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Abstract 

Lateral carbon mobilization processes along the freshwater continuum are particularly prone to 

anthropogenic perturbations. Yet, they remain poorly constrained despite their importance as a key 

component of the C-cycle. This study examines the radiocarbon (14C) signatures of particulate and 

dissolved organic carbon (POC, DOC) and dissolved inorganic carbon (DIC) transported by Swiss rivers 

to assess their origin and controls on cycling of carbon within corresponding watersheds. Twenty-one 

rivers were selected and sampled during high-flow conditions in summer 2021, a year of extraordinarily 

high rainfall. Discharge (n=21) range from 7.4 m3/s to 2426 m3/s during sample collection. D14C values 

of POC range from - 446‰ to - 158‰, while corresponding ranges of D14C values for DOC and DIC are 

- 377‰ to - 43‰ and - 301‰ to - 40‰, respectively, indicating the dominance of pre-aged carbon. 

Based on Multivariate Regression Analysis, mean basin elevation correlated negatively with D14C values 

of all three carbon phases. Rivers in the alpine terrain have lower D14C values than rivers draining lower 

elevation terrain, where agricultural land-use is more intensive. These contrasts between alpine terrain 

and the lowlands reflect the importance of overriding (eco)regional controls on riverine carbon dynamics 

within Switzerland. 

 

Keywords: Switzerland, radiocarbon, rivers, global carbon cycle, Anthropocene 
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 2 

Introduction 

As the effects of anthropogenically-driven climate change are becoming a tangible reality, a 

deeper understanding about how these changes are linked to perturbations of Earth’s carbon cycle is 

needed. Ongoing fossil CO2 emissions since the era of industrialization together with substantial 

changes in land use are major contributors to climate change, where more frequent extreme weather 

events such as heatwaves, droughts and storms are superimposed on gradual changes in temperature 

and hydroclimate (Friedlingstein et al., 2022; Harris et al., 2018; Ripple et al., 2022; Trnka et al., 2014). 

Changes to the hydrological cycle affect the global carbon cycle where human activities alone have 

increased global erosion rates and transport of sediments to an extent which exceeds Earth’s natural 

processes (Amundson et al., 2015; Gudmundsson et al., 2021.; Liu et al., 2021). Therefore, there is a 

need to constrain and quantify changes to the hydrological and carbon cycles at a broad range of scales, 

including regional to global, as well as to separate anthropogenic impacts from natural baselines 

(Friedlingstein et al., 2022; Galy et al., 2015; Regnier et al., 2022; Syvitski, 2003).  

Lateral carbon fluxes represent important vectors that influence the fate of carbon taken up from 

the atmosphere by the terrestrial biosphere, transporting it from one reservoir to another and 

redistributing it along the land-to-ocean-aquatic-continuum (LOAC) (Regnier et al., 2022). These lateral 

processes are particularly prone to anthropogenic perturbations due to human activities of the land 

surface, yet remain poorly constrained (Battin et al., 2009; Regnier et al., 2013, 2022). In this regard, 

rivers serve as sentinels of carbon cycle change within their corresponding watersheds. They are natural 

integrators of processes occurring within their watersheds, mobilizing and transforming carbon during 

its movement from source to sink (Battin et al., 2009). Understanding of the role of rivers has evolved 

from the concept of a simple pipeline to a more reactive system interacting with its surroundings (Cole 

et al., 2007). In general, riverine carbon dynamics vary by catchment characteristics, such as geology, 

geomorphology, climate, and hydrology (Botter et al., 2019; Eglinton et al., 2021; Galy et al., 2015; Ran 

et al., 2018; Schwab et al., 2022; Voss et al., 2015). Extreme hydrologic events (e.g., heavy rainfall or 

snow/ice melting events) can have a large influence on carbon mobilization by shunting carbon from 

terrestrial interfaces to streams (Raymond et al., 2016). Human activities disrupt landscapes and the 

natural functioning of river systems, impacting in myriad ways including nutrient inputs from fertilizers, 

sewage discharge, and construction of dams for hydroelectric power and freshwater storage (Kelsey et 

al., 2020; Quéré et al., 2018; Raymond et al., 2008; Regnier et al., 2013; Tittel et al., 2022). However, 
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 3 

the relative importance of these different drivers, and their susceptibility to anthropogenic perturbation, 

remains uncertain.  

Radiocarbon (14C) serves as a powerful tool to constrain carbon sources on a range of spatial 

and temporal scales (Levin & Hesshaimer, 2000; Schuur et al., 2016; Szidat et al., 2006; Wacker et al., 

2013). Besides source apportionment, 14C activity also enables the investigation of the controls on 

ecosystem-scale carbon turnover times (Eglinton et al., 2021; Leifeld et al., 2009). Riverine carbon 

sourced from vegetation, soil or bedrock (e.g., Ellis et al., 2012; Hemingway et al., 2017; Mccallister et 

al., 2004; Raymond & Bauer, 2004; You et al., 2022) may exhibit sharply differing radiocarbon 

characteristics, including modern biospheric carbon, pre-aged carbon stored in soils, and ancient 

petrogenic carbon derived from rock weathering (Marwick et al., 2015). Radiocarbon ages of dissolved 

organic carbon (DOC) tend to be relatively young, reflecting mostly fresh biospheric inputs (Catalán et 

al., 2016; Galy et al., 2015; Marwick et al., 2015), whereas 14C-ages for particulate organic carbon (POC) 

generally range from old in the headwaters to young in the lowland rivers (Galy et al., 2015, 2015; 

Marwick et al., 2015). The latter is possibly due to the dilution effects of old petrogenic carbon through 

fresh inputs from vegetation litter (Schwab et al., 2022), or the result of remineralization processes 

during fluvial transport (Galy et al., 2015; Marwick et al., 2015). The radiocarbon characteristics of 

riverine dissolved inorganic carbon (DIC) are related to gas exchange with the atmosphere, organic 

matter remineralization processes and bedrock chemical weathering pathways. With respect to the 

latter, riverine DIC can either exhibit modern 14C-ages, representing silicate weathering by carbonic acid 

derived from precipitation, intermediate ages stemming from carbonic acid weathering of carbonate 

rocks, or fossil 14C-signatures reflecting weathering of carbonates by sulfuric acid or oxidation of 

petrogenic OC (Blattmann et al., 2019; Galy et al., 2015; Marwick et al., 2015). Consequently, riverine 

DIC tends to be generally older in mountainous headwaters. Depending on the weathering regime it can 

represent either a source or a sink for atmospheric CO2 and reflect a significant carbon input to upland 

streams (Gaillardet et al., 2019; Horan et al., 2019).  

Prior 14C studies in rivers have mainly focussed on major river systems due to their global 

importance in regulating freshwater and materials fluxes to the ocean (Aufdenkampe et al., 2011; 

Marwick et al., 2015). More recent work has highlighted the collective role of small, mountainous river 

systems draining active continental margins (e.g., Taiwan) as globally important vectors for sediment 

and carbon translocation and export (Hilton et al., 2011; Kao et al., 2014). Other studies have 

emphasized the importance of smaller headwater streams and inland waters along the LOAC as 
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 4 

components of the global carbon cycle (Regnier et al., 2022; Xenopoulos et al., 2017). While many prior 

studies tend to focus on either the inorganic or organic phase of carbon due to contrasting (e.g., 

geochemical or ecological) approaches (Galy et al., 2015; Gies et al., 2022; Hilton et al., 2011; Keil et 

al., 1997; Raymond et al., 2004; Voss et al., 2015), relatively few studies examine all three C phases 

(DIC, DOC, POC), especially from a 14C perspective (Kelsey et al., 2020). However, given the intimate 

relationships between these different phases and the potential for carbon exchange between them 

simultaneous characterization of all 3 carbon phases is desirable, and provides a window into the 

interplay of carbon dynamics within the freshwater aquatic continuum (Regnier et al., 2022). 

Switzerland, particularly its alpine regions, is experiencing environmental and ecosystem 

change at a more rapid pace than most regions of the world (Bolliger et al., 2008; Zubler et al., 2014). 

Rapidly retreating glaciers, decreasing snow coverage, alpine greening, and increasing intensity and 

frequency of extreme rain events and droughts are manifestations of this change (Bolliger et al., 2008; 

Hagedorn et al., 2008; Leifeld et al., 2005, 2009; Zubler et al., 2014). Over the past 4 decades, river 

water temperatures increased by 0.8-1.3 °C, while water discharge remained largely unchanged. For 

the major three rivers in Switzerland (Rhine, Rhone, and Ticino) there was a small but statistically 

significant increase in DIC concentrations over the past 4 decades (Zobrist et al., 2018). This suggests 

increased DIC inputs from bedrock weathering, belowground respiration or soil OM remineralization in 

aquatic systems all of which are potentially accelerated by increasing temperatures due to climate 

change.            

 These observations provide motivation for the present study, which investigates the 14C-isotopic 

characteristics of POC, DOC, and DIC currently transported by and exported from Swiss rivers. We 

examine a suite of 21 rivers draining the five different ecoregions of Switzerland (Jura, Plateau, 

Northern-, Central-, and Southern Alps), which are characterized by distinct climatic regimes, bedrock 

and vegetation types, and different levels of human pressure (Botter et al., 2019; Nussbaum et al., 

2014). Because the different major drainage basins of Switzerland map onto these ecoregions, they 

lend themselves to the assessment of regional-scale controls on the amount and composition of carbon 

exported by the different river systems and provide a window into the impact of future scenarios of 

climate change on Swiss landscapes. In order to isolate major drivers, we conduct a Multivariate 

Regression Analysis, incorporating in-situ water quality measurements and the long-term NADUF 

hydrological dataset (National Long-Term Surveillance of Rivers) combined with catchment 

characteristics, land-use, and lithology. Ultimately, we seek to develop a predictive capability based on 
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 5 

radiocarbon signatures for assessing the sources and pathways of carbon within the aquatic continuum 

as a function of differences in catchment characteristics that may inform on future changes of the C-

cycle in response to direct and indirect anthropogenic perturbation.  

 

Methods 

Figure 1: Map of Switzerland with 21 river sampling stations indicated as numbered stars. Watershed areas of 

corresponding stations are illustrated in different colors. In blue, lakes and water ways of major rivers are indicated 

where the four major rivers are labeled accordingly. The Swiss boarder is indicated as a dark grey line. 

 

 

a. Study Site and Sampling Stations  

Switzerland hosts a plethora of river systems, including the headwaters of the four major central 

European rivers – the Rhine, Rhone, Ticino (Po), and Inn (the latter two representing headwaters of the 

Po and Danube, respectively). Lakes Constance, Geneva and Maggiore are the intermediate receiving 

basins for the Upper Rhine, Upper Rhone and Ticino rivers, respectively. Rivers in Switzerland are 

exceptionally well monitored regarding their discharge and water chemistry, primarily as a result of the 

NADUF program (National Long-Term Surveillance of Rivers), which has been reporting on-going 

changes in Swiss rivers and their watersheds for 50 years (Botter et al., 2019; Storck et al, 2022; 

Rodríguez-Murillo et al., 2015; Zobrist et al., 2004, 2018; Zobrist & Reichert, 2006). A total of 21 
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 6 

sampling stations on these and other Swiss rivers were chosen to align with those of the NADUF 

program (Figure 1). In addition to the NADUF-stations, two additional rivers - the Sihl River (Brunau, 

station 21) which represents a smaller tributary of the Limmat catchment and the Maggia River (Locarno, 

station 19) were chosen, the former (and its headwaters) being the focus of prior in-depth investigations 

(Gies et al., 2022; Schwab et al., 2022).  

Land-use within the different river basins differs considerably. The northern part of Switzerland, 

the Swiss Plateau, is heavily anthropogenically impacted and is primarily characterized by agricultural 

land use (cropland) and urban settlements. In contrast, while also anthropogenically perturbed, alpine 

regions are covered by natural and managed forests, pastures, and mostly unproductive areas due to 

steep terrain and barren land surfaces (Bolliger et al., 2008) (SI: Table 1). Pressures related to 

agricultural land-use follow a general gradient of increasing anthropogenic perturbation from south to 

north, although extensive practices of agriculture are common in the southern part of Switzerland 

(canton Ticino) and patches of urbanization are also found in some mountainous valleys. 

Underlying bedrock can be an important factor influencing the age and amount of both POC and DIC 

found in rivers. Switzerland is covered by a variety of lithologies, which for this study are categorized 

into five groups (SI: Table 1). Magmatic rocks are commonly found in the central Alps, where the 

headwaters of most major Swiss rivers are located. Metamorphic rocks like gneiss and schists are 

commonly found in the south and east of Switzerland. Carbonate rocks, like limestone and dolomite, 

form large parts of the pre-Alps and the Jura mountains in the north of the country. DIC is especially 

affected by the chemical weathering of carbonate rocks, where they contribute old, i.e., radiocarbon-

dead, carbon to the DIC pool (Blattmann et al., 2019; Raymo & Ruddiman, 1992). Sedimentary rocks, 

such as slates and shales, mostly of marine origin, are found in the uppermost Rhine valley and the 

Engadin. Riverine POC can be affected by the erosion of petrogenic OC from such sedimentary rocks, 

which contain ancient OC (kerogen). Siliciclastic sediments and unconsolidated quaternary sediments 

are found in the Swiss Plateau region, where the latter is also found along the major river valleys in all 

regions (Vandenbroucke & Largeau, 2007).      

 Streamflow seasonality in Swiss river systems is foremost governed by precipitation and 

snowmelt (Rodríguez-Murillo et al., 2015; Zobrist et al., 2018; Zobrist & Reichert, 2006). Additionally, 

hydropower facilities also significantly influence the discharge of Swiss rivers. Generally, the maximum 

discharge occurs during the spring season, with alpine rivers exhibiting stronger seasonality due to snow 

and ice melt and are characterized by high discharge not only during the spring but also during the 
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summer season (Botter et al., 2019; Zobrist et al., 2018). Compared to a rapid response in peak flow for 

alpine rivers, monitoring stations located downstream of major lakes respond rather slowly and modestly 

to flood events (Botter et al., 2019; Rodríguez-Murillo et al., 2015; Zobrist et al., 2018).  

 

b. Sampling Methodology 

River waters were sampled between the 8th of May and 25th of August 2021. For this study, we 

focus on periods of high discharge events since previous studies have shown that most of the carbon 

in rivers is transported during high flow conditions (Botter et al., 2019; Gies et al., 2022; Zobrist et al., 

2018). We therefore only report data corresponding to the sampling date with the highest discharge on 

the premise that this represents the dominant radiocarbon signatures for each river (SI: Table 2). 

Surface water samples (< 0.5 m) were collected from the middle of the river channel (usually from 

bridges) using a pre-rinsed metal bucket. Using a custom-made filtration system, the river water was 

filtered through a 90 mm diameter and 0.2 μm pore size polyether sulfone (PES) filter using a bicycle 

pump for pressurization (max. press., 2 bar) (Galy et al., 2011; Hilton et al., 2011). For POC 

determination, these PES filters were placed into 40ml pre-combusted glass vials or aluminum foil 

pouches and then stored in the freezer (-20 °C) prior to analysis. Before sample preparation, PES-filters 

were freeze dried and then wetted with MilliQ-water, then the vials were placed into the ultrasonic bath 

and vortexed to efficiently remove the sediments from the filters. Sediment suspensions were then 

freeze dried before subsampling. Only for one station (station 12 at Mellingen), pre-combusted glass 

fibre (GFF) filter of 0.7 μm pore size has been chosen, using a pre-combusted glass filtration set-up and 

a vacuum-pump. After freeze drying the GFF-filter, several 4mm circles were punched out and placed 

into silver boats before fumigation. DOC samples (filtrate) were collected in pre-combusted amber glass 

bottles (250 ml) and stored in the freezer at -20 °C until measurement. DIC was sampled separately 

using a 50 ml syringe and 0.2 μm PES Sterivex-filter to remove particulate matter. The filtrate was 

sampled into 12ml exetainer vials pre-poisoned with mercuric chloride (HgCl2) to avoid bacterial activity 

and subsequently stored cold (4 °C) in the dark prior to measurement. 

 

c. Analytical Methods 

Radiocarbon analyses were conducted using a MICADAS (Mini Carbon Dating System) Accelerator 

Mass spectrometer (AMS) (Synal et al., 2007) equipped with a Gas Interfaces System (GIS) and CO2-

accepting ion source at the Laboratory for Ion Beam Physics (LIP) in the Department of Physics at the 
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 8 

ETH Zurich. Before being wrapped into tin capsules, approximately 25 mg of suspended matter (POC) 

was weighed into silver capsules and then fumigated over HCl (37%) vapors (65°C, 72h) to remove 

inorganic carbon and subsequently neutralized by exposure to sodium hydroxide pellets (65°C, 72h). 

Collection year must be specified in order for D14C results to be calculated. 14C is reported as F14C and 

measured using the on-line elemental analyzer (EA)-AMS system (McIntyre et al., 2017). For DO14C, 

around 30ml of pre-filtered water was freeze dried. Then phosphoric acid (85%) was added to remove 

DIC. A wet chemical oxidation (WCO) method is applied, which is based on using aqueous persulfate 

oxidant to oxidize the water sample, and subsequent purging and radiocarbon analysis of released CO2 

through an automated headspace sampler coupled to the MICADAS (Lang et al., 2016). All the DOC 

samples have been corrected with the constant contamination (Mc=0.98 ±0.45, F14C= 0.39 ±0.08) 

method according to Hanke et al, 2017. DI14C-samples have been purged with helium in order to release 

atmospheric CO2 from the DIC-sample. Then 250 µl of phosphoric acid (85%) is added into the samples. 

This CO2 in the headspace which was converted from DIC of the vial was introduced to the gas interface 

system (GIS) (Fahrni et al., 2010) and measured with the gas ion source of MICADAS. For all the DIC 

samples, C1 (IAEA) was used as a blank material and C2 (IAEA) was used as a secondary reference 

material. All 14C-values are reported as F14C-values according to (Stuiver & Polach, 1977) which are 

then converted to Δ14C-values (Δ C	"# = $Fm ∗ 𝑒$("&'()*!) − 1+ ∗ 1000), where 𝜆 is the inverse of the true 

mean-life of radiocarbon and 𝑌, is the year of collection. The D14C is age corrected to account for decay 

that took place between collection (or death) and the time of measurement so that two measurements 

of the same sample made years apart will produce the same calculated D14C result.  

 

d. Statistical Analysis 

In order to examine potential relationships between response and control variables an ordinary 

least square (OLS) Multivariate Regression Analysis (MRA) analysis was performed according to 

standardized procedures (Draper, 2002) and plotted as a Redundancy Analysis (RDA). We standardized 

all values in order to facilitate comparisons between various parameters of different units. All statistical 

analysis were conducted using R-studio version 13 (Eddelbeuttel and Francois, 2011) with the vegan 

package (Oksanen et al., 2020). The snapshot dataset of bulk F14C-values for all three carbon phases 

(POC, DOC, and DIC) corresponding three carbon phases are selected as response variables, whereas 

different watershed parameters - land cover, lithology, topography - and climatic, hydrologic as well as 

anthropogenic variables were selected as the control. A digital elevation map (DEM) is calculated for 
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the relief analysis (calculation of the partial catchment areas and flow paths) using the software ArcGIS 

version 10 (ESRI 2011). The methodology is based on the use of official governmental digital data, 

where the control variables about land cover were calculated as the basin average according to the 

“Areal Coverage Data Set 2020”, provided by Federal Office for the Environment (FOEN; URL in 

Refences). For lithology coverage “Origin of Rocks 500 Data Set” was used (provided by FOEN; URL 

in Refences). All other control variables such as information about catchment topography, climate, and 

hydrology was compiled from the data set of the National Long-Term Surveillance of River Program 

(NADUF; URL in Refences). 

 

Results  

a. River Discharge and Water Chemistry 

The sampling was conducted during summer 2021, which subsequently emerged as a year of 

extreme rain events. This resulted in exceptionally high discharge in Swiss rivers that had not been 

witnessed in decades. For example, at station 6 (Weil) - the most downstream station of the Rhine with 

a watershed area covering the majority of the Swiss territory, average discharge measured by the 

NADUF-Program during 2021 was 2719 m3/s. This value of discharge has not been exceeded since the 

summer of 1999 (3217 m3/s) (NADUF). For most of the sampling stations, it was possible to capture the 

peak of discharge during the year of 2021 (SI: Table 2), and thus our snapshot samples primarily reflect 

high discharge events.           

 The last station of the Rhine River (station 6 at Weil and 20 at Laufenburg) exhibited the highest 

discharge at the time of sampling of 2426 and 2400 m3/s, respectively, followed by station 10 (Brugg) of 

the Aare River and station 1 (Diepoldsau) of the Rhine River with 737 m3/s and 466 m3/s, respectively 

(Table 1). The Glatt River (station 3 at Rheinsfelden), in contrast, showed the lowest discharge of 7.4 

m3/s during our sampling in 2021. Average river water temperature of our sampling set was 16.4 ± 3.8 

°C (n=21). The maximum temperature value (22.5 °C) was at station 3 (Glatt River at Rheinsfelden), 

whereas the minimum (9.2 °C) was at station 17 (Inn River at Martina). Average river water pH value of 

our sampling set was 8.3 ± 0.14. The maximum pH value was at station 17 (Inn River at Martina) with a 

value of 8.5, whereas the minimum was a pH of 7.9 at station 19 (Locarno) on the Maggia River (SI: 

Table 3). 
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Table 1: Table about study site information, mean basin area, mean basin elevation, average monthly discharge of 

all available data for the same sampling month, sampling date, and corresponding discharge. The last column 

shows the factor of discharge during sampling compared to monthly average of all FOEN data of the same month. 

Station Name 
Area Elevation Monthly Discharge 

Date 
Discharge 

factor 
(km2) (m) (m3/s) (m3/s)  

1 Rhein-Diepoldsau 6119 1771 448 (1983-2018) 25.06.21 466 1.0 

2 Thur-Andelfingen 1696 773 49.9 (1904-2018) 19.07.21 129 2.6 

3 Glatt-Rheinsfelden 417 506 8.75 (1976-2018) 28.06.21 7.4 0.8 

4 Rhein-Rekingen 14767 1134 670 (1904-2018) 28.06.21 614.3 0.9 

5 Birs-Münchenstein 14718 733 11 (1917-2018) 22.07.21 29.5 2.7 

6 Rhein-Basel 36472 1055 1457 (1891-2018) 22.07.21 2426 1.7 

7 Aare-BernSchönau 2941 1591 211 (1935-2018) 07.07.21 331 1.6 

8 Sanne-Gümmenen 1881 1135 15.2 (1981-2018) 07.07.21 107.5 7.1 

9 Aare-Hagneck 5104 1368 263 (1984-2015) 07.07.21 435 1.7 

10 Aare-Brugg 11726 1003 376 (1935-2018) 09.08.21 737 2.0 

11 Kleine Emme-Littau 478.3 1058 11.3 (1985-2018) 12.07.21 21.1 1.9 

12 Reuss-Mellingen 3385 1258 191 (1935-2018) 02.08.21 385.7 2.0 

13 Limmat-Gebenstorf 2393 1066 114 (1951-2018) 09.08.21 179 1.6 

14 Rhône-Porte du Scex 5244 2124 351 (1935-2018) 06.07.21 285 0.8 

15 Rhône-Chancy 10323 1570 512 (1935-2018) 06.07.21 430 0.8 

16 Ticino-Riazzino 1613 1643 148 (1999-2005)  20.05.21 77.8 0.5 

17 Inn-Martina 1941 2342 71.9 (1970-2018) 08.05.21 81.4 1.1 

18 Inn-S-chanf 618 2460 38.4 (1998-2021) 25.08.21 25.5 0.7 

19 Maggia-Locarno 926 1534 13.8 (1985-2018) 20.05.21 10.8 0.8 

20 Rhein-Laufenburg 34040 1078 1522 (1980-1985) 21.07.21 2400 1.6 

21 Sihl-Brunau 342 1047 7.83 (1938-2018) 14.07.21 85.8 11.0 
 

b. Radiocarbon signatures 

The average D14C value of POC was -164.3 ± 86.2 ‰ (n = 21), while average D14C values for 

DOC and DIC were -153.5 ± 84.7 ‰ and -166.6 ± 60.9 ‰, respectively (Table 2 and Figure 2), indicating 

the presence of pre-aged carbon in all three pools. No samples from the present study yielded D14C 

values corresponding to modern (post-bomb) age. The lowest D14C-value for POC (-446.3 ‰) was 

measured at station 17 (at Martina) of the Inn River in the Engadin Valley, which is the lowest value 

(oldest 14C age) of all three carbon pools (n=63; Table 2), while the highest PO14C-value (-58.5 ‰) was 

found at the most downstream site of the Rhine River (station 6 at Weil). DOC D14C-values ranged from 

-377.2 ‰ in the upper Rhone River (station 14 at Porte du Scex) to -43.3‰ (station 2 of the Thur River 

at Andelfingen). DIC D14C-values ranged from -322 ‰ at Martina (station 17) in the lower Engadin to -

40.6 ‰ at station 15 (Rhone at Chancy), the latter being the highest value (youngest 14C age) out of all 

three carbon pools. The amplitude of variability in DIC D14C values was smaller than for both DOC and 
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POC, where POC D14C showed the highest amplitude. In general, D14C-values of all three carbon phases 

follow a gradient of decreasing values from north to south. Stations on rivers draining the alpine region 

in southern Switzerland generally show the lowest D14C-values, whereas those in the northern part of 

Switzerland draining the Swiss Plateau are higher. 

 

Table 2: Table about results of 14C for particular (POC) and dissolved (DOC) organic carbon as well as dissolved 

inorganic carbon (DIC) indicated as D14C-values.  

Station Name  D14C-values (‰) 
PO14C DO14C DI14C 

1 Rhein-Diepoldsau -252.3 -278.3 -263.6 
2 Thur-Andelfingen -105.9 -43.3 -138.3 
3 Glatt-Rheinsfelden -142.2 -157.8 -159.8 
4 Rhein-Rekingen -121.6 -87.6 -174.1 
5 Birs-Münchenstein -106.8 -150.4 -119.5 
6 Rhein-Basel -58.5 -132.5 -137.5 
7 Aare-BernSchönau -197.5 -172.1 -171.7 
8 Sanne-Gümmenen -113.7 -67.2 -156.3 
9 Aare-Hagneck -171.8 -117.9 -144.4 
10 Aare-Brugg -91.8 -143.3 -91.8 
11 Kleine Emme-Littau -116.3 -47.5 -162.6 
12 Reuss-Mellingen -157.7 -52.6 -177.4 
13 Limmat-Gebenstorf -193.1 -103.4 -187.7 
14 Rhône-Porte du Scex -217.8 -377.2 -290.5 
15 Rhône-Chancy -257.8 -164.5 -40.6 
16 Ticino-Riazzino -150.2 -258.4 -301.3 
17 Inn-Martina -446.3 -164.0 -125.9 
18 Inn-S-chanf -132.3 -235.2 -207.9 
19 Maggia-Locarno -92.4 -208.4 -131.1 
20 Rhein-Laufenburg -123.7 -76.9 -160.8 
21 Sihl-Brunau -122.0 -185.5 -244.7 
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Figure 2: Violin plots of radiocarbon phases (DI14C, DO14C, PO14C) with boxplots showing median values of 14C. 

Red dots are indicating the mean values. Swiss 14C-phases are compared next to the global compilation from 

Marwick et al., 2018. Radiocarbon values are expressed in D14C-notation. Points are indicating single 

measurements. 

 

c. Univariate Regression Analysis 

The general outcome of the Pearson correlation plot showed that all three carbon pools (PO14C, 

DO14C, DI14C) correlate in a similar way regarding their relationships with different parameters (Figure 

4). Annual river temperature extracted from the NADUF dataset of the past decade (2012-2020) showed 

significant negative correlation to DO14C and DI14C (R2=0.41; p-value: < 0.005 and R2=0.37; p-value: < 

0.01, respectively) , but not to PO14C. Runoff and discharge values corresponding to the sampling day 

showed no correlation, whereas annual average runoff values extrapolated from the NADUF dataset of 

the last decade (2012-2020) had a negative correlation with DI14C (R2=0.30; p-value: < 0.05; Figure 3). 

Mean annual basin precipitation (1971-2020) did not show any significant relationships (SI: Table 4). 

Regarding topographic features within the catchment basin, mean basin slope showed a 

significant but weak negative correlation with 14C signatures of PO14C and DO14C(R2=0.22; p-value: < 

0.05; R2=0.37; p-value: < 0.01, respectively), but not to DI14C. Mean basin elevation shows strongest 

significant negative correlation with both PO14C and DO14C, but not with DI14C (R2=0.49; p-value: < 

0.001, and R2=0.39; p-value: < 0.005, respectively). No correlation was evident between basin area and 

any of the 14C-pools (Figure 3). With respect to land-use type, mean basin cover of agricultural fields, 

which includes farmland, alpine agriculture, as well as pastural land, exhibits a significant positive 
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correlation to DO14C (R2=0.47; p-value: < 0.001). In contrast, there is also a negative correlation between 

barren areas with PO14C and DO14C (R2=0.46; p-value: < 0.001, and R2=0.38; p-value: < 0.005, 

respectively, Figure 3). For PO14C only, there was a positive correlation with forest coverage within the 

catchment (R2=0.30; p-value: < 0.01). Population density did not show any significant relationships with 

14C signatures (SI: Table 4). Concerning bedrock lithology, average basin cover of clastic sediments 

exhibits a significant positive correlation with DO14C (R2=0.50; p-value: < 0.001). It should be noted that 

clastic sediments strongly correlate with agricultural land-use (R2=0.63; p-value: < 0.001). There is also 

negative correlation of metamorphic rocks and DO14C (R2=0.32; p-value: < 0.05).  

Significant positive correlation was found between DO14C and DI14C (R2=0.31; p-value: < 0.01; 

SI: Table 4), Besides this, there were no other significant correlations between 14C-values of different 

carbon phases. 

Figure 3: Matrix of Pearson correlation coefficients (r values) between land use, lithology, topography, and water 

parameters (controls) and radiocarbon values (responses). Circle sizes and colors correspond to the strength of 

the correlation. Correlations that are significant at the P = 0.05, P = 0.01, and P = 0.001 level are outlined with a 

thin, regular, and thick black border, respectively. Variables with an “a” at the end indicate annual averages from 

the past decade extrapolated out from the NADUF data set (2012-2020).  
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d. Multivariate Regression Analysis 

The outcome of the redundancy analysis (RDA) shows that two orthogonal axes are explaining 

a combined 77% of the total sample variation. For the first axis (RDA1: 52%; p-value: < 0.001), 

parameters such as barren areas, agriculture, catchment slope and elevation are loaded. The second 

axis (RDA2: 25%; p-value: < 0.1) loads closely with average cover of carbonate rock, forest and pH. As 

the only significant environmental variable, mean basin elevation seems to exert a major influence on 

all three carbon phases (p-value: < 0.001). The adjusted R2-value of this model is 0.32 (SI: Table 5). 

Figure 4: RDA plot showing the RDA1 and RDA2 canonical axes. Environmental control variable loadings are 

plotted as black arrows where significant vectors are illustrated in red (basin_elevation), PO14C, DO14C, and DI14C 

response variable loadings are plotted in red, and individual sampling stations (see Table 1,2) are plotted as blue 

numbers. Variables annotated with an “-a” correspond to annual average values of the past decade (2012-2020). 
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Discussion  

River systems are highly complex and so are the controls on riverine carbon dynamics (Botter 

et al., 2019; Rodríguez-Murillo et al., 2015; Schwab et al., 2022; Zobrist & Reichert, 2006). The 

identification of causality drivers of carbon signatures in river systems remains challenging, particularly 

in complex and heterogeneous landscapes such as those within Switzerland where multiple factors 

overlap spatially. The 21 rivers across Switzerland cover strong gradients in climate, bedrock, 

vegetation, and land-use. Samples had been taken as a “snapshot” at high flow, where according to 

recent studies on Swiss rivers by Gies et al. (2022) and Schwab et al. (2022), POC source 

apportionment using 14C amongst other parameters into the three main endmembers (vegetation, soil, 

and bedrock) is most representative when samples are collected during above-average river discharge 

conditions. The elevated discharge during our sampling meets these conditions. Our observed 14C-

values are on the lower end within the global compilation of riverine radiocarbon data (Marwick et al., 

2015; Figure 2). While this may partly reflect the different sampling years encompassing both datasets 

and resulting manifestation of bomb-derived 14C in carbon pools, it is of interest to identify the sources 

and drivers governing these 14C signatures and their implications for (eco)regional carbon cycling.  

 

Particulate Organic Carbon 

Eglinton et al. (2021) showed from 14C measurements of source-specific organic compounds 

that climate modulation of soil carbon turnover times dictates riverine terrestrial biopheric PO14C values 

at the global scale. Accordingly, slower soil carbon turnover in alpine settings could thus serve as an 

explanation for 14C-depleted signature of riverine POC in higher elevation stations. Our study supports 

this conclusion at the national scale across a pronounced climatic gradient. Riverine POC is depleted in 

14C in alpine settings which have higher SOC stocks than lowland soils  (Nussbaum et al., 2014). Given 

the marked differences in climatic regimes among the five different ecoregions, Switzerland might echo 

global-scale patterns found by Eglinton et al. (2021). In concert with this, temperature, precipitation, and 

moisture have been identified as major drivers governing SOC (soil organic carbon) stocks in 

Switzerland (Nussbaum et al., 2014), although other authors have argued that at the regional scale, 

physiochemical properties (i.e., soil pH, moisture and mineralogy) override the controls of climatic 

regimes on SOC dynamics in surface soils (González-Domínguez et al., 2019). Additionally, increased 

soil loss in response to extreme rainfall on Swiss grasslands was observed to occur during July and 

September, which would coincide with the timeframe of our sampling campaign (Schmidt et al., 2016, 
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2019). This would lead to increased inputs of pre-aged PO14C from soil erosion, where stable isotopic 

measurements (13C) are needed to confirm this contribution.    

 Independent of direct influences of soil-derived carbon inputs and soil turnover times, petrogenic 

carbon inputs from bedrock weathering and erosion of sedimentary rock mobilized by rain events, 

freeze-thaw processes, or glacier retreat glaciers are additional potential sources of ancient 14C-free 

carbon to rivers draining from the alpine terrain. In particular, the terrain above the tree line in the Alps 

may be comprised of incompletely weathered sedimentary material (Leithold et al., 2006). Steeper 

slopes erode deeper soil layers where such contributions have been observed to reflect depleted PO14C-

values (Van der Voort et al., 2019). The metamorphosed sedimentary rock (schist) called 

“Bündnerschiefer” outcrops in various watersheds (e.g., Inn and Upper Rhine, could contribute to 

depleted 14C-values, particularly at station 17 (Martina) in the Engadin, which is surrounded by this type 

of schist (showed the most depleted PO14C-value). In these alpine regions, further efforts would be 

needed to distinguish petrogenic POC inputs of fossil age from those derived from pre-aged soil OC. 

Downstream in the Swiss Plateau, where 14C-ages are generally younger, PO14C shows a 

positive correlation to average basin cover of forests, suggesting fresher biospheric C inputs. Storm-

facilitated export of carbon has been linked with modern biospheric sources (Goñi et al., 2013; Hilton et 

al., 2008), where especially during summer months an enhanced contribution of wood-derived POC has 

been reported in a Swiss catchment (Schwab et al., 2022). The positive correlation of agricultural land-

use and PO14C as well as DO14C strongly suggests that the 14C-enriched endmembers of DOC and 

POC might have a similar origin or mode of supply. Overall, in addition to climatic differences, the stark 

contrast between Swiss alpine terrain versus Swiss Plateau also reflects a gradient in anthropogenic 

pressures, contributions from upstream restricted carbon sources, as well as dilution and transformation 

processes by increased soil, plant biomass inputs and in-stream aquatic productivity (Botter et al., 2019; 

Schwab et al., 2022; Zobrist et al., 2018). 

 

Dissolved Organic Carbon 

Based on univariate regression analysis, PO14C showed strong negative correlations with 

several parameters which were also significant for DO14C, suggesting some interconnectivity in 14C-

depleted carbon inputs from headwater streams. However, there was no significant correlation between 

the 14C-values of these two carbon phases, implying that they are also influenced by other drivers. As 

previous studies have observed, 14C-depleted (old) DOC can derive from various sources such as 
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shallow and deep soil layers, groundwater inputs, karst systems, and natural springs, but also from 

organisms incorporating inorganic carbon from bedrock weathering (Raymond & Bauer, 2004; You et 

al., 2022). A single source input process of old POC (e.g., erosion of rock or pre-aged soils), in contrast 

to multiple sources input processes of pre-aged DOC (e.g., soil leaching, in-stream productivity, 

groundwater, and glacial meltwater inputs) could explain such an overlapping trend, while also 

reconciling the lack of relationship between PO14C and DO14C.  

It has been argued that in-stream productivity of major lowland rivers, where flow velocities are 

low, are significant contributors of riverine organic carbon (Chen et al., 2022; You et al., 2022). Moreover, 

Chen et al. (2022) recently suggested that even in mountainous rivers in-stream production and 

transformation of carbon exerts a significant influence on riverine DO14C-dynamics. Riverine in-stream 

processes can be separated into biotic (e.g., biodegradation and primary production) or abiotic (e.g., 

absorption, desorption, photo-oxidation, dissolution), which are each strongly controlled by river water 

temperature and residence time (Catalán et al., 2016; Chen et al., 2022; You et al., 2022). The significant 

positive relationship between DO14C and the long-term average of annual river water temperature from 

the NADUF dataset supports the assumption of significant in-stream productivity. However, such long-

term trends in river water temperature almost certainly also reflect similar trends in air and land surface 

temperature, with attendant changes in terrestrial productivity and soil DOC dynamics. Enhanced DOC 

leaching from soils was observed particularly when increased precipitation was coupled with increasing 

soil temperatures, highlighted by an in-situ soil warming study as well as a recent laboratory study 

(Hagedorn et al., 2010; Schindlbacher et al., 2019). Consequently, it remains challenging to attribute 

the links in river DO14C solely to aquatic productivity, and further information (e.g., stable carbon isotope 

as well as other geochemical data) would help to distinguish biospheric from petrogenic contributions, 

as well as allochthonous from autochthonous sources. DOC in lowland rivers is often derived from 

fresh vegetation or soil leaching, thus ubiquitously young (enriched in 14C) (Marwick et al., 2015). 

Agricultural farmlands could enhance this input of fresh carbon through fresh crops or even inputs of 

manure. Studies have pointed out that excessive inputs of manures from pastural activities can lead to 

eutrophication excessively increasing in-stream productivity (Brailsford et al., 2019; Stumpe & 

Marschner, 2010), which can lead to younger DO14C-ages. It has also been argued that agricultural 

practices could supply 14C-depleted DOC to rivers by the exhumation of deeper soil layers following 

conversion of forests to cropland (which increases soil erosion due to weaker soil stability with less 

extensive root systems; Butman et al., 2015; Lambert et al., 2017). Compared to signatures emanating 
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from upland regions of Swiss rivers, such level of 14C-depletion in DOC is relatively modest and 

contributions would correspond to younger DO14C ages (higher DO14C values) (Barnes et al., 2018; 

Butman et al., 2012; Butman et al., 2015) given that Swiss riverine DOC generally exhibits relatively low 

14C values compared to the global average (Marwick et al., 2015; Raymond et al., 2004).  

 

Dissolved Inorganic Carbon 

Of the three carbon phases DI14C exhibits the fewest significant univariate relationships to 

watershed variables. This renders it difficult to pinpoint its source, especially given the complex nature 

of weathering-related interactions between the bedrock and atmosphere. Swiss rivers are oversaturated 

with respect to atmospheric CO2 primarily as a consequence of weathering of carbonate lithologies. This 

results in a net outgassing of CO2 (Zobrist et al., 2018). In contrast, increased runoff from snow and ice 

melt can lead to an undersaturation of DIC in rivers, and consequently to atmospheric CO2 absorption 

(Zobrist et al., 2018). Invasion of atmospheric CO2 (enriched in 14C) into rivers could possibly dilute 

chemically weathered DIC 14C signatures (depleted in 14C). Thus, the identification of drivers can be 

complicated depending on the degree of oversaturation or undersaturation of the river.   

There was no significant correlation between DI14C and carbonate lithology or any other broad 

type of lithological category included in our analysis. The argument that DI14C is foremost governed by 

kinetics (e.g., temperature) rather than lithology or land-use, would explain this lack of correlation with 

watershed variables. Further measurements are necessary to deconvolute signatures, and apportion 

specific contributions (Blattmann et al., 2019; Zobrist et al., 2018) .  

In contrast to the organic carbon phases, DI14C did exhibit a significant negative correlation with 

average runoff of the past 9-years (2012-2020). This goes in concert with an in-situ field experiment and 

recent laboratory study showing especially increased precipitation but also coupled with soil warming 

leading to enhances soil DIC leaching (Hagedorn et al., 2010; Schindlbacher et al., 2019). Our finding 

that DI14C and average runoff of the past decades (1971-2020) showed a significant correlation suggests 

a link with the small but significant increase in DIC concentration during the past 4 decades in all four 

major Swiss river systems (Rhine, Rhone, Ticino, and Inn) (Zobrist et al., 2018). Over the same time-

period, carbonate lithology-related parameters such as alkalinity, total hardness, Ca and Mg have 

increased by up to 10% (Zobrist et al., 2018), thus suggesting a higher proportion of DIC from carbonate 

weathering that is depleted in 14C. As DIC can be degassed from rivers to the atmosphere, coupled with 
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the long-term increases of DIC concentration observed in major Swiss rivers (Zobrist et al., 2018), such 

processes could pose significant positive feedback to climate change.   

Figure 5: Conceptual figure summarizing the main findings of this study. The river from headwater to downstream 

is illustrated with different processes occurring along the continuum. Different shapes representing carbon phases 

(POC, DOC, DIC) are illustrated and colored to approximate the average D14C- value (legend) for stations draining 

alpine terrain (upper left) and plateau (lower right). Arrows indicate riverine input processes and major sources). 

Symbol and arrow sizes provide an indication of the magnitude C inputs and pools. The white arrows and integral 

sign illustrate the hydrological processes (mainly driven by precipitation) that deliver carbon to the river network. 

Contributions from major terrestrial C-sources (ice, bedrock, top- & sub-soil, vegetation, agriculture and industry) 

are also shown. 

 

In our study we note that DIC is more enriched in 14C in the Swiss Plateau, which also positively 

correlated to DO14C-values. Coupled effects of precipitation and warming (Schindlbacher et al., 2019) 

as well as microbial decomposition accelerated by increased OC inputs due to agricultural practices 

might be an explanation for such an observation. Comparing headwaters to downstream sampling sites, 

decreasing contributions of upstream restricted carbon sources, as well as dilution and transformation 

processes by increased biospheric inputs might explain this pattern (Botter et al., 2019; Schwab et al., 

2022; Zobrist et al., 2018). This younger DI14C-signature in the Swiss Plateau compared to the Swiss 

Alps possibly originates from enhanced soil organic matter respiration and DIC leaching and could 

override the “alpine characteristic” DI14C-signatures further downstream. Additionally, the oversaturation 

of Swiss rivers with respect to DIC can lead to the outgassing of headwater sourced 14C-depleted CO2 

during downstream transport, while subsequent atmospheric CO2 uptake or DIC emanating from more 
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modern sources further downstream could lead to dilution of signals from bedrock weathering and 

related processes (Zobrist et al., 2018). Nevertheless, considering the rate of change in 14C 

characteristics of the two other carbon pools (POC, DOC), the difference in DI14C-values from 

headwaters to downstream is relatively modest.  

 

 

Conclusion 

All three riverine carbon phases become increasingly enriched in 14C from high elevation regions 

in the Alps towards the Swiss Plateau, which may reflect either preferential removal of 14C-depleted 

carbon or dilution by fresh carbon from in-stream processes or inputs along the riverine continuum 

(Figure 5). Redundancy analysis (RDA) underlines this main observation as mean basin elevation is 

associated negatively with D14C of all three riverine C phases (Figure 4). Downstream, on the Swiss 

Plateau, agricultural land-use seems to promote higher D14C-values, and it is notable that stations which 

are strongly impacted by intensive agricultural land-use (2, 8, and 11) exhibit very similar 14C-values in 

all three carbon phases. This might indicate an overriding influence of agricultural practices on riverine 

14C-values. The controls on DI14C-dynamics, however, appear more complex. Since these major 

controls fall within the gradient between Alpine ecoregions and the Swiss Plateau, where covariation of 

multiple variables exists (e.g., elevation, barren surfaces, slope, agriculture, clastic sediments), 

disentanglement of the governing controls on 14C-dynamics in Swiss river systems remains challenging. 

For example, hydrological controls such as discharge and runoff do not emerge as major factors 

governing 14C-values of POC and DOC across Switzerland yet exhibit correlations with DI14C. As this 

study includes only a single “snapshot” for each river during the summer high-flow conditions, we are 

unable to assess potential influences of seasonality and hydrological variability on 14C signatures. 

Comparing our dataset obtained during a year of above-average discharge condition with those for other 

years as well as seasonal time-series, may help to improve the understanding of long-term effects of 

climate and land-use change on Swiss rivers in the Anthropocene.  
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