean isotopic composi-
tion of the CO: source, predicted by Miller-Tans (a) and Keeling (b) plots, were -13.36 + 2.35 %o and -19.02 + 2.04 %o for the measured and calcu-
lated 6*3C-CO; source respectively. All plots were significant (p < 0.0001).
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2.4.5 Fate of streamwater COz

We observed a longitudinal pattern in streamwater 613C-CO; with more depleted values in the braided reach compared
to those downstream from the valley nexus (Figure 2:4). §13C-CO, became rapidly enriched (on average 6.9 = 1.3 %) within 500 m
downstream from the braided reach. Across all seasons, the source of CO; in the mainstem was generally enriched by 1.62 %, (esti-
mated from measured §13C-CO;) and 1.73 %o (estimated from calculated 613C-CO,) (p < 0.0001 for all seasons) compared to the
braided reach; this translates into an enrichment by 10 and 8 %, for the measured and calculated samples respectively. Similarly,
there was a 13C enrichment of the DIC source downstream of the groundwater discharge zone (on average by 1.7 %o for the Miller-
Tans and Keeling plots, p < 0.0001 for all seasons). The difference in isotopic compositions (both §13C-CO, and §3C-DIC) between the
braided reach and downstream reaches can be attributed to the loss of 12C due to CO, evasion. In fact, the 13C enrichment down-
stream from the groundwater upwelling zone in the braided reach (where isotopic data suggest additions of biogenic carbon to the
stream) coincided with a decrease in pCO; (12 to 27 % within 500 m downstream from the braided reach) and a simultanous increase
in pH (with 2.1 to 2.9 %). This implies a loss of CO, and a subsequent shift in the carbonate equilibria.

Due to the high channel slope (0.093 £ 0.033 m m1) and high flow velocity (0.51-0.79 m s1), we found areal CO; evasion fluxes, which
were on average eight times higher as those reported from other headwater streams (Table 2:5). In fact, areal CO, evasion fluxes
averaged across the entire stream network 32.1 (19.1-45.9), 48.9 (29.1-69.9), 17.8 (10.6—-25.5), and 21.7 (12.9-31.0) pmol m2stin
winter, spring, summer and autumn, respectively. Across all seasons, this gives a mean CO; evasion flux of 30.1 (18.0-43.1) umol m-
2 51 (Table 2:5). However, areal CO; evasion fluxes were even higher in the reaches with significant groundwater upwelling. For
instance, in spring, we calculated CO; evasion fluxes from the braided stream reach to be more than 15-fold higher (477 umol m2 s
1) compared to the seasonal mean. We estimated the mean areal CO, evasion fluxes from the entire stream network at 237 (141—
339), 2793 (1069-2565), 299 (179-428) and 344 (205-493) kg C d! for winter, spring, summer and autumn, respectively. These
fluxes translate into an annual CO; evasion flux of 244 (145-349) tons of C from the entire stream network. We estimate an average
DIC export flux to be in the same order of magnitude as the CO; evasion flux (115, 1692, 302 and 327 kg C d! for winter, spring,
summer and autumn, respectively); this translates into an annual DIC export flux of 222 tons of C from the entire stream network.

Location pCO; (natm) CO; flux (umol Cm2s?)  Reference
Switzerland, Alpine stream 634 30.1 This study

Austria, Alpine streams 794 3.12 Schelker et al. (2016)
Alaska, USA, boreal stream 1417 5.21 Crawford et al. (2013)
Wyoming, USA, alpine streams 391 -0.02 Kuhn et al. (2017)
Tibetan Plateau, China, high altitude rivers 982 5.16 Quetal. (2017)

Loess Plateau, China, river 1068 1.86 Ranetal. (2017)
Sweden, 1 order streams 1445 8.00 Humborg et al. (2010)

Table 2:5 Comparison of pCO; and CO; evasion rates from headwater streams.

2.5 Discussion

High-resolution spatial sampling revealed the importance of catchment geomorphology and stream network expansion
and contraction for streamwater pCO; and CO; evasion dynamics in an Alpine headwater stream. Catchment geomorphology is char-
acterized by steep valley slopes confining a wide valley bottom with braided stream channels, which transit into a canyon-like channel
contained within a constrained valley. This geomorphological shift caused significant groundwater upwelling thereby increasing
downstream discharge. We argue that this upwelling front constitutes a control point’3 disproportionately controlling stream eco-
system processes and biogeochemistry. Our results highlight the variability of such a control point in space and time as associated
with the seasonal expansion and contraction of the stream network, following the nivo-glacial hydrological regime. The influence of
the control point was most pronounced during spring snowmelt when hydrological connectivity through various subsurface and sur-
face flow paths increased stream network expansion with marked implications for streamwater biogeochemistry.

Across all seasons, the carbonate rock that dominates the catchment geology markedly contributed to streamwater DIC as indicated
by its isotopic composition of -7 %.. Elevated streamwater DIC concentration and hence elevated pH shifted the carbonate equilib-
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rium towards bicarbonate and carbonate species. Thus, despite high DIC concentration, the streamwater remained only slightly su-
persaturated in CO, with respect to the atmosphere. Our findings suggest that streamwater CO, originates mostly from soil respira-
tion; this is in line with findings from a boreal stream network%7, and small North American*” and Amazonian headwater streams108,
Our findings also agree with those from Butman & Raymond in 201171 reporting high contributions from soil respiration to CO, eva-
sion fluxes from streams and rivers in the conterminous USA, where soil respiration contributed with 17-25 % to the evasion flux
from streams and rivers, and up to 90 % from first-order streams. Our observations are also supported by previously reported respi-
ration rates in the soils adjacent to the braided stream reaches (2800 m). In fact, Grand and colleagues in 20161%° measured soil
respiration rates in this area which were twice as high as the average (10 pmol C m-2s1) in the Vallon de Nant catchment.

During stream network expansion, increasing groundwater upwelling can deliver more respiratory CO; from the soils to the stream.
In contrary, our results suggest that direct snowmelt transported by surface runoff did not contribute to streamwater pCO; nor did
snowmelt increase streamwater DOC concentration, as was previously reported from other studies (e.g., ref. 119). Contrary to previ-
ous findings from boreal streams, rivers and lakes97.111 we did not find any clear evidence that streamwater DOC could contribute
to pCO; through ecosystem respiration.

We suggest that the remarkably low DOC concentrations together with low residence times typical for high-altitude and high-slope
streams and high CO; evasion rates makes it difficult to detect and quantify CO, originating from stream ecosystem respiration. We
used a mass balance approach to trace the potential contribution of stream ecosystem respiration to the streamwater §13C-DIC
composition. To estimate §13C-DOC values, we subtracted 20 %o from the 613C-DIC (e.g., ref. %0). Next, we inferred from mass balance
equations (e.g., Equation 2:1, rewritten as the isotopic composition multiplied with concentration for DIC, DOC and DIC+DOC) that
DOC could potentially enrich the §13C-DIC by 0.14 + 0.07 %o. To enrich 613C-DIC by 1 %o, an additional 0.08 + 0.02 mmol L1 DOC would
be required. This additional DOC would translate into an increase in the annual mean DOC concentration by 86.4 %. This approxima-
tion suggests that stream ecosystem respiration contributed only marginally to the observed streamwater pCO,, which is in general
agreement with results from a large spatial survey on the CO, dynamics in streams throughout the USA38, We argue that this apparent
difference is attributable to both low biomass and low residence times typical for high-altitude and high-slope streams.

We do acknowledge that our approach based on stable isotopes can be considered as an approximation alone and is prone to large
uncertainties. Furthermore, the rapid evasion of groundwater-derived CO; from the stream may lead to erroneous estimates of
streamwater CO; concentration and isotopic composition as grab samples may represent streamwater that is already degassed®’.
Rapid CO; evasion may explain the concordance between the calculated ‘pre-evasion’ streamwater 613C-CO;, and the measured val-
ues in groundwater, and between the measured streamwater 613C-CO, and atmospheric §13C-CO,.

The high CO; evasion fluxes from the stream network were unexpected given that high-altitude streams typically have low pCO, and
therefore low CO, evasion fluxes*’. Our high-resolution sampling along the stream network identified local groundwater upwelling
as a significant contributor to the areal annual CO; evasion fluxes. Control points mediated by the local geomorphology induced CO;
evasion rates that were up to 60 times higher than those reported for boreal 15t-order streams*3. This is remarkable given that the
overall streamwater pCO, was lower than in most boreal streams*380, Rather, streamwater pCO; in the Vallon de Nant catchment
was often close to atmospheric equilibrium and bracketed by values reported from other high-altitude streams in Austria®?, USA>
and China“*106, Although, the Vallon de Nant catchment stream network CO, evasion fluxes were orders of magnitude higher than
those found in other high-altitude streams (Table 2:5), this difference was likely due to the high contribution of CO, from the control
point along the stream network, along with the high gas-exchange. Therefore, higher gas transfer velocity rates rather than increased
streamwater pCO; drove the observed high evasion rates within the braided reach. We acknowledge that our estimates of CO; eva-
sion rates may be biased by incorrect model assumptions of the gas transfer velocity model, but since there are only very few models
established for high-energy mountain streams, we consider applying the gas transfer velocity model from Ulseth and colleagues in
2019%* to be more accurate than applying models established from large low-land rivers, such as one of the commonly used equations
from Raymond and colleagues in 201252, Crawford and colleagues in 201547 found the opposite pattern, where the equations from>2
may have led to an overestimation of the CO; evasion fluxes. However, the region studied in that paper was significantly different
from the stream network in this study; due to the carbonate bedrock and the inputs from soil respiration, our stream network was
most likely not limited by supply, as the streams studied in a study by Crawford and colleagues in 201547 where the streamwater
pCO; commonly indicated undersaturation. In our study, streamwater CO, supersaturation within the braided reach, despite high
gas transfer velocity rates, highlights the role of groundwater upwelling for the CO, delivery into the stream.

Our spatially highly resolved sampling allowed us to capture small-scale variations in streamwater pCO; and to detect control points
driving CO; evasion fluxes at the scale of the stream network. Grab samples confined to a few individual reaches may underestimate
the actual evasion fluxes at the network scale. This finding corroborates a recent study by Duvert and colleagues in 201837 highlighting
the relevance of groundwater for the CO, dynamics in temperate, boreal and tropical streams.
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Headwater streams comprise most of the drainage length in fluvial networks35 and can expand and contract as a response to catch-
ment hydrology!!2. These properties have major implications for the exchange fluxes at the terrestrial-aquatic interface!!3, especially
when considering the diverse surface and sub-surface flow paths connecting the stream to its terrestrial environment in small catch-
ments14, Understanding the implications of this hydrological connectivity on stream biogeochemistry may therefore contribute to
an enhanced understanding on spatial and temporal variability of CO, sources and evasion fluxes3*37. In the Vallon de Nant catch-
ment, the stream network covered a four times larger surface area during the expansion in spring (35,300 m2) compared to winter
(7,100 m2). Network expansion during spring snowmelt increased the hydrological connectivity to the groundwater and thereby the
delivery of CO; from soil respiration and calcareous rock weathering that has likely accumulated during winter under the snowpack
(similar as suggested by ref. 37). At the same time, the magnification of the stream surface area at the interface to the atmosphere in
combination with increased discharge (and turbulence) increased the CO, evasion flux to be 10 times larger in spring compared to
winter.

Our results on the role of stream network dynamics for CO; sources and evasion also emphasize that we need to better apprehend
the lateral carbon flux across the terrestrial-aquatic interfacel8, which is at the basis of the ‘boundless carbon cycle’ across ecosystem
boundaries?s. This is imperative to understand future impacts of climate change on ecosystem processes and biogeochemistry of
high-altitude streams. In fact, climate-induced changes of catchment hydrology are expected to impact the movement of inorganic
and organic carbon from the terrestrial environment to streams!?>, Owing to the low soil buildup and the prevalence of bare rock,
the terrestrial delivery of inorganic carbon species dominates over DOC deliveries to streams in high-altitude catchments — a rela-
tionship that may change in the future as vegetation cover moves uphill. This consideration would also imply an integrative view of
the speciation of CO,, HCO3  and COsZ within the carbonate system to better quantify and predict the carbon balance at catchment
levell5, For instance, in the Vallon de Nant catchment, streamwater CO, constituted on average only 2.9 % of the DIC pool, most
likely because of an average pH of 8.14. Downstream transformation of HCO3™ to CO; because of pH shifts could impact CO; evasion
rates and hence the carbon balance of the stream.

In summary, our high-resolution spatial sampling over four seasons enabled us to capture the relevance of stream network expansion
and contraction and of a control point for the streamwater CO; dynamics in a high-altitude catchment. Despite low streamwater
pCO,, our results suggest that high-altitude streams are potential sources of CO; to the atmosphere. Our findings further contribute
to the understanding of the biogeochemistry of glacier-fed streams now changing rapidly because of climate change!2.
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3.1 Abstract

Carbon dioxide (CO,) evasion from streams greatly contributes to global carbon fluxes. Despite this, the temporal dynam-
ics of CO; and its drivers remain poorly understood to date. This is particularly true for high-altitude streams. Using high-resolution
time series of CO; concentration and runoff from sensors in twelve streams in the Swiss Alps, we studied over three years the re-
sponsiveness of both CO, concentration and evasion fluxes to runoff at annual scales and at the scale of the spring freshet. On an
annual basis, our results show dilution responses of the streamwater CO; likely attributable to limited supply from sources within the
catchment. Combining our sensor data with stable isotope analyses, we identify the spring freshet as a window where source limita-
tion of the CO, evasion fluxes becomes relieved. CO;, from soil respiration enters the streams during the freshet thereby facilitating
CO; evasion fluxes that are potentially relevant for the carbon fluxes at catchment scale. Our study highlights the need for long-term
measurements of CO;, concentrations and fluxes to better understand and predict the role of streams for global carbon cycling.
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3.2 Introduction

Inland waters are now recognized as important components of the global carbon cycle31528 with total carbon evasion
fluxes to the atmosphere possibly as high as 3.88 Pg C yr! (ref. 28). Among the inland waters, headwater streams — the smallest but
most abundant streams in fluvial networks — are estimated to contribute approximately one third to the global carbon dioxide (CO,)
evasion flux3%. Our understanding of the role of headwater streams for large-scale carbon fluxes is largely based on the study of
headwater streams draining biomes with large carbon stocks16108116 and generally attributed to the close connectivity with the ter-
restrial environment, which delivers large amounts of carbon, including CO; from soil respiration, to the headwaters38115, However,
not all headwater catchments are rich in organic carbon, which is particularly true for mountain catchments above the tree line.

Discharge is a master variable controlling ecological and biogeochemical processes in stream ecosystems. At catchment scale, the
response of streamwater solute concentrations (C) to discharge, or runoff, R, (here we use R for the sake of cross-catchment compa-
rability) provides information on the sources of solutes within the catchment, their size and arrangement, and mobilization and
transportation to the streams (e.g., refs. 117.118) |nvariant responses of C to R are indicative of chemostasis and may reflect a uniform
distribution of solutes within the catchment (e.g., in soils), where changes in hydrological connectivity and flow-paths position do not
alter C in the streamwater. Chemodynamic responses indicates a change of C with R, where increasing R can either dilute or concen-
trate a solute in the streamwater. Responses of Cto R are typically described by a simple power function, C= aR?, where the exponent
(b) indicates whether the response is chemostatic (b = 0) or chemodynamic (concentration: b > 0; dilution: b < 0) (e.g., refs. 117.118),

This approach has been widely used to understand event-scale (e.g., storms) behavior of solutes and more recently also inter-annual
solute dynamics in streams, and to infer drivers (e.g., source versus transportation limitation) that act at catchment scale (e.g., refs.
117,118) ‘Numerous studies have focused on the behavior of conservative solutes, including dissolved ions, but few have adopted the
C - R scaling approach to gases, such as CO,’4, to understand their temporal and spatial dynamics. Unlike nongaseous solutes that are
transported downstream through advective flow, CO; is also outgassed vertically from the streamwater into the atmosphere (Figure
3:1).

The CO; evasion flux (Fco2) depends on the gas exchange velocity (kco2) and the gradient between atmospheric and streamwater CO,
concentrations. Streamwater CO, concentration and Fcoz are mutually dependent because (at oversaturation) the latter can deplete
the CO; pool within the stream through atmospheric loss, which in turn can diminish Fco2!°. This relationship is further complicated
by the dual role of R. As shown above, R drives solute dilution and concentration behavior in streams and at the same time it influ-
ences the gas exchange velocity through the water surface>2>4. A recent survey by Liu and Raymond (2018) shows that roughly 50%
of the streams and rivers throughout the USA had positive responses of CO, concentration to R, which would suggest increased CO,
deliveries from the catchment outbalancing Fco, from these systems. This is in line with observations that hydrological connectivity,
as encapsulated by changes in R and its relationship with groundwater, can affect the transportation of CO, from various sources
(e.g., soil respiration, geogenic origin) within the catchment to the streams37:38120 (Figure 3:1).

Based on the previous considerations, we present a framework based on the relationship between the responsiveness of CO, con-
centration to R (bc) and the responsiveness of Fcoz to R (bf), with the aim to gain mechanistic understanding of the dynamics of CO,
evasion from streams and its linkage to processes operating at catchment scale (Figure 3:1). An underlying premise to this is that Fco2
scales with R similarly as C. That is, a b > 0 would indicate a responsiveness of Fco2 owing to increasing gas exchange velocity, possibly
also because of no CO; limitation in the streamwater. A be < 0 would indicate that CO; depletion in the streamwater in combination
with high gas exchange velocity would drive the responsiveness of Fco, to R. We postulated that low responsiveness of both CO;
concentration and Fco, to R would limit Fco, through low CO; concentration (i.e., dilution) as it happens for instance when CO, from
terrestrial deliveries and/or in-stream respiration are reduced. Alternatively, CO, dilution but high Fco, responsiveness to R indicates
enhanced Fco, with low CO; concentrations but high turnover. On the other hand, high responsiveness of both CO; concentration
and Fco; to R also enhances Fcoz but because of elevated CO; concentrations in the streamwater. Our conceptual framework serves
as guidance to understand the balance between CO; supply to the stream and its outgassing from the stream, which ultimately affects
the role of streams for large-scale CO; fluxes74119,

Despite the fact that mountains cover one fourth of the world’s land surface**45, the CO, emission fluxes from mountain streams,
including their drivers, remain poorly understood to date*”54120, |n this study, we use high-resolution temporal data over two con-
secutive years to assess the CO, dynamics across a range of twelve streams in the Swiss Alps across different timescales. On an annual
basis, we anticipated overall limitation on the supply of CO, from the sources within the catchments as they are often devoid of
vegetation and major soil horizons. We also expected low streamwater CO;, concentrations resulting from the combination of low
CO; supply and high gas exchange velocities. Furthermore, we postulate that there are windows when supply limitation becomes
relieved and streams receive larger deliveries of CO, from sources within the catchment increasing the responsiveness of both CO,
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concentrations and Fco,. We complemented sensor data with occasional measurements of the isotopic composition of CO; to explore
its potential sources. Our findings shed new light on the CO, dynamics in high-altitude streams, further contributing to a better
understanding of the role of these ecosystems for global carbon fluxes.
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Figure 3:1 Conceptual framework proposed to study the CO2 dynamics in streams. (a) At catchment scale, sources (S) and transportation (T) can
shape the responsiveness of solutes concentration to runoff. (b) There is a mutual relationship between CO; evasion flux (Fco2) and concentration in
streams, where the latter is also influenced by source and/or transportation. The latter and Fcoz are both dependent on runoff. (c) The responsive-
ness of CO; concentration (bc) and Fco2 (be) to runoff can be quantified by partial least squares regressions on log-log transformed data. The bc to br
space serves as a frame to explore the potential drivers on the CO2 dynamics in streams. For instance, the domain defined by bc<0 and br<0 indi-
cates that source/transportation limits CO. concentration and hence Fco2. Depending on the limitation the system state can move to an alternative
domain (as indicated by the blue arrow) where limitation relief results in a higher responsiveness of Fcoz to runoff.

3.3 Methods

3.3.1 Study streams

We studied twelve streams distributed over four catchments (Valsorey, Champéry, Ferret and Vallon de Nant) in the Swiss
Alps and that were selected to cover environmental gradients typical for high-altitude systems (Figure 3S:1, Table 3S:1). Five streams
did not have any glacial influence (PEU, VID, VIM, VIU, and VEL), while seven streams were glacier-fed with glacier coverage ranging
from 2 to 27% (VAD: 22%, VAU: 27%, FED: 2%, FEU: 4%, RIC: 6%, AND: 5%, and ANU: 7%). The drainage areas varied in size from 0.3
to 20 km2. The average catchment altitude ranged from 1200 to 2161 m above sea level (a.s.l.); stream channel slopes ranged from
0.05 to 0.16 m m1, Catchment lithologies are dominated by carbonate sedimentary rocks (Champéry and Vallon de Nant) and meta-
morphic rocks (Valsorey and Ferret)!21, Eight of the stream sites were located above the tree line, while the other four streams
drained partially forested catchments (VID 0.5 %, RIC 1.2 %, AND 2.0 %, ANU 0.3 %). Vegetation cover ranged from 25 to 100%, and
bare rocks from 0 to 56 %122, Vegetation cover decreased with increasing altitudes both for the glacierized sites (R?=0.47, n=7, P=0.09)
and the non-glacierized sites (R?=0.84, n=5, P<0.05). Streamwater DOC concentrations were low and ranged between 111 and 448
pg C L1 (ref. 122),
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3.3.2 High-frequency measurements and isotope sampling

In each stream, we measured streamwater pCO,, temperature and depth, as well as barometric pressure every 10
minutes during two consecutive years. We prepared the pCO; sensors (Vaisala CARBOCAP®, GMT220, Vantaa, Finland) according to
Johnson et al. (2010), where sensors were contained within a polytetrafluoroethylene (ePDFE) semi-permeable membrane sealed
with liquid electrical tape. Sensors were further protected with a metal casing and powered by a solar panel. Sensors were maintained
and data downloaded on average every month. Raw data were corrected according to the manufacturer’s recommendations for
streamwater temperatures (HOBO U24-001 Conductivity Logger, ONSET, Bourne, USA) and barometric pressure (Track-It™ Logger,
Monarch Instrument, Amherst, USA). Before deployment, we tested all pCO; sensors in the laboratory using certified gas mixtures of
CO; diluted in synthetic air to final concentrations of 0, 400 and 2000 ppmv. We also performed a laboratory calibration with two of
our sensors, which revealed sensor accuracy of -5% and sensor response times between 2.5 and 13 minutes.

Water depth (Odyssey® Logger, Dataflow Systems Ltd., New Zealand; TruTrack Data Logger, Intech Instruments LTD, New Zealand)
was converted to Q from sodium chloride (NaCl) slug additions123. Thereby, we established rating curves for each individual stream
(ranging from 4 to 13 NaCl additions in FED and VID, respectively, with an average of 7). From the rating curves, we obtained dis-
charge, which we converted to R by normalizing for drainage area. We determined the catchment area in ArcGIS 10.5 (Environmental
Systems Research Institute, USA) from a 2-m? digital elevation model (Geodata © Swisstopo).

When accessible, streams were sampled on a monthly basis for the determination of the isotopic composition of streamwater CO;
(613C-CO,; expressed as %o VPDB; Vienna Pee Dee Belemnite) using glass vials sealed with rubber stoppers and metal caps. Samples
were stored in the dark (4°C) pending analyses within 24h. In the laboratory, we created a headspace (in the 60 mL sample vials) with
synthetic air, shook the samples (2 min) and let them equilibrate (2 h). We measured CO, concentrations and §13C-CO, using a cavity
ring-down spectrometer (Model G2201-/, Picarro Instruments, Santa Clara, CA, USA). Samples for atmospheric CO, were collected
next to the study streams into glass vials sealed with rubber stoppers and metal caps; we injected additional 50 mL of ambient air to
over-pressurize the samples, which were measured on the same Picarro G2201-/ as above.

3.3.3 COz2 concentration and flux calculations

At the 10-minute basis, we multiplied monitored streamwater pCO, with Henry’s constant (Ky, mol L't atm1)124 as a func-
tion of streamwater temperature and atmospheric pressure (Paim, atm) to obtain streamwater CO; concentration. Fco, were calcu-
lated from the CO; gradient (ACO,, mol L) between the streamwater and the atmosphere, and the gas transfer velocity for CO; (kcoz,
m d?) (Eq. 3:1).

Feoz = kcozX Acoz

Equation 3:1 — COz evasion flux

To estimate ACO,, we first calculated median atmospheric CO, concentration derived from grab samples (at least 5 meas-
urements per stream). The atmospheric CO, was multiplied with Ky and Patm to obtain atmospheric CO, concentrations at saturation
([CO2sat], mol L1). We then subtracted COas,t from the streamwater CO, concentrations to obtain ACO,.

Ulseth et al. (2019) recently described gas transfer velocities (ksoo, m dt) in turbulent mountain streams as function of
energy dissipation (eD, m2 s3). We used this scaling relationship for streams with eD> 0.02 m2s-3 as

k600 — exp6.4—3+1.18 xIn(eD)

Equation 3:2 — Gas transfer velocity for turbulent streams

where eD is a function of stream flow velocity (V, m s1), stream channel slope (S, m m1) and the gravity acceleration (g, m s2). We
calculated eD from V that we derived from the hydraulic geometry scale relationship specifically established for our study streams.

V = 0.668 » Q0365

Equation 3:3 — Streamwater velocity
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We converted kgoo to kcoz (M dt) (Equation 3:4) using the Schmidt scaling®?, as shown in Equation 3:5.
keoo
( 600 )—0.5
Scco2

Equation 3:4 — Gas transfer velocity of CO2

O,

Sccor = 1923.6 — 125.06 X T, + 4.3773 X TW2 —0.085681 x TW3 + 0.00070284 x Tw4
Equation 3:5 — Schmidt scaling for CO>

We performed all sensor corrections and flux calculations in Matlab R2017b.

3.3.4 Data analyses

We analyzed time series covering the period from August 2016 to September 2018 (three calendar years; 2016, 2017,
2018). We collapsed the 10-min interval data from the time series to daily median values of CO, concentration and R, and calculated
gas transfer velocity of CO; (kco2) and Fco,. We followed the same approach as Liu and Raymond (2018) to identify the responses of
CO, concentration, kcoz, and Fcoz to runoff, respectively. We used power law functions with transformed data (log(x+10)) to analyze
whether the responses were chemostatic or chemodynamic, as well as the magnitude of the response!17:118, We fitted the data using
partial least squares regressions. We fitted each site and each year separately, for which we derived statistical parameters. We used
P<0.05 as the threshold for statistical significance and the coefficient of determination, R?, to determine the goodness of the fit. We
used JMP 13 (SAS Institute Inc., Cary, USA) for all statistical analyses.

3.4 Results and discussion

3.4.1 Hydrological regimes

The hydrological regimes of our study streams are typical for high-altitude systems12>126, After an extended winter
baseflow, where runoff was relatively stable, the freshet started between March and April depending on the altitude and exposition
of the catchments. Snowmelt further shaped the hydrological regimes throughout spring and summer. As expected, summer runoff
was higher in the glacier-fed streams because of the glacier ice melt. The 2016/2017 winter was milder with less precipitation than
the 2017/2018 winter, which resulted in overall higher spring and summer runoff in 2018 (Figure 3S:2).

3.4.2 Streamwater COz concentration dynamics

Overall, we found low streamwater CO, concentrations (Figure 3:S2), which is consistent with other reports on similar
streams?:50:106120 At 3 10-minute basis, median CO, concentrations ranged from 22.8 to 34.6 umol L™ across all study streams during
the study period, with 7.1 and 77.6 umol L'* as minimum and maximum concentrations, respectively. Daily median CO concentrations
covered a similar range as the 10-minute time step (ranging from 22.9 to 34.5 umol L across all study streams and both years).
Therefore, we used the daily median for all further analyses, which would also smooth potential outliers and make estimates more
robust. Despite often incomplete time series (e.g., owing to sensor malfunctioning or loss), our analysis of streamwater CO; concen-
tration revealed recurrent seasonal patterns that were also similar among streams. Specifically, the CO, concentrations increased
during the recession of the snowmelt and ice melt and further into fall baseflow. The freshet in early spring was marked by a transient
increase in both runoff and CO; concentration in several of our streams (e.g., VAD, VAU, VIM, FED, AND, ANU).

3.4.3 Annual responsiveness of CO2 concentration and evasion fluxes to runoff

On an annual basis, we consistently found inverse relationships between CO; concentration and R with a median annual
bc of -0.11 and ranging between -0.34 and 0.11 across streams). Only two C-R relationships (from VIU 2017 and VIU 2018) yielded
non-significant statistic and the only positive b¢ (0.11+0.03) was calculated for AND in 2016; this may be attributable to the relatively
low number of daily concentrations (n=45) in AND. Five study streams (VEL, VIM, RIC, AND, ANU) showed negative but near-chemo-
static behavior defined as b¢ = -0.05 to 0.15 according to Godsey et al (2009) during 1 and/or 2 of the three calendar years of this
study (Figure 3:2, Table 3S:2). For instance, RIC showed near-chemostatic behavior in 2016 (bc =-0.04+0.005) and 2017 (bc = -
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0.0310.003) but a more pronounced chemodynamic response in 2018 (b¢ = -0.14+0.007). Hence, across the 34 significant C-R rela-
tionships, 28 indicated chemodynamic and 8 indicated near-chemostatic behavior (Table 3S:2). We attribute the inter-annual differ-
ences in bc within sites to the gaps in the time series, particularly when different periods of the year were excluded from the analyses
(Figure 3:2; Figure 3S:2).

Overall, our bc values are lower than those reported for 1%t- to 6t™-order streams (bc ranging from -0.05 to 0) and larger rivers (bc
ranging from 0.02 to 0.24) throughout the USA74. Low b values are indicative of dilution as a response to increasing runoff, which in
mountain streams is certainly facilitated by an acceleration of kco2 that also increases with discharge (hence also with R) and related
hydraulics. The bc values from our study streams are comparable to those reported from small boreal streams draining forested and
peatland catchments (b¢ ranging from -0.36 to -0.08)127. Wallin et al. (2010) found more negative responses of CO, concentration to
discharge in streams with lower pH and hence lower carbonate buffering capacity. We did not find a similar trend, possibly also
because the pH in our study streams was typically >8. Only the streams in the Valsorey catchment were transiently undersaturated
in CO, with respect to the atmosphere. We tentatively attribute this to low dissolved inorganic carbon (DIC) concentrations in these
streams (2 to 3 times lower compared to the other catchments) and thus less potential for inorganic carbon buffering.

The overall low bc values reported here may also be linked to the sparse sources from where CO, may emanate. This notion is sup-
ported by the trend showing bc values decreasing with increasing altitude (R?=0.48, n=10, P<0.05; VID and FED were outliers and
excluded from this analysis).

Near-chemostatic behavior can occur when CO; supply balances CO; export through evasion and downstream transport fluxes. We
attribute the annual near-chemostatis observed in some of our streams to substantial deliveries CO, via groundwater. In fact, ground-
water has been shown to be important for the CO, dynamics in the streams in the Vallon de Nant catchment (RIC, AND, ANU)120, |n
agreement with this, VEL is a mostly groundwater-fed stream within the Valsorey catchment. Beyond our mountain streams, ground-
water is now being increasingly recognized to drive CO, concentration and fluxes in various headwater streams37.128, Because of the
inherent link between gas exchange velocity and discharge, we found overall positive responses in kcoz to runoff (100%, P<0.05) and
Fcoz to increasing runoff, respectively (55%, P<0.05) (Table 3S:2). Of the 36 bf, only 4 were from non-significant relationships (VAD
2018, VEL 2016, VEL 2017, AND 2016). The median be value for the 32 significant Fco; - R relationships was 0.007, ranging from -0.14
to 0.16 across streams (Table 3S:2). In their systematic survey on US streams and rivers, Liu and Raymond (2018) found the highest
be values (0.23 to 0.31) in small streams. We relate the different responses between their study and ours to the overall low CO;
concentrations in our mountain streams. In fact, low streamwater CO; concentration reduce the CO; gradient between the stream-
water and the atmosphere, and hence Fco,. This is further supported by the inverse relationship between br and altitude (n=12,
R2=0.34, P<0.05) for the same reasons as discussed above.
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Figure 3:2 Multiannual (2016 to 2018) responses of streamwater CO, concentrations to runoff in twelve streams in the Swiss Alps, Shown are daily
median CO; concentration and daily median runoff (log-log). The horizontal dotted lines represent site-specific median CO; saturation, determined
from grab samples of atmospheric CO,. Data are color-coded according to Julian day and the lines represent the linear regressions for each year
(2016, 2017, 2018); see Table 3S:2 for regression statistics.

3.4.4 Short-time responsiveness of COz to runoff and CO2 sources

While most study streams exhibited dilution to quasi-chemostasis behavior for CO, concentration on an annual basis, we
also detected windows with positive bc values in five of our study streams (VAD: b=0.56+0.05, n=74, R?=0.60; VAU: b=0.35+0.03,
n=269, R?=0.41; FED: bc=0.23+0.01, n=865, R?=0.32; AND: b=0.11+0.01, n=2592, R?=0.63; ANU: b=0.14+0.01, n=2304, R?=0.78; all
with P<0.05) that were typically associated with the freshet in spring (Figure 3S:2). This short-term behavior indicates that these
streams received substantial CO, deliveries during increasing freshet runoff.

The notion of increased CO; deliveries during the onset of snowmelt is further supported by our stable isotope analyses. Across all
streams, stable isotope analysis consistently revealed depleted CO, compositions (613C-CO,) in spring (April: median 813C-CO,: -
15.81%o; March: -15.47%o; May: -14.39%.) but more enriched composition in August (-11.73%eo) and later in February (-11.83%o) and
January (-11.90%.) (streams were not accessible in December) (Figure 3:3). These isotopic compositions indicate CO; from soil respi-
ration as a source to the streams during the spring freshet, coinciding with the hydrological activation of the headwater network. In
fact, respiratory CO; ultimately from the heterotrophic breakdown of organic matter typically has isotopic compositions ranging from
-34 to -24%08%8 and is hence more depleted than atmospheric CO, and CO, originating from carbonate precipitation at isotopic equi-
librium®, Our observation of a respiratory CO; pulse during the freshet is in agreement with previous observations from high-altitude
and high-latitude catchments (e.g., refs. 129130) and further corroborates the notion of microbial activity underneath the snow cover
leading to CO, accumulation31, Increasing hydrological connectivity during snowmelt facilitates the transportation of this CO, via
shallow groundwater flow paths to the streams®’. The delivery of CO, from the terrestrial environment to streams is analogous to
the DOC flushing during snowmelt!22132, and further supports the relevance of this short window for carbon fluxes at the scale of
high-altitude catchments.
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Our findings reveal the window of the freshet as potentially important for carbon fluxes in high-altitude catchments. In fact, during
the observed flushing events, we found on average 49 % higher Fco, compared to the Fco; calculated across the rest of the year. The
largest difference was found in ANU, where the freshet Fcoa was 4.1 times higher (median: 24.8 g C m2 day!) compared to the rest
of the year (median: 6.1 g C m2 day1). During the 16 days of the freshet, Fco> from ANU increased from 14 g C m2 day (April 1, 2018)
to 35 g C m2day? (April 16, 2018).
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Figure 3:3 Multiannual dynamics of streamwater CO2 concentration and isotopic composition (§"3C-CO.). The isotopic composition indicates deple-
tion during the spring freshet (March-May, as indicated by the grey bars), suggesting CO. from soil respiration as a possible source.

3.4.5 CO2z dynamics across temporal scales

Our study revealed differing responsiveness of CO, concentration and fluxes to runoff depending on the temporal scale.
In line with our conceptual framework (Figure 3:1), we found a clear transition of the CO, dynamics and its potential drivers from an
annual to the event-driven (i.e., freshet) scale (Figure 3:4). On an annual basis, the relationship between br and bc remained largely
restricted to the domain where CO; concentration apparently limited Fco,. Here, streams draining the catchments with the highest
altitude tended to be at the lower end of this continuum. This is intuitive as CO; source limitation is more pronounced in these
catchments as in those at lower altitude and with higher organic carbon stocks. The latter have higher potential to generate CO; from
soil respiration, for instance, that can be delivered to the streams. The freshet is a window where the CO; source limitation becomes
transiently relieved enabling an increase in Fco,. This is furthermore facilitated by an accelerated gas exchange because of the in-
creasing runoff.
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Figure 3:4 Responsiveness of Fco2 (br) and CO:z (bc) concentration to increasing runoff across time scales. On an annual basis, the relationship be-
tween br and bc was largely constrained to the domain where COz dilution governs the evasion fluxes (see also Figure 3:1). This was particularly true
for high-elevation catchments. During the freshet, CO2 source limitation became relieved, which resulted in a higher Fco2 responsiveness to runoff.

3.5 Conclusions

Across 12 studied mountain streams, we found the responsiveness of CO,, and Fcoa, respectively, to runoff to be tempo-
rally dynamic. Our study identified varying responsiveness of CO, dynamics to runoff in high-altitude streams. Streamwater CO; dilu-
tion, likely because of source limitation, was the general response to increasing runoff on an annual basis. The spring freshet was
found to be a window where source limitation was relieved and CO;, from soil respiration flushed to the streams. This window is
potentially relevant for carbon fluxes at the catchment scale and certainly susceptible to changing precipitation patterns and snow-
pack owing to climate change in the Alps.
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3.7  Supplementary information

3.7.1 Supplementary Figures

Figure 3S:1 We studied 12 stream segments in four high-altitude alpine catchments. Site ID’s are abbreviations of stream names: Tor-
rent de Valsorey Down (VAD), Torrent du Vélan (VEL), Torrent de Valsorey Up (VAU), La Viéze Down (VID), La Viéze Middle (VIM), La Viéze Up (VIU),
Torrent de la Peule (PEU), Dranse de Ferret Down (FED). Dranse de Ferret Up (FEU), Richard (RIC), L'Avangon de Nant Down (AND), and L'Avangon
de Nant Up (ANU) (Figure 3S:1, Table 3S:1).
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Figure 3S:2 Time series of daily median CO: concentration (colored according to Julian day; left y-axis) and daily median runoff (black; right y-axis).
Gray bands (March-May) represent the snowmelt period and red arrows point towards the identified freshet events.

48



Chapter 3. Dynamics and potential drivers of CO; concentration and evasion across temporal scales in high-alpine streams

3.7.2 Supplementary Tables

49

Site

VAD
VEL
VAU
VID
ViM
VIU
PEU
FED
FEU
RIC
AND
ANU

Latitude

45.93503
45.55677
45.92951
46.15932
46.15701
46.15495
45.89366
45.90509
45.88308
46.25352
46.25341
46.23160

Longitude

7.226898
7.147520
7.244578
6.814734
6.801199
6.800200
7.107973
7.115597
7.130949
7.110105
7.109632
7.101972

Area
(km?)
23.16
3.11
18.1
3.64
0.74
0.31
3.97
20.24
9.33
14.32
13.36
8.99

Altitude
(ma.s.l.)
1937
2161
2148
1415
1630
1689
2027
1774
1995
1200
1201
1465

Slope
(mm)
0.1
0.08
0.06
0.1
0.16
0.06
0.06
0.03
0.05
0.14
0.14
0.05

Glacial
coverage (%)

22.2

Median pCO:
(uatm)
430
465
397
593
501
502
523
454
673
473
454
579

Table 3S:1 Site properties and CO2 concentrations at the 12 study reaches.

Mean pCO:
(xstd.) (natm)
427+39
473+132
388143
6871221
527184
511462
525455
472+57
699+220
486143
457+26
566169

Median CO;
(umol L?)
23.5
24.5
22.8
325
26.1
27.2
25.8
25.3
34.6
26.7
27.3
31.7
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CO; vs. runoff Fco2 vs. runoff
Site Year n R? bc Std. Error P-value R? be Std. Error P-value
VAD 2016 59 0.77 -0.124 0.01 <0.05 0.42 -0.024 0.00 <0.05
2017 118 0.79 -0.119 0.01 <0.05 0.12 -0.065 0.02 <0.05
2018 213 0.64 -0.091 0.00 <0.05 0.00 -0.010 0.01 0.426
VEL 2016 48 0.57 -0.121 0.02 <0.05 0.00 0.0004 0.00 0.912
2017 149 0.24 -0.071 0.01 <0.05 0.01 0.004 0.00 0.387
2018 91 0.06 -0.036 0.01 <0.05 0.35 -0.018 0.00 <0.05
VAU 2016 51 0.75 -0.182 0.01 <0.05 0.50 -0.061 0.01 <0.05
2017 206 0.84 -0.124 0.00 <0.05 0.64 -0.105 0.01 <0.05
2018 236 0.73 -0.110 0.00 <0.05 0.54 -0.104 0.01 <0.05
VID 2016 91 0.82 -0.337 0.02 <0.05 0.31 -0.104 0.02 <0.05
2017 114 0.62 -0.232 0.02 <0.05 0.37 -0.133 0.02 <0.05
2018 109 0.88 -0.141 0.01 <0.05 0.11 0.016 0.00 <0.05
VIM 2016 103 0.21 -0.103 0.02 <0.05 0.23 0.071 0.01 <0.05
2017 104 0.59 -0.053 0.00 <0.05 0.58 0.057 0.00 <0.05
2018 128 0.05 0.035 0.01 <0.05 0.15 0.037 0.01 <0.05
ViU 2016 151 0.31 -0.119 0.01 <0.05 0.03 0.009 0.00 <0.05
2017 82 0.03 -0.016 0.01 0.098 0.81 0.009 0.00 <0.05
2018 131 0.02 -0.010 0.01 0.106 0.08 0.010 0.00 <0.05
PEU 2016 72 0.72 -0.105 0.01 <0.05 0.35 -0.029 0.00 <0.05
2017 121 0.54 -0.090 0.01 <0.05 0.06 0.006 0.00 <0.05
2018 66 0.75 -0.206 0.01 <0.05 0.18 -0.012 0.00 <0.05
FED 2016 122 0.74 -0.216 0.01 <0.05 0.04 0.010 0.00 <0.05
2017 158 0.46 -0.281 0.02 <0.05 0.11 -0.028 0.01 <0.05
2018 137 0.56 -0.270 0.02 <0.05 0.64 -0.110 0.01 <0.05
FEU 2016 69 0.71 -0.309 0.02 <0.05 0.89 -0.124 0.01 <0.05
2017 119 0.75 -0.172 0.01 <0.05 0.76 0.128 0.01 <0.05
2018 146 0.67 -0.104 0.01 <0.05 0.04 0.008 0.00 <0.05
RIC 2016 70 0.40 -0.036 0.01 <0.05 0.51 0.050 0.01 <0.05
2017 165 0.28 -0.025 0.00 <0.05 0.81 0.078 0.00 <0.05
2018 173 0.68 -0.136 0.01 <0.05 0.32 -0.056 0.01 <0.05
AND 2016 45 0.21 0.110 0.03 <0.05 0.00 0.013 0.03 0.698
2017 174 0.28 -0.063 0.01 <0.05 0.54 0.158 0.01 <0.05
2018 117 0.30 -0.099 0.01 <0.05 0.17 0.123 0.03 <0.05
ANU 2016 45 0.27 -0.027 0.01 <0.05 0.75 0.052 0.00 <0.05
2017 157 0.19 -0.053 0.01 <0.05 0.48 0.067 0.01 <0.05
2018 169 0.46 -0.107 0.01 <0.05 0.03 -0.013 0.01 <0.05

Table 3S:2 Slopes of the linear regressions for daily median CO. concentration versus daily median runoff (bc), and daily median Feoz versus daily
median runoff (be), respectively. All data was log 10 transformed prior to analysis. To keep potential negative CO; evasion fluxes, +10 was added to
all Fco2 values prior to the logarithmic transformation.
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4.1 Abstract

Inland waters, including streams and rivers, are active components of the global carbon cycle. Despite the large areal
extent of the world’s mountains, the role of mountain streams for global carbon fluxes remains elusive. Using recent insights from
gas exchange in turbulent streams, we found that areal CO, evasion fluxes from mountain streams equal or exceed those reported
from tropical and boreal streams, typically regarded as hotspots of aquatic carbon fluxes. At the regional scale of the Swiss Alps, we
present evidence that emitted CO, derives from lithogenic and biogenic sources within the catchment, delivered by the groundwater
to the streams. At a global scale, we estimate the CO, evasion from mountain streams to 167 + 1.5 Tg C yri, which is high given their
relatively low areal contribution to the global stream and river networks. Our findings shed new light on mountain streams for global
carbon fluxes.
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4.2 Introduction

Since 2007, when a seminal publication?33 highlighted the relevance of inland waters for the global carbon cycle, estimates
of CO; evasion fluxes from the world’s streams, rivers and lakes to the atmosphere have continuously moved upwards28. Current
estimates of annual CO, evasion fluxes from inland waters are within the same range as ocean uptake fluxes of CO,134, although the
fluxes are in the opposite direction. Streams and rivers alone are estimated to emit 650 Tg C yr-! (ref. 16) to 1800 Tg C yr! (ref. 17) to
the atmosphere, which is remarkable given that they contribute marginally to the Earth’s non-glacierized land surface3®. These fluxes
are admittedly still poorly constrained, partly because of the lack of observations from various regions of the world and the poor
quantification of stream networks, particularly their headwaters.

Mountains account for 25% of the Earth’s land surface and the streams that drain them contribute more than a third to the global
runoff4>. Nevertheless, the role of mountain streams for global carbon fluxes has not yet been evaluated. To date, interest on CO,
evasion fluxes has largely centered on streams and rivers draining low-altitude catchments in tropical?>135 and boreal107.116 regions.
It is intuitive to assume that the lack of significant vegetation cover and soil carbon stocks in many mountain catchments, particularly
in high-altitude catchments, have precluded research on carbon fluxes in the streams draining these systems. There are certainly
exceptions to the inverse relationship between altitude and vegetation cover3¢, such as the Paramo vegetation in the Andes, or more
generally peatlands developing in high-altitude catchments. Furthermore, the lack of appropriate scaling relationships to predict the
gas exchange velocity across the highly turbulent water surface of mountain streams has impeded the appreciation of their CO,
evasion fluxes>.

The few existing studies of CO, in mountain streams typically reveal low pCO, and occasionally even undersaturation relative to the
atmospheric pCO, (e.g., refs. 47-59), In line with this, temporally highly resolved measurements consistently indicate relatively low
streamwater pCO, values (median: 397 to 673 patm) throughout the year in twelve streams in the Swiss Alps (Figure 4S:1, Table
4S:1). Not unexpected, these pCO,; values are low compared to those measured in boreal3” and tropicall®® headwaters, for instance,
and would thus support the assumption that mountain streams contribute only marginally to global carbon fluxes. However, low
pCO; in mountain streams can also result from high evasion fluxes, owing to elevated turbulence, compared to CO; supply from the
catchment and CO; production from stream ecosystem respiration. This notion is in line with a recent study by Rocher-Ros and
colleagues'® showing low CO; concentrations in turbulent streams with high gas exchange velocity compared to a wide range of
elevated CO; concentrations in low-turbulence streams with reduced gas exchange velocities and little supply limitation of CO,.

In this study, we combine recent insights>* into the gas exchange through the turbulent water surface of mountain streams with
novel streamwater CO, concentration data to estimate CO; evasion fluxes from Swiss mountain streams, as well as from the mountain
streams worldwide. We found unexpectedly high areal CO; evasion fluxes from these streams driven by high gas exchange velocities
and a constant CO; supply from both biogenic and lithogenic sources. To our knowledge, this is the first large- scale attempt to
estimate CO; evasion fluxes from mountain streams.

4.3 Results and discussion

4.3.1 Scaling relationships and parameter simulation

To quantify CO, evasion fluxes, streamwater CO; concentration and exchange velocities must be estimated. Many current
upscaling approaches involve aggregation of streamwater pCO,, estimated from pH, DIC and alkalinity, into a single median value
over very large regions (e.g., European Alps or Andes). This is then combined with gas exchange velocities at the stream or catchment
scale!”.71, While this approach has been often used for estimating regional and global CO,, it might provide erroneous estimates1?,
We therefore opted for an alternative upscaling strategy involving similar spatial scales for streamwater CO, concentration and gas
exchange velocity for each mountain stream individually.

We estimated streamwater CO, concentration from a linear regression model (R2 = 0.39, P<0.001) based on observations from 323
streams from the world’s major mountain ranges (Methods; Figure 4S:2). The streams included in the model drain catchments cov-
ering a broad range of lithologies, dominated by carbonate rocks (37%), siliciclastic sedimentary rocks (20%) and metamorphic rocks
(20%). Furthermore, they cover similar mountain regions as those included in the Global River Chemistry database (GLORICH)4¢ da-
tabase and often used for upscaling?617 (Methods). Due to the low pCO; in mountain streams, we exclusively used measured CO;
concentrations since CO, concentrations calculated from alkalinity, DIC and pH are prone to substantial errors17.3057, which is the
reason why they are often aggregated over larger regions. The model retained altitude (partial correlation: -0.65, P<0.001), soil or-
ganic carbon content (partial correlation: 0.10, P<0.001) and discharge (partial correlation: -0.09, P<0.001) as predictors. Altitude
affects streamwater CO, concentration along several lines. Streamwater temperature, terrestrial net ecosystem production (NEP)136
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and soil organic carbon content decrease with increasing altitude; NEP and soil organic carbon content are positively related to carbon
fluxes in inland waters in general?3138, Besides elevation, discharge also scales broadly with channel slope and bed roughness in
mountain streams>*, all of them conducive to accelerated gas exchange and hence lower streamwater CO, concentration moving
upstream.

We calculated the normalized gas exchange velocity keoo (for CO, at 20°C) using a recently published scaling relationship based on
energy dissipation (eD), which is the product of flow velocity, channel slope and the gravity acceleration. This relationship accounts
for the high turbulence owing to steep-channel slopes and elevated streambed roughness of mountain streams. Channel width and
flow velocity were calculated from hydraulic geometry scaling laws derived for mountain streams with an annual discharge smaller
than 2.26 m3 st (Methods, Figure S4:3). Channel slope was determined using streamlines combined with digital elevation models
(DEM) (Methods). We acknowledge that this approach does not account for the step-pool structure in mountain streams that can
locally increase channel slope®3®. Our slope estimates are therefore conservative (Methods). Moreover, we retained only streams
with a predicted eD smaller than 1.052 m? s3 to be within the boundary of the input data used for the gas exchange model (ref. 54).
In addition, we restricted the upper elevation boundary to 4938 m (a.s.l), corresponding to the highest sampling location included in
our CO; model.

Rather than directly predicting streamwater temperature, channel width, flow velocity, CO, concentration, and temperature depend-
ent CO, exchange velocity (kco2), we computed each of these parameters using Monte Carlo simulations with 10,000 iterations for
each individual stream (Methods). Thereby we were able to propagate the error associated with each of these parameters into an
uncertainty related to cumulative (e.g., regional or global) CO, evasion fluxes. We used the typology proposed by Meybeck and col-
leagues? for the identification of mountain catchments as those with an average altitude higher than 500 m above sea level (a.s.l.)
and an average relief roughness exceeding 20 to 40%. depending on elevation as computed from digital elevation models (DEM)
(Methods). A similar classification of mountains was also used to assess the relevance of mountains for water resources#?. We then
defined streams draining these regions as mountain streams.

4.3.2 CO2 evasion fluxes from Swiss mountain streams

In a first step, we applied our upscaling approach to Switzerland where the availability of a high-resolution DEM (2 m)
and accurate discharge data allowed us to reliably predict streamwater CO; concentrations and gas exchange velocity. Applying our
selection criteria (i.e., restricting according to the mountain stream classifications, discharge and eD), we retained 23,343 streams
(86% of them belonging to 15t to 4th Strahler order) for which we computed a median keoo of 116 m d1 (7.5 and 650 m d-%, 5th and 95th
confidence interval quantiles, Cl, respectively). The median of the corresponding temperature-corrected gas exchange velocities for
CO; (kcoz) was 86.4 m d1 (Cl: 6.0 and 462 m d1) (Figure 4:1a). These numbers are higher than those used to calculate regional and
global estimates of CO; evasion from streams and rivers'®17, We attribute this difference to the novel scaling relationships for keoo
(ref. 5%) that we used and that take into account the role of turbulence in accelerating gas exchange in mountain streams.

We estimate median streamwater pCO; of 705 patm (Cl: 380 and 1224 patm) for the Swiss streams (Figure 4:1b). By combining
predicted streamwater CO; concentrations with kco, we compute a median areal CO, evasion flux of 3.5 kg C m2 yr (Cl: -0.5 and
23.5 kg C m2 yr1) (Figure 4:1c). These areal fluxes are unexpectedly high, equivalent or even higher than those reported for the
Amazon35141 and boreal*211¢ streams, which, among the inland waters, are typically considered as major emitters of CO, to the
atmosphere. Over the 23,343 streams, these areal fluxes result in a total CO, evasion flux of 0.248+0.012 Tg C yr! from small Swiss
mountain streams.
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Figure 4:1 Patterns of CO: in streams in the Swiss Alps. The distributions of kco2 (A), pCO2 (B) and areal CO: fluxes (Fco2) (C) for 23,343 mountain
streams in Switzerland.

4.3.3 Potential sources of COz in Swiss mountain streams

It is intuitive to assume that high evasion fluxes rapidly deplete CO, stocks in turbulent mountain streams and therefore
cause the consistently low pCO; in these streams!!®, However, pCO, above saturation as often observed in mountain streams would
imply a continuous supply of CO; able to sustain the high evasion fluxes. Groundwater is recognized as a potentially important deliv-
ery route of CO; into headwater streams37.38120.128 Tg explore the potential of such CO, deliveries from groundwater into mountain
streams in Switzerland, we applied a simple mass balance for CO; fluxes assuming that all CO, within a stream segment originates
from groundwater discharge (Methods). Solving the mass balance for the groundwater CO, concentration in 3858 streams, we found
that a median CO; concentration of 105 umol L't in the groundwater, equivalent to a median pCO; of 2195 patm (Cl: 42 and 38,867
patm) would be required to sustain in principle the CO; evasion flux from these streams (Figure 4:2a). This median value is indeed
closely bracketed by measured pCO; (1343 to 4267 patm) in the groundwater within two of our Swiss study catchments (Table 4S:2).
Available data on groundwater CO; concentrations in mountain catchments are rare, and we therefore compare the expected
groundwater CO, concentrations derived from our mass balance calculations also with data that are not necessarily from such catch-
ments. For instance, maximum pCO; measured in groundwater in headwater catchments in Belgium, Czech Republic and Laos (Meth-
ods) were close to our expected 95t CI quantile of 51,647 patm. Not unexpected, the variation of our estimates is large given the
wide range of hydrological (e.g., fed by groundwater, snowmelt and glacier ice melt), geomorphological and geological characteristics
of these streams and their catchments. Moreover, due to the lack of appropriate data, we were not able to include alkalinity as a
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potential sink for CO; in the mass balance’2. Nevertheless, the agreement between estimated and reported CO; concentrations sug-
gests that groundwater CO; contributions are potentially relevant to sustain the CO; evasion fluxes from mountain streams.

Our notion of external CO, sources to the mountain streams was further supported by various lines of geochemical evidence (Meth-
ods; Supplementary Note 1, Figure 4S:4; Figure 4S:5). The streamwater ion balance suggests that the streams are representative for
headwaters draining catchments with carbonate rock3%46 (Figure 4S:4), and more important, that they are carbonate buffered to
saturation (median calcite saturation index ranging from 2.48 to 4.11). This would imply a continuous supply of dissolved inorganic
carbon (DIC) to the streams with new CO; re-equilibrating due to CO; evasion. As a further result, streamwater alkalinity was elevated
(median: 2.05 meq L1; range: 0.94 to 2.85 meq L), even beyond the threshold where DIC from carbonate weathering can drive CO,
supersaturation in numerous lakes worldwide42, Therefore, in conjunction with respiratory CO, from soils, the dissolution of car-
bonate minerals can be a potential source to the CO; evasion flux from the mountain streams.

The notion of a lithogenic CO; source is further supported by stable isotope analyses of streamwater DIC (Methods). Across our study
streams (n=134), we found 6*3C values ranging from -11.6 to -1.76%. VPDB (median: -5.8, Cl: -9.9 and -2.5) (Figure 4:2b, Figure 4S:5).
Overall, these values are closely bracketed by reported isotopic compositions for soil organic matter (ranging from -30 to -24%) and
carbonate rocks (close to zero®0) as two end-members of the 613C variability continuum?®%143, This implies contributions from both
the respiration of organic carbon and lithogenic sources to the streamwater DIC pool. Given the overall very low concentrations of
dissolved organic carbon (DOC; 254 * 124 pg C liter’; Methods) in our study streams, we suggest that most of the depleted DIC is
from respiratory CO, from soils and delivered by groundwater to the streams. The delivery of DIC from lithogenic sources (mostly
carbonate weathering) into streams and its subsequent outgassing as CO, into the atmosphere is increasingly being recog-
nized’282.120, However, the underlying processes seem less evident and certainly require more attention in the future. We suggest
that depending on the carbonate buffering capacity, both dissolution of atmospheric CO; (but also from soil respiration) could lower
the pH in the soil water, groundwater and ultimately in the streamwater. If the streamwater is already saturated in CO, with respect
to the atmosphere, DIC would be converted into CO, that may ultimately outgas from the stream?2. Furthermore, cold water can
dissolve more CO,, which facilitates the dissolution of carbonates in the soil water and groundwater; if these waters warm in the
stream, carbonates can re-precipitate with the concurrent release of CO; (ref. 144). We suggest that this retrograde solubility further
adds to the CO; outgassing from streams when colder groundwater transports dissolved carbonates to warmer streamwater in sum-
mer. Whereas the relative effect of pH changes on streamwater pCO, may outweigh the effects of temperature, we suggest that
their combination can be important for the conversion of bicarbonates to carbonic acid (and CO;) in mountain streams.
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Figure 4:2 Sources of CO; in streams in the Swiss Alps. (A) Estimated groundwater pCO; in Swiss mountain catchments. (B) Isotopic compositions of
dissolved inorganic carbon (6'3C-DIC) indicates biogenic (e.g., soil respiration) as well as geogenic sources (more enriched) (%o Vienna Pee Dee
Belemnite, VPDB). End-members are adopted from refs. %143, The box plot shows median and quartile §*3C-DIC compositions repedetly sampled
across the 12 Swiss sites (n=134; 7 to 15 samples per stream) (calculated in JMP 13, SAS Institute Inc., USA).
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4.3.4 COz2z evasion fluxes from the world’s mountain streams

In a second step, we extrapolated our findings from the Swiss Alps to assess the CO; evasion fluxes from the world’s
mountain streams. The accuracy of geomorphological and hydrological parameters extracted from DEMs and other maps depends
on their spatial resolution. Therefore, before transferring our approach from the Swiss streams, we compared the statistical distri-
butions of elevation, stream slope, discharge obtained from our high-resolution dataset with those obtained from low-resolution
data available for approaches at the global scale (Supplementary Note 2). We found surprisingly good agreement between both
approaches (Figure 4S:6), and were therefore confident to proceed with the upscaling of CO; fluxes from mountain streams at the
global scale. Here we used the Global River Classification (GloRiC) database!#>, an extended version of HydroSHEDS, that describes
drainage networks of Earth’s surface in 15 arc-second (~500 m) spatial resolution including the networks above the 60°N latitude.
These northern regions were poorly represented in previous estimates of global CO, evasion fluxes from streams and rivers1617,
Discharge data included in the GloRiC database were used to infer stream flow velocity and channel width (Methods). Rather than
presenting streamwater pCO,, we present the CO, gradient (ACO;) as the difference between streamwater and atmospheric CO;
concentration. In combination with kco,, ACO; is useful to understand the drivers of the CO, fluxes and to evaluate the spatial distri-
bution of potential sources and sinks of CO,.

Using the same selection criteria as for the Swiss mountain streams, we retained a total of 1,872,874 stream segments for which we
calculated a global median kego of 31.4 m d1 (Cl: 4.6 and 460 m d1) and a corresponding median kco> of 25.6 m d1 (Cl: 3.5and 411 m
d) (Figure 4S:7a). These are 3.7 and 3.4 times lower, respectively, than the average gas exchange velocity calculated for the Swiss
streams. The skewed distribution of global kcoz towards smaller values may result from the abundant streams draining large plateaus
(e.g., interior Tibetan Plateau, Altiplano) (Figure 4S:7a). We predicted a median streamwater pCO, of 737 patm (Cl: 317 and 1644
patm) (Figure 4S:7b), which are lower than the global predictions of 2400 to 3100 patm from studies that were likely biased towards
larger streams and rivers®17, However, our values are comparable with pCO, values reported from streams that drain mountain
regions647 and that were not included in our predictive model for streamwater CO; concentration. Overall, this agreement corrob-
orates our CO; model and Monte Carlo simulation approach. We calculated a median global areal CO, evasion flux of 1.1 kg C m-2 yr-
1(CI: -0.54 and 32 kg C m2 yr!) (Figure 4S:7c). Overall, we found negative CO; fluxes in 10.8 % of the streams (that is, these streams
are potential sinks of atmospheric CO3).

Overall, the spatial distribution of kco,, ACO, and areal CO; fluxes followed the variation of mountain topology (Figure 4:3). For in-
stance, streams (median elevation: 4236 m a.s.l.; Cl: 2676 and 4886 m a.s.l.) draining the inner Tibetan Plateau have low pCO; (me-
dian: 288 patm; Cl: 194 and 449 patm) translating into a negative median ACO; of -56 mg C m=3 (Cl: -105 and 23 mg C m-3). Similar
CO;, concentrations close to equilibrium were also reported by others for streams4¢ and lakes!4’ on the Tibetan Plateau. These gra-
dients result in an overall negative areal CO; flux of -0.36 kg C m2 yr (Cl: -4.29 and 0.87 kg C m2 yr1) (Figure 4S:8). Our estimates
would therefore suggest that the Tibetan Plateau streams potentially act as a net sink (total flux: -1.46 Tg C yr1; Cl: -1.52 and -1.39
Tg C yr1) of atmospheric CO,. On the other hand, tropical mountain streams generally exhibited higher ACO, values, likely due to
terrestrial inputs of CO, from soil respiration1% and the in-stream degradation of terrestrial plant material®l. At higher elevations,
outside the tropical biome, lower ACO, values were compensated by high kco2 because of steep stream channels, which resulted in
high areal CO; fluxes.
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Figure 4:3 Global distributions of CO2 in mountain streams. (A) Altitude of mountain streams, where mountains as defined according to ref. 4. Pan-
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(ACOz) and the areal CO: fluxes (Fcoz), respectively. Panels E, F, G, and H show the latitudinal transects of these same parameters at 1-degree resolu-
tion (shown are median values in black and 5% and 95% confidence intervals in grey).

We estimated the net global CO, evasion flux from mountain streams by cumulating the average positive and negative CO, fluxes
calculated from Monte Carlo simulations (10,000 iterations) for 1,872,874 streams (Methods). We obtained a net global CO, evasion
flux of 166.6 Tg C yr! (Cl: 165.9 and 167.4 Tg C yr'1) from mountain streams. The magnitude of this evasion flux is high given that the
mountain streams included in this study cover a surface area of 34,979 km2, which corresponds to 4.5% or 6.0% of the global extent
of streams and rivers as recently published by ref. 3¢ (773,000 km?2) and as calculated from GloRiC (587,630 km?), respectively (Meth-
ods). Our estimate of the global net CO; evasion flux from mountain streams is within the same range as the total CO; evasion fluxes
from tropical streams (excluding the large rivers and their floodplains) (160 to 470 Tg C yr-1) 1617.135 and substantially higher than
those reported from the boreal-arctic streams and rivers (14 to 40 Tg C yr1)16.143,

As for the Swiss Alps, we suggest that, in the absence of major soil development within the catchment, DIC derived from carbonates
may contribute in conjunction with soil respiratory CO; to the outgassing from these streams. This assumption would be supported
by the fact that many of the world’s streams drain catchments containing carbonate rocks3%121.149 gnd that many of them have an
alkalinity (median: 1.51 meq L%; CI: 0.09, 5.13 meq L%; from GLORICH?®) that is relevant for DIC from carbonate dissolution to drive
CO;supersaturation42, Qur findings thus contribute to increasing understanding that CO, from carbonate dissolution plays a hitherto
poorly recognized role for the CO, evasion fluxes from inland waters37.120142_ Alternatively, the oxidation of rock-bound carbon (i.e.,
petrogenic carbon) can be a source of CO,'%0, especially in glacierized catchments regularly exposed to frost shattering?>1. This is
often the case with mountain streams.

Therefore, we propose that groundwater deliveries of geogenic and hence ancient CO,, besides the CO, from soil respiration, is a
significant contributor to the CO; efflux from mountain streams. This would be facilitated by topographic roughness of mountain
regions generating longer groundwater flow pathways and by bedrock fractures enhancing permeability and deep infiltration, and
ultimately resulting in longer residence times of water within mountain catchments!52, Deeper infiltration and extended residence
times of groundwater would also increase the concentration of weathering products®3 in the groundwater that enters mountain
streams.
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4.3.5 Temporal variations

The extrapolation of CO; fluxes from streams and rivers to a regional or global scale rarely takes into account the temporal
variability of the fluxes'®17, This runs against the recognition that CO, fluxes from streams and rivers can change on a seasonal and
diurnal basis*?:%6, Furthermore, depending on the zero degree isotherm!>4, mountain streams can fall dry, or they are snow-covered
during winter. Factoring this variability into an upscaling effort of gas fluxes is difficult though exposition, terrain slope and ground-
water upwelling all are factors that affect the snow cover locally. For instance, even during winter mountain streams can have reaches
without snow cover, which serve as hotspots for outgassing of CO; that has accumulated upstream from groundwater deliveries into
the snow-covered channel.

To assess the potential inaccuracy emanating from the temporal variation of CO; fluxes for our upscaling, we compared the median
CO; flux (on an annual basis) calculated from the continuous measurements (every 10 minutes) with the predicted annual CO; flux in
several of our Swiss study streams with rather complete time series (Supplementary Note 3). We found good congruence between
the measured and predicted fluxes (R = 0.68, P=0.02, slope = 0.9310.28), which we consider as a further proof of the robustness of
our scaling approach (Figure 4S:9).

4.3.6 Uncertainties and limitations

Upscaling of CO, evasion fluxes from streams and rivers is not an easy task and requires an element of simplification and
speculation. This is particularly true for small mountain streams. A first level of uncertainty emanates from the definition of a moun-
tain and the spatial resolution and aggregation used to identify mountain regions. We used the parsimonious aggregation approach
at a 0.5° spatial resolution as previously done to quantify runoff in mountain regions*>40. We recognize that applying the filters (e.g.,
spatial resolution, relief, altitude) differently may lead to different global maps of mountain streams45.140,

Channel width is inherently difficult to estimate for small streams. Rather estimating channel width from hydromorphological scaling
relationships that also require information on hydraulic resistance3436, we derived channel width from hydraulic scaling relationships
specifically established for mountain streams in combination with discharge from the GloRiC database!#. Discharge is available at
the level of spatial resolution required for upscaling CO; fluxes, whereas parameters for hydraulic resistance are not. Furthermore,
by using discharge to infer width and velocity, but also to predict streamwater CO, concentration, we constrain errors to the same
source. Our approach yielded a minimum stream channel width of 0.32 m, which is identical with the stream width reported by Allen
and colleagues3* as the characteristic most abundant stream width in headwater catchment.

The overall uncertainty associated with our regional and global CO; fluxes appears small compared to previous upscaling studies1617,
This is inherent to the structure of our uncertainty computation that assumes that errors in the estimation of fluxes at the stream
segment level are independent. Therefore, summing up largely uncertain stream segment fluxes results in a global estimate with a
small uncertainty compared to the median value, because errors average out if they are independent®®. This is analogous to the
reduction of the coefficient of variation of the sum of identically distributed, independent random variables, as predicted by the
central limit theorem. Assuming that errors are fully independent is an approximation, of course, as is the assumption of fully corre-
lated error as the opposite extreme. Therefore, we also computed the uncertainty with the latter assumption (Methods) and found
a larger uncertainty associated with the total flux for the mountain streams in Switzerland (Cl: -0.107 and 0.939 Tg C yr!) and world-
wide (Cl: -27.7 to 561.9 Tg C yr1). The large discrepancy between the two uncertainty approaches is not unexpected and the real
uncertainty is probably somewhere between both approaches.

In summary, our study reveals small streams of the world’s mountains as an important yet hitherto poorly appreciated component
of the global carbon cycle. High turbulence, induced by elevated channel slopes and streambed roughness, accelerates the evasion
of CO; delivered from geogenic and biogenic sources by the groundwater into the mountain streams. The proper integration of the
CO; evasion from mountain streams will further reduce the uncertainties around global carbon fluxes in inland waters.
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4.5 Material and methods

4.5.1 On-line measurement of pCO2 in Swiss streams

We operated 12 sensor stations in high-altitude Alpine catchments; 4 catchments with 3 stations in each (Figure 4S:1).
Site elevation ranges from 1200 to 2161 m a.s.l., stream slope from 0.033 to 0.160 m m-1 and annual mean discharge from 0.02 —
2.26 m3 s-1. At the stations, we measured streamwater pCO; continuously (10 minute intervals) during two years (2016-2018) (Table
4S:1). Prior to deployment, we prepared the pCO; sensors (Vaisala CARBOCAP® Carbon Dioxide Transmitter Series, GMT220, Finland)
with a porous polytetrafluoroethylene (ePDFE) semi-permeable membrane that we sealed with liquid electrical tape®3. We protected
our water-proof pCO; sensors with fine grained mash, PVC tube, and metal casing. We connected the sensors to two 12-volt batteries
in series coupled with solar panels located at the streambed side.

4.5.2 Geochemical analyses and potential CO2 sources

Filtered streamwater samples (Mixed Cellulose Ester filter, 0.22 um) were repeatedly collected for the analyses of cation
and anion concentrations between 2016 and 2018 in twelve study streams in the Swiss Alps and analyzed using ion chromatography
(ICS-3000 Dionex, Sunnyvale, CA, USA). We also sampled streamwater for dissolved organic carbon (DOC) concentration. For DOC,
we filtered (GF/F filters, Whatman) streamwater into 40 mL acid-washed and pre-combusted glass vials and analyzed within 1 to 3
days (Sievers M5310c TOC Analyzer, GE Analytical Instruments, USA). The accuracy of the instrument is + 2%, precision <1% and
detection limit 1.83 pmol C L.

Furthermore, we measured concentrations and the isotopic composition of dissolved inorganic carbon (DIC; §13C-DIC). Samples for
DIC concentration and 613C-DIC were collected in 12 mL glass vials and filtered (Mixed Cellulose Ester filter, 0.22-um) to retain the
dissolved fraction. In the laboratory, we injected 2 mL streamwater into pre-flushed (synthetic air, pCO,<5 ppm) exetainers containing
300 pL of 85% orthophosphoric acid. Samples were then shaken (2 min) and equilibrated over night at room temperature. DIC sam-
ples were analyzed on a G2201-/ Picarro Instrument (Santa Clara, CA, USA) as CO; released from the reaction with orthophosphoric
acid. There are three possible sources of DIC: atmospheric CO,, weathered carbonates, and soil-derived respired CO,. Weathering
and atmospheric exchange enriches the DIC stable isotope signatures®92 where atmospheric CO, and rock carbonate will largely
overlap in their 613C-DIC value if the rock is originally of marine origin. In contrary, contributions from respiration deplete the isotopic
signature, depending on the plant type and diagenetic state of the decomposed organic matter%.143,

4.5.3 Stream hydraulic geometry

We established hydraulic geometry scaling relationships from mountain streams in the Swiss Alps (Figure 4S:1), where
we derived annual mean stream channel width (w), depth (z) and flow velocity (v) from annual mean discharge (Q) as follows (see
also Figure 4S:3).

w = 7.104 x Q0*47

Equation 4:1 — Hydraulic scaling: stream channel width
z=0.298 x Q0222

Equation 4:2 — Hydraulic scaling: stream channel depth
v = 0.668 x Q0365

Equation 4:3 — Hydraulic scaling: streamwater velocity

We performed a total of 141 slug releases where we added sodium chloride (NaCl) at the top of each reach (in average 12 slugs per
site) and measured the change in specific conductivity at the bottom of the reaches. By measuring the change in specific conductivity,
which we converted to mass by applying a pre-established relationship between specific conductivity and the conductivity potential
of the added NaCl, we estimated discharge. We also estimated the travel time as the time for the NaCl to reach the bottom of the
reach (i.e. the peak in the specific conductivity). To obtain average flow velocity we divided reach length by the travel time. We also
measured stream width and stream depth.

In comparison to previous scaling relationships®2, our relationships are more representative for mountain streams, where steeper
slopes induce higher flow velocities and narrower channels. Annual mean discharges ranged from 0.02 to 2.26 m3 s’ in our study
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streams (n = 12) in the Swiss Alps. The maximum annual mean discharge was used as an upper boundary within which we consider
our hydraulic geometry scaling valid, and we therefore restricted our data for all further analyses to streams with maximal annual
mean discharge of 2.26 m3 s1. Hence we restrained our definition of mountain streams further and consider our estimates of CO,
fluxes from mountain streams as conservative as we discarded streams with Q > 2.26 m3 s1,

4.5.4 COz2 flux calculations

We estimated the gas transfer velocity (keoo, m d1) using the following piece-wise power-law relationships as recently
published by Ulseth and colleagues

In(kggg) for eD > 0.02 = 1.18 X In(eD) + 6.43
Equation 4:4 — Gas transfer velocity: high-energy streams
In(keggo) for eD < 0.02 = 0.35 X In(eD) +3.10
Equation 4:5 — Gas transfer velocity: low-energy streams

where eD is the stream energy dissipation rate, which is the product of slope, flow velocity and the gravity acceleration. In order to
use this gas transfer velocity equation, we restricted the streams used for our analyses to those where eD did not exceed 1.052 m2 s
3, which was the maximum eD used in scaling relationship by Ulseth and colleagues®.

To convert kgoo into kco,, we calculated CO, saturation ([COaxsat] as

Patm

[CO,5q¢] = 400.40 X X KH

std
Equation 4:6 — CO; saturation

using annual mean atmospheric CO; in 2017 (400.40 patm) measured at Jungfraujoch, Switzerland (World Data Centre for Green-
house Gases (WDCGG), Japan, 2018). Then, by multiplying with the Henry constant (Ky, mol L' atm1) and the ratio between atmos-
pheric pressure (Patm, atm) and standard pressure of 1 atmosphere (Pstg, atm) we calculated the CO; saturation ([COzsat], mol L2).

In Equation 4:7, Patm changes with elevation (E),

gxm
T, RXA

X—
Ty +AXE

Patm = Py

Equation 4:7 — Atmospheric pressure

where Py is the International standard atmosphere (ISA) values of sea level pressure (101,325 Pa) and T, is an assumed sea level
temperature of 19°C (292.15 K). A is the temperature lapse rate (-0.0065 K m1), g is the gravity acceleration (9.80616 m s2), m is the
molecular weight of dry air (0.02897 kg mol1), and R is the gas constant (8.3143 J mol? K1). We multiplied the values derived from
Equation 4:7 with 9.86923 X 106 to obtain Paum, in atmospheres?®®,

Ky is a function of water temperature (T, Kelvin), where A (108.3865), B (0.01985076), C (-6919.53), D (-40.4515) and E (669365) are
constants!?4,

C E
A+BX(Tg)+7—+Dxlog10(Tg)+——
Ky =10 T Tk

Equation 4:8 — Henry’s constant

To estimate streamwater temperature, we extracted gridded air temperatures?>?, which we translated into streamwater tempera-
tures according to a relationship between streamwater temperature (Ty) and air temperature (Tai)26.

T, = 3.941 + 0.007 + 0.818 + 0.0004 X T,

Equation 4:9 — Streamwater temperature
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We used the temperature-dependent Schmidt scaling (Equation 4:10)°! to convert keoo (Equation 4:4 and 4:5 respectively) to kco2 (EQ.
4:11).

Sccor = 1923.6 — 125.06 X T, + 4.3773 X TW2 —0.085681 x Tw3 + 0.00070284 x TW4
Equation 4:10 - Schmidt scaling for CO2
keoo

G

co, =

Equation 4:11 — Gas transfer velocity of CO.

To estimate streamwater CO,, we collected data from Swiss Alpine streams, which we combined with stream data from Austria*?,
Kenya®%8, U.S.A (A. Agerich, personal communication; ref. 59; C. Kuhn, personal communication; P. del Giorgio, personal communica-
tion; P. Raymond, personal communication), Brazil'>°, Tibet and China (refs. 48106 |, Ran personal communication), and New Zealand
(V. De Staercke, M. Styllas, and M. Tolsano, personal communication). We restricted our data set to only encompass mountain
streams?*® with annual mean discharges!*> below 2.26 m3 s'1. We predicted streamwater CO, concentration from a linear regression
model using mean channel elevation (E)169161, mean annual discharge (Q)** and soil organic carbon content (SOC, g kg1)162 (Figure
4S:2), that we extracted with QGIS using the Point sampling tool. The model is based on a collection of 323 direct measurements of
streamwater CO, concentration from mountain streams that were selected according to our selection criteria (i.e., elevation, relief,
discharge). The regression model

In(CO,) = —0.647 + 0.052 X In(E) — 0.094 + 0.014 X In(Q) + 0.099 + 0.029 X In(SOC) + 7.287 £+ 0.427
Equation 4:12 — CO; prediction model

explained 39% of the variation (R?2 = 0.39, n = 323, p<0.0001) in streamwater CO, concentration.
Finally, areal CO; fluxes (g C m-2 d'1) were calculated as

Feoz = kcoaX Acoz
Equation 4:13 — Areal CO; evasion fluxes

where the CO; gradient ACO; (converted to g C m3) is the CO, gradient between the streamwater and the atmosphere. To estimate
total fluxes, we first estimated stream area (A) from stream width as derived from the hydraulic scaling relationships (Equation 4:1)
and stream length (L) defined in the stream network dataset for Swiss (Federal Office for the Environment (FOEN) Switzerland, 2013)
and global#> streams. The total CO; flux per stream was then calculated as areal CO; fluxes multiplied with stream area.

4.5.5 Monte Carlo simulations and uncertainties

We used Monte Carlo (Matlab 2017b) approaches to simulate the parameters (i.e., streamwater CO; concentration, chan-
nel width, streamwater temperature, flow velocity and kco;) required for the calculation of CO; evasion fluxes and to estimate related
uncertainties for each individual stream. We used two different approaches to quantify the uncertainty. A first approach was based
on the assumption that errors in the calculation of Fco, for each stream were independent. For each stream and for each of the
10,000 iterations, we perturbed the various scaling relationships by randomly extracting error approximations from their correspond-
ing residual probability distribution. We thereby created for each Monte Carlo simulation a random extraction of the streamwater
CO; concentration, stream width, streamwater temperature, flow velocity and kcoz values for all streams, and finally 10,000 estimates
of areal CO; evasion fluxes (according to Equation 4:13). We classified the upper 99.5 percentiles of all slope, streamwater CO, and
areal CO; flux estimates as outliers and removed them from further analysis, to avoid unrealistically inflated values. Then, for each
iteration, we derived a total flux by summing up the fluxes from all streams accounting for their contributing area. We thereby ob-
tained 10,000 total flux estimates, from which we extracted the mean CO; evasion flux as well as the 5t and 95t percentiles as
confidence intervals. For this approach, the largest uncertainty was related to the koo model, while the hydraulic scaling relationships
(for flow velocity and width), the streamwater temperature and streamwater CO, model contributed less to the overall uncertainty.
The streamwater CO; concentrations, kcoz and areal CO; fluxes reported in our study refer to the means obtained from the 10,000
iterations. The propagated CO, fluxes were summed to obtain a total estimate of the annual CO; evasion flux. As a consequence, the
errors introduced at the different iterations average out. This resulted in a narrow CO; flux distribution due to the assumption of
independent errors.
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A second approach was based on the assumption that all errors in the calculation of Fco; for each stream were perfectly dependent
on each other. Thus, instead of summing the Fco; across all streams and then draw the distribution from the different iterations, we
used the distributions derived for each stream from the Monte Carlo simulations, from which we calculated the mean and confidence
intervals. Then, we summed all means and confidence intervals separately to obtain the total Fco; estimate and the uncertainties.
With this approach, we obtained much larger uncertainties compared to the first approach. Because, under the assumption of error
dependency, the percentiles of the total Fco distribution equal the sum of the percentiles of the single stream distributions. Reality
is probably somewhere in between the two approaches and we therefore decided to report uncertainties estimated with both ap-
proaches.

4.5.6 Definition of mountain streams

We defined mountain streams as those draining terrain with an elevation above 500 m a.s.l. and more than 20 to 40%o
in relief roughness depending on elevations. This approach was previously used to estimate water resources and runoff from the
world’s mountains#5:140, We used the Global Multi-resolution Terrain Elevation Data (GMTED2010)10, which we aggregated to 0.5°
using mean elevations (ArcGIS 10.5, Aggregate tool). We derived relief roughness from the DEM (QGIS 3.2.1. with GRASS 7.4.1,
Roughness tool) where relief roughness was calculated as the difference in a pixel's maximum and minimum elevation divided by
half the pixel length.

4.5.7 Groundwater CO2 mass balance

We calculated the groundwater CO; concentration that would be required in principle to sustain the CO; evasion fluxes
from 3858 mountain streams in the Swiss Alps. To do so, we first estimated the flow between stream segments (From/To Node tool,
Arc Hydro, Esri 2011). Then, we established a mass balance similar to refs. 3771, where the difference in discharge (Q, m3 s!) between
two stream segments, x and x+1, is assumed to be due to groundwater inflow (Qsw). Therefore, the groundwater CO, concentration
(Cew, umol m3) can be calculated as;

_ fx + (CQ)x+1 - (CQ)X

Cow =

Qew

Equation 4:14 — Groundwater COz mass balance

where fy is the CO; evasion flux (umol st), and C (umol m-3) is the CO, concentration in the streamwater.

Groundwater mass balance indicated that a median groundwater pCO; of 2195 patm (Cl: 42 and 38,867 patm) would be required to
sustain the CO; evasion flux from Swiss streams (computed for n = 3858). We compared the results obtained from the groundwater
mass balance with groundwater pCO, data sampled in two of our study catchments; catchment B (Figure 4S:1) had a median ground-
water pCO; of 1343 patm (Cl: 245 and 1936 patm, n = 9; Table 4S:2) and catchment C had a median groundwater pCO; of 4267 patm
(Cl: 2230 and 6303 patm, n = 2; Table 4S:2). Yet, those few measurements of groundwater pCO, may underestimate groundwater
CO; concentrations; measurements of groundwater pCO; in Belgium83, Laos and Czech Republic (C. Duvert, personal communication)
are 10-fold higher with measured values up to almost 50,000 patm (highest measured value: 47,374).

4.5.8 Extrapolating CO2 evasion

For Switzerland, we used the stream network from the Swiss Federal Office for the Environment (FOEN, 2013), which we
combined with mean simulated natural annual discharge data (1981-2000) (FOEN, 2016). We created a node layer (Node tool) in
QGIS and we extracted elevation data (Point sampling tool) from a highly resolved (2 m) digital elevation model (DEM) (Geodata ©
swisstopo). Prior to sampling, we resampled (nearest neighbor, median, 3-pixel radius in SAGA GIS 2.3.2) the DEM to remove outliers.
We calculated stream slopes (Matlab 2017b) as the elevation difference per stream divided by the predefined stream length (FOEN,
2013). We extracted SOC content162 for every node, which we averaged to mean values per stream. Similarly, we extracted monthly
air temperatures>’, which we averaged over the year and converted to streamwater temperature® (Equation 4:9).

We estimated global CO; fluxes from mountain streams using a similar approach as for the Swiss streams. We used the GloRiC stream
network at 15 arc-seconds (~500 m) spatial resolution, including streams north of 60° latitude4>. To estimate stream channel slopes,
we first resampled the DEMs to remove outliers (nearest neighbor, median value in a 3-pixel radius) in SAGA GIS 2.3.2. We used the
SRTM 90 m?6!, which we combined with the 30 s GMTED elevation layer6 for streams above 60°N. We created a node layer from
the GloRiC stream network from which we extracted elevation (Node tool, QGIS) and calculated stream gradients (Matlab 2017b) as
the elevation difference per stream divided by the predefined stream length145. We used the discharge from Dallaire and colleagues.
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For every node, we also extracted the geopredictors required in the CO, model; soil organic carbon content62 and air temperaturels?
which we converted to streamwater temperature?®,

To approximate the total global stream area, we used all the streams and discharge data included in the GloRiC data set!% and
inferred width from the hydraulic scaling relationship equations for larger rivers®2. In other words, since we wanted an approximate
estimate for all streams and rivers, we used a well-established hydraulic scaling relationship (ref. >2) to estimate stream width, which
we combined with stream lengths from the GloRiC dataset. We summed all stream areas to estimate a total stream surface area (to
estimate the stream area of mountain streams we used our own scaling hydraulic relationship to obtain stream width).
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4.6 Supplementary Information

4.6.1 Supplementary Note 1

Marx and colleagues showed in 201730 that small streams (catchment sizes <30 km?2) have high geochemical variability
but are skewed towards the carbonate end-member. This it related to short residence times in small headwater catchments, which
favors fast weathered bedrock, such as carbonate bedrock weathering, rather than silicate weathering3°. We repeated this analysis
from Marx and colleagues using the same database, the Global River Chemistry database (GLORICH)*¢, together with data from our
Swiss monitoring stations. The geochemical characterization shows that the Swiss sites are indeed influenced by carbonate bedrock
weathering (Figure 4S:4).

4.6.2 Supplementary Note 2

We evaluated differences between geopredictors for Swiss streams derived from data sets with different resolutions
(highly resolved Swiss dataset and lower resolved globally available dataset; Figure 4S:6) to be confident that the stream channel
slopes (Figure 4S:6a) stream altitude (Figure 45:6b) and stream discharge (Figure 4S:6c) did not deviate considerably depending on
data resolution. The distributions of the data were similar for the two datasets, although slope was somewhat lower in the high-
resolution data set (median 0.039 m m, CI: 0.004 and 0.176 m m'1) compared to the low-resolution data set (median 0.055 m m,
Cl: 0.004 and 0.222 m m1). Altitude was slightly higher in the high-resolution data set (median 902 m, Cl: 415 and 2185 m) compared
to the low-resolution data set (median 834 m, Cl: 406 and 2141 m). Discharge was similar between the high-resolution data set
(median 0.38 m3 s, Cl: 0.09 and 1.77 m3 s'1) and the low-resolution data set (median 0.38 m3s1, Cl: 0.12 and 1.82 m3s1).

Moreover, for all our monitoring stations in the Swiss Aps (Figure 4S:1) we measured stream channel slope every 10 meters’ distance
in the field using a dGPS system. We then compared the difference in stream channel slopes calculated for whole stream reaches
with channel slopes calculated from segments of 10 m in length each. We found that in average the slope is underestimated by 0.022
m m- when using mean reach slope and not considering the variations in slopes along a stream reach. The maximum slope measured
along the reach (10 m sub-reaches) deviated significantly from the mean reach slopes, and was up to 0.60 m m higher. Across all 12
catchments, the maximum slope was 0.42 m m-1 higher compared to the reach slope. This suggests that the kco2 values may be even
higher than estimated in this study for Switzerland (median 86.4 m d-, CI: 6.0 and 461.9 m d!) and for mountain streams worldwide
(median 25.6 m d, Cl: 3.5 and 410.6 m d*1). Predicted streamwater pCO, was similar in Swiss streams (median 705 patm, Cl: 380 and
1224 patm) and at the global extent (median 737 patm, Cl: 317 and 1644 patm). 10.8% of the Swiss mountain streams, and the same
proportion of the mountain streams worldwide has negative ACO; meaning that they fall below atmospheric saturation. The median
areal CO; fluxes are higher from Swiss mountain streams (median 3.6 kg C m-2 yr1, Cl: -0.5 and 23.5 kg C m2 yr) compared to
mountain streams worldwide (median 1.1 kg C m2 yr?, Cl: -0.5 and 32.1 kg C m2 yr) (Figure 4S:7).

4.6.3 Supplementary Note 3

Estimating CO; fluxes based on mean or median values of CO, and discharge, instead of highly resolved data, may induce
errors due to the temporal variability. We compared CO; fluxes derived from measured data at 10-minute time steps with CO; fluxes
predicted using our CO; prediction model combined with Q from GloRiC. Due to data availability, this analysis was possible at 7 of
our 12 high-altitude Alpine monitoring stations. Despite high temporal variability in CO; fluxes, we found median areal fluxes at the
monitoring stations corresponding relatively well to the areal fluxes that we predicted in our study where the slope between Fco,
predicted by the model and Fco, calculated from 10-minute time series was -0.921 + 0.284 (R?=0.68, n = 7, P = 0.0022) (Figure 4S:9).
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4.6.4 Supplementary Figures
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Figure 4S:1 We continuously monitored pCO2 in 12 streams located in 4 Alpine catchments in Switzerland. Our 12 mountain stream monitoring
stations measured streamwater pCO. levels close to saturation throughout the year (median pCO. 397 to 673 patm, Table 4S:1).
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Figure 4S:2 Data input of the CO; model. Sampling locations for the mountain stream CO; data used for the prediction model (A). Shown are also

density distributions of elevation (B), discharge (C) and soil organic carbon (SOC) (D), used as input parameters for the prediction of streamwater

€Oz concentrations (E). Observed versus predicted CO: followed the 1:1 line (blue) and fell within the 95% prediction confidence intervals (dashed
blue lines) except for at very high CO. concentrations were CO, was underpredicted.
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Figure 4S:3 Hydraulic scaling relationship (natural log) between annual average stream discharge (Q) and flow velocity (v), stream width (w) and
stream depth (z). The relationships are derived from 141 measurements (7-17 measurements per sites) at 12 mountain stream monitoring stations
in the Swiss Alps (velocity: In(v) = 0.365 X In(Q) — 0.403, R? = 0.87; width: In(w) = 0.447 X In(Q) + 1.961, R? = 0.90; depth: In(z) = 0.222 X
In(Q) — 1.212, R?=0.39).
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Figure 4S:4 Water samples from the Swiss sites (red) are all close to the carbonate end-member in this Na*-normalized mixing diagram. The Swiss
sites have similar Mg?*/Na* and Ca?*/Na* molar ratios as the carbonated sites in the GLORICH database (gray)346:149,
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Figure 4S:6 Distributions of the main input parameters used for estimation of CO: fluxes. Slope (A), altitude (B) and discharge (C) of Swiss mountain
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Figure 4S:7 Density distributions of kcoz (A), pCO:2 (B), Fcoz2 (C) and ACO: (D) calculated for 23,343 Swiss mountain streams (CH; grey) and 1,872,874
mountain streams worldwide (World; blue).
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Figure 4S5:8 Most streams at the Tibetan plateau are predicted to be undersaturated in CO2 with the respect to the atmosphere likely acts as a CO:
sink. Streamwater pCO; was mainly undersaturated with respect to the atmosphere (median 288 patm, Cl: 194 and 449 patm) and 88% of the
streams had negative CO: fluxes.
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Figure 45:9 The predicted CO: flux corresponded well to the median CO: flux estimated from time series (10-minute time steps). Median values
(black dots) and 95% confidence intervals (error bars) of Fcoz predicted from the CO2 model versus median values based on time series
(Predicted F¢p, = 0.926 + 0.284 x Measured F,, — 0.981 + 0.752, R? = 0.68, n = 7, P=0.022). Units are expressed in kg C m2 yr for consistency
with other flux estimates reported in this study.
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4.6.5 Supplementary Tables

73

Catchment

A

® W > > > > > > > >

Site

Al
A2
A3
Bl
B2
B3
Cc1
Cc2
c3
D1
D2
D3

Latitude
46.2305
46.2296
46.2296
46.2296
46.2295
46.2305
46.2305
46.2301
46.2301
45.8831
45.8831

Latitude

46.1549
46.1570
46.1593
46.2316
46.2534
46.2535
45.8831
45.9051
45.8937
45.9295
45.9350
45.5568

Longitude

6.80020
6.80120
6.81473
7.10197
7.10963
7.11011
7.13095
7.11560
7.10797
7.24458
7.22690
7.14752

Altitude (m)

1689
1630
1415
1465
1201
1200
1995
1774
2027
2148
1937
2161

Mean (tstd.) Median pCO:

Slope (m m?) pCO; (uatm) (natm)
0.056 511462 502
0.16 527484 501
0.097 6871221 593
0.048 566169 579
0.137 457126 454
0.138 486143 473
0.054 6994220 673
0.033 472457 454
0.059 525455 523
0.059 388443 397
0.103 427439 430
0.078 473%132 465

Table 4:5S1 Stream characteristics at the 12 Alpine monitoring stations.

Longitude
7.10042
7.10156
7.10156
7.10152

7.1012
7.10042
7.10042
7.10035
7.10035
7.13095
7.13095

Groundwater pCO; (natm)

748
1789

976

245
1936
1729
1362
1343
1072
6303
2230

Reference

Asa Horgby, unpublished data

Asa Horgby, unpublished data

Andrea Popp, James Thornton, personal communication
Andrea Popp, James Thornton, personal communication
Andrea Popp, James Thornton, personal communication
Andrea Popp, James Thornton, personal communication
Andrea Popp, James Thornton, personal communication
Andrea Popp, James Thornton, personal communication
Andrea Popp, James Thornton, personal communication
Lluis Gémez Gener, personal communication

Lluis Gémez Gener, personal communication

Table 4:52 Groundwater pCO; data, sampled adjacent to mountain streams in Switzerland.
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Chapter 5 Conclusions

5.1 Achieved results

We are facing a climate emergency. To be able to assess this threat properly, we need to understand the underlying
mechanisms and drivers — both for the anthropogenic carbon cycle as well as the natural carbon cycle. Therefore, in order to better
understand the transfer of carbon from land to ocean, and the processes occurring along this journey, the Carbon Cascades from
Land to Ocean in the Anthropocene project (C-CASCADES) was founded. As one of 15 PhD students in this project, | focused on CO;
dynamics and CO; fluxes in the start of the land to ocean aquatic continuum: Alpine headwater streams.

In my thesis, | studied the importance of spatiotemporal CO, dynamics for CO; evasion fluxes from high-altitude streams. My research
revealed unexpectedly high CO; evasion fluxes from mountain streams and highlights the need to better include mountain streams
in the assessment of regional and global carbon budgets.

CO; sources and transport pathways can vary considerably at different spatial (reach, catchment and regional) and temporal (annual,
seasonal, event) scales. In chapter 2, my co-authors and | found large spatial variability in streamwater CO, concentration due to
heterogeneous deliveries of respiratory CO;, from soils adjacent to the streams. This is critical since regions of CO, supersaturation
might function as “control points” that significantly alter downstream biogeochemistry as well as driving CO, evasion fluxes. Moreo-
ver, CO, concentration dynamics and evasion fluxes might not only vary spatially but also temporally, as shown in chapter 3. There,
we showed how CO; concentration and evasion fluxes could differ substantially at shorter timescales (i.e., during snowmelt) com-
pared to the annual dynamics. This advocates for high resolution sampling both at spatial and temporal scales, since sporadic sam-
pling of a few locations within a stream network might risk neglecting this heterogeneity.

Spatiotemporal heterogeneity also creates issues for upscaling attempts. In chapter 4, my co-authors and | present a first effort to
upscale CO; evasion fluxes from small mountain streams worldwide. In this chapter, we developed a simple CO; prediction model
using literature data and general geopredictors. We then compared modeled CO, evasion fluxes (annual scale) with fluxes calculated
from CO, time series (presented in Chapter 3). We found good agreement between the two estimates (linear regression slope:
0.93+0.28) although with an offset (intercept: -0.98+0.75). Hence, the incapability of including spatiotemporal heterogeneity and CO;
hotspots in our global estimates may have led to an underestimation of the amount of CO; that is evaded from the world’s mountain
streams. Nevertheless, despite the uncertainty related to the spatiotemporal heterogeneity of CO; fluxes from mountain streams,
our estimates of 167 £ 1.5 Tg C yr corresponds to a substantial amount of the total estimate of CO, emissions from all inland waters.

From the chapters in this thesis, the following conclusions can be derived:

(1) Mountain streams may play an important and yet unrecognized role in the global carbon cycle. In chapter 2, my co-authors
and | estimated CO; evasion fluxes at the catchment scale, and in chapter 4 we estimated CO; evasion fluxes from mountain
streams at a global scale. In both studies, we argue for significantly higher CO; evasion fluxes from mountain streams com-
pared to previous global estimates and emphasize that mountain streams must be better included in the global carbon
cycle.

(2) The transport of soil-derived CO, to mountain streams is fundamental for streamwater CO, dynamics due to several rea-
sons: first, directly by increasing streamwater CO, and inducing CO; evasion fluxes. Secondly, by lowering streamwater pH.
pH controls the speciation of dissolved inorganic carbon (DIC), where lower pH induces conversion of bicarbonate to CO,.
This positive feedback from CO, additions to streams with high DIC concentrations, such as many mountain streams, cannot
be overlooked.

(3) CO; dynamics in mountain streams depend highly on the CO; supply from the catchments. | show in chapter 2 how the
hydrological connectivity between the stream and its catchment controls CO; deliveries to the stream, and thereby the CO,
supply. The hydrological connectivity is largely driven by snowmelt. In chapter 3, | show how streamwater CO, concentra-
tions are diluted with increasing flow on an annual basis, but that snowmelt events flush catchment-derived CO; to the
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streams. Thus, spatial and temporal variability in CO, supply determine whether and when mountain streams, typically with
low CO; concentrations, act as CO; sources or sinks to the atmosphere.

(4) Mountain streams are highly susceptible to climate change. This thesis highlights the role of runoff as a master variable for
streamwater CO, concentrations and CO; evasion fluxes. Therefore, due to ongoing and future climate change, and subse-
quent shifts in hydrological regimes and groundwater flow paths (as well as vegetation cover) it is crucial to better under-
stand the drivers and mechanisms of CO, sources, CO, supply and transport pathways for quantification of CO, evasion
fluxes from mountain streams.

5.2 Future development

In my thesis, | have investigated the role of spatiotemporal variations in CO, sources and transportation pathways for CO;
evasion fluxes from mountain streams. This research has included both intense field and laboratory work, especially during the first
years. As with all practical work, it takes time, leaving opportunities for related studies. There are two major subjects that | think
require more attention in future research: firstly, better incorporation of the inorganic carbon fluxes and the interactions between
lithology and CO; evasion, and secondly, increased spatial coverage of mountain streamwater CO, monitoring.

The first major subject for future development is to better constrain interactions between the organic and the inorganic carbon fluxes
and what those interactions may have on streamwater CO, dynamics and ultimately on CO, evasion fluxes. In all chapters of my
thesis, we discuss the relationship between CO, and carbonates and how the carbonate speciation impacts streamwater CO, in
streams located in catchments with carbonate bedrock. As discussed most extensively in the fourth chapter of my thesis, the interplay
between carbonate buffering, pH and streamwater temperature might be of great importance for streamwater CO; concentrations
and CO; evasion fluxes from mountain streams. We found that with increasing altitude, DIC derived from carbonates gains more
importance relative to soil-derived DIC. We relate this switch to the increasing influences of carbonate buffering capacity, lowering
of pH due to dissolution of atmospheric CO, and inputs of soil-derived CO; at higher altitudes. We also discuss that CO; evasion (and
loss in CO,) may force re-equilibration within the DIC pool, and that increasing temperatures may induce re-precipitation of car-
bonates due to the retrograde solubility of carbonates. This is in agreement to what, for instance, Marcé and colleagues found in
lakes42, however, very little is known about those processes in streams. Studying streams with low CO, concentrations, such as
mountain streams may reveal controlling drivers that are not shown, or not significant, for CO; evasion fluxes in more carbon-rich
aquatic environments. Thus, | would recommend future work along those lines. One way to approach this work could be to use
radioactive carbon isotopes (614C) to determine the age of the CO; in the streamwater, and preferably also the age of the CO; that is
evading form the streams, since this would inform about the origin of the CO,.

The second major subject for future development concerns the spatial coverage of mountain streamwater CO, monitoring. Very few
direct CO; measurements from mountain streams exist. In the fourth chapter of my thesis, | present a map of all CO; measurements
that my co-authors and | found from small mountain streams around the world. In total, there are 323 measurements. These meas-
urements are not only scarce but also heavily biased towards the temperate mountain regions of the world, located in Europe and
North America. From South America, Africa and Asia, there are almost no direct measurements of streamwater CO, from small
mountain streams. Adding to this, many mountain regions in those parts of the world differ substantially in terms of soil cover and
vegetation, compared to the Alps, for instance. As an example, mountain streams located in tropical regions are likely to have higher
deliveries of catchment-derived organic carbon as well as higher rates of in-stream productivity. At a global scale, this may lead to
very different spatiotemporal patterns CO, concentrations and evasion fluxes from mountain streams. Furthermore, those differ-
ences may have large consequences for upscaling attempts of CO; emissions, and there is thus a need of higher spatiotemporal
coverage of CO, data from mountain streams worldwide.

In summary, | would recommend further studies focusing on capturing different types of mountain streams, across altitudi-
nal gradients as well as a variety of lithologies and biomes. Geographical areas that require more attention are South America, Africa
and Asia. By accounting for differences in lithology and vegetation coverage, interactions within the carbonate system could be fur-
ther constrained. Drivers of streamwater CO; concentrations and gas exchange might vary spatially, and temporally, which has the
potential to lead to erroneous estimates of CO; evasion rates. While it is difficult to recommend an optimal strategy for developing
a global monitoring network of pCO; and gas exchange rates in mountain streams, what is clear is that more measurements are
needed, and that spatiotemporal drivers of CO, dynamics and evasion fluxes should be considered in further studies.
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