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The high-relief catchment of the Tavignanu River (Corsica Island, France) with an elevation range from sea level
to 2622 m above sea level was investigated for its riverine carbon budget and stable carbon isotopes. Major riv-
erine dissolved inorganic carbon (DIC or TCO,) sources depended on seasons and sub-catchment lithology. In
winter 6'3Cpc values of —2 to —7%. (VPDB) indicated influences of atmospheric CO,. §'>Cpc values decreased
gradually to values between —9 and —12%. in July, which indicates elevated soil CO, contribution. An observed
downstream increase in the total amount of carbon species correlated with inputs from carbonate bearing trib-
utaries and evaporation effects in summer. Main channel partial pressure of CO, (pCO,) was seasonally highly
variable in the upper silicate catchment and the lower coastal plain, where summer values exceed up to six
times atmospheric levels. During winter, the central section of the Tavignanu River was found to be undersatu-
rated with respect to atmospheric CO, levels. The median values for main channel pCO, were below atmospheric
levels in winter and spring and above in summer and autumn. The annual carbon flux across the air-water
boundary (Fco,) along the Tavignanu River was calculated with (0.77 + 0.24) Gg C yr~1, which is about seven
times higher than the riverine TCO, transport to the sea of about 0.11 Gg C yr~'. While large sections of the
river experienced year-round atmospheric CO, uptake or equilibrium, the river as a whole was a small but con-
tinuous net source of carbon to the atmosphere. This underlines the important, but so far not well-constrained,
contributions of smaller streams and rivers to the terrestrial carbon flux and the need of incorporating them
into future global carbon cycle models.
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1. Introduction

The global carbon cycle consists of several major reservoirs includ-
ing the atmosphere, terrestrial and oceanic biomass, soils, carbonate
rocks, fossil hydrocarbons, and dissolved inorganic carbon (TCO,) in
oceans. These reservoirs are interconnected not by simple conduits
but by pathways along which carbon can be stored or returned to
other compartments (Aufdenkampe et al., 2011; Cole et al., 2007;
Webhrli, 2013). One of those pathways are river systems that transport
carbon from terrestrial sources to the ocean. The estimated global aver-
age of total carbon exported to the oceans is around 0.9 Pg C yr !
(Battin et al., 2009; Cole et al., 2007; Meybeck, 1982; Tranvik et al.,
2009; Wehrli, 2013).

Various terrestrial carbon sources feed the river systems where car-
bon can be transported as organic or inorganic, and dissolved or partic-
ulate species. Soil CO, derived from plant respiration increases the
partial pressure of CO, (pCO,) in soil air and consequently raises the
amount of dissolved carbon species in soil water (Dever et al., 1983;
Salomons and Mook, 1986). TCO, is then transported from the soils to
the rivers via underground flow (soil water or groundwater) and sur-
face runoff (Barth et al., 2003; Hélie et al., 2002; Raymond and Bauer,
2001; Raymond et al., 2004). On its way, the CO, rich waters can con-
tribute to chemical weathering of silicate and carbonate rocks and fur-
ther increase the TCO, content (Amiotte Suchet and Probst, 1995;
Aucour et al., 1999; Hagedorn and Cartwright, 2009; Kandu¢ et al.,
2012; Kanduc et al., 2007; Lee et al., 2017; Sharp et al., 1995; Telmer
and Veizer, 1999). Physical erosion of flowing water (Aucour et al.,
1999) and atmospheric input of carbonate aerosols (Loye-Pilot et al.,
1986; Mamane et al., 1987) are further sources of TCO,.

For some time, it was assumed in models of the global carbon cycle
that rivers act as passive pipes and the simple one-way transport of car-
bon from land to sea was the only significant process attributed to them
(Cole et al., 2007). Newer studies revealed that during the downstream
course, further processes alter and even export TCO, from river water,
so that only a fraction of the original terrestrial TCO, input eventually
reaches the ocean (Aufdenkampe et al., 2011; Wehrli, 2013). Various
in-river processes induced by the biosphere (photosynthesis, respira-
tion and biomass decay), and water-rock interactions (especially disso-
lution of carbonates) are known to influence the river's TCO, chemistry
(Barth and Veizer, 1999; Pawellek and Veizer, 1994; Raymond and
Bauer, 2001; Raymond et al., 2004; Telmer and Veizer, 1999; Yang
et al.,, 1996).

For pCO, values in river water lower than atmospheric levels, direct
invasion of atmospheric CO; is possible (Raymond et al., 2000; Wetzel,
1992; Wetzel, 2001). The opposite occurs if the river is oversaturated
with respect to CO; (pCO2 water > PCO2 atmosphere). The latter process of
CO, evasion is still poorly quantified. Estimations of global average eva-
sion fluxes from rivers changed from early values in the range of
~0.01 Pg Cyr~! (Kempe, 1982) to still diverse values of 0.35 Pg C yr™!
(Cole et al., 2007), 1.8 Pg C yr~' (Raymond et al, 2013) and
0.65 Pg Cyr~! (Lauerwald et al., 2015). Specifically the contribution of
small headwater catchments seems to be an important but so far not
well-explored factor (Butman and Raymond, 2011; Cole et al., 2007;
Duvert et al., 2018; Halbedel and Koschorreck, 2013; Johnson et al.,
2008; Marx et al., 2017).

Since CO, is responsible for a major part of the greenhouse effect and
global climate change (IPCC, 2014), a sound knowledge of the riverine
carbon cycle is important as input parameters for climate models, to
predict future temperature and precipitation evolution.

Aside from CO, evasion, evaluating the origin of TCO, in rivers can
help to understand the interaction of different water compartments
(for instance the importance of groundwater contribution to the river)
or the importance of weathering processes and water-rock interaction
in the catchment (Doctor et al., 2008). Therefore, assessment of riverine
TCO, provides a necessary base of knowledge for future decisions on the
sustainable management of water resources.

A powerful tool for investigating the TCO, system is the stable car-
bon isotope ratio (3C/'2C), denoted as 6!3C. Together with the pCO,
and the concentration of TCO, (TCO,), 6'3C values are used to differen-
tiate between above-mentioned processes.

Recent studies showed that CO, evasion from streams and small riv-
ers play a significant role in the carbon system (Raymond et al., 2013;
Ward et al., 2017). This is especially true for headwater streams with
no or only limited hydro-chemical data available (Marx et al., 2017).
While rivers in karst dominated catchments were identified as highly
CO, supersaturated (Lee et al., 2017; van Geldern et al., 2015) with max-
imum values up to 55 times higher than the current atmospheric level
at a temperate perennial karst spring (van Geldern et al., 2015), the sit-
uation is expected to be completely different in high-altitude catch-
ments with granitic or metamorphic lithologies, where carbon sources
from carbonate weathering and soil CO, from vegetation are largely
missing.

As a pilot study site with high elevation and contrary geology to
karst, we selected the island of Corsica in the western Mediterranean
with its steep topographic gradient (i.e. high relief) and its diverse,
but largely granitic and metamorphic lithology. This study was con-
ducted along the Tavignanu River in eastern central Corsica (Fig. 1), a
river with a high morphological gradient that flows through three dif-
ferent lithologies. The major objective of the study was to identify and
quantify influences on freshwater CO, degassing such as different lithol-
ogy (granitic, metamorphic, and coastal sedimentary plain sediments)
and variable land use along a river course with a steep altitudinal
gradient.

2. Study area

The Tavignanu River and its tributaries are located in the eastern
part of the island of Corsica, France (Fig. 1). On a total length of
89.1 km the main river descends from 1875 m.a.s.l. to sea level. With re-
spect to morphology, the Tavignanu River can be divided into three sec-
tions: (1) The uppermost part from the source to the city of Corte flows
ENE for about 27 km and quickly drops about 1475 m of height in a high
mountain environment. (2) Downstream from Corte, the river changes
direction to roughly SE and cuts the lower mountain range of the
Castagniccia region on a stretch of 40 km. (3) For the last 22 km, the
river enters the low gradient coastal region and eventually discharges
near the city of Aléria into the Tyrrhenian Sea.

With a N-S-extent of 30 km and an E-W-extent of 53 km, the entire
catchment of the Tavignanu River including its tributaries spans an area
of 799 km? (Fig. 2). The highest mountain in the catchment is the Monte
Rotondo that peaks at 2622 m.a.s.l. Four geologic compartments com-
pose the drained area. In the West, the crystalline Corsica forms the
high mountain range consisting of plutonic basement rocks, which are
mainly granites uplifted by the Variscan orogeny (Rossi and Cocherie,
1991). Different, partly metamorphosed, sedimentary rocks, such as
limestones and sandstones from the Triassic to Eocene, follow to the
East in the central depression (Caron and Bonin, 1980). The adjoining
schistose or alpine Corsica accounts for the low mountain range in the
Castagniccia region with ophiolites and former ocean sediments meta-
morphosed to schist and other metamorphic rocks (Egal, 1992). Adja-
cent to the sea, the coastal plain, called Plaine Orientale, is composed of
post-glacial alluvial and marine sedimentary rocks (Orszag-Sperber
and Pilot, 2013). It is widely used for agricultural cultivation of grape-
vine, citrus fruits, and olives.

Corsica is characterized by a Mediterranean climate. The mean an-
nual temperature and precipitation for Corte, in the middle of the catch-
ment, are 14.1 °C and 820 mm. Due to the high relief, mean
temperatures and precipitation vary considerably with altitude. Long-
term temperature and precipitation averages of three selected locations
in the catchment are shown in Table 1. Additionally, temperature, pre-
cipitation, and discharge time series from January 2016 to April 2017
of the Tavignanu are presented in Fig. 3.
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Fig. 1. Topographic map of the island of Corsica (France) with the location of the Tavignanu River (blue) and borders of its catchment (red).

3. Methods
3.1. Sampling sites

Ten sampling points were set along the Tavignanu River, the main
receiving stream (sampling points 1 to 10 in Fig. 2). Additionally,
water from six major tributaries was sampled at eleven points (named
R1 to R6 and I to V). A list of all sampling points with their location is
provided in Table 2. Tributary sample points were chosen near their re-
spective mouths to receive a representative sample of the entire sub-
watershed. The Tavignanu River sampling sites were set after the in-
flows of the tributaries, to attain a homogenous mixture of both water
masses. This is necessary, to recognize and potentially quantify

influences of the tributaries. Downstream of Corte, this resulted in an al-
most evenly distributed pattern along the Tavignanu River (Fig. 2). A
special focus was put on the Restonica River, which is the first, larger
water contributor to the main channel. In contrast to the upper
Tavignanu valley, west of Corte, the Restonica valley is for the most
part, easily accessible by car. Since the remoteness of the western
Tavignanu River prohibited a regular sampling point distribution, the
Restonica River was selected as a comparable substitute. The roughly
similar river course with respect to height, length and lithology justifies
that approximation and finally six sampling points were established
along the Restonica River (R1 to R6).

Both, Tavignanu and Restonica rise from source lakes, namely Lac de
Ninu and Lac de Melu, respectively. The lakes serve as pools that collect
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Fig. 2. Simplified geologic map (Map basis: BRGM) of the Tavignanu River catchment (area: 799 km?). Sampling points are shown for the Tavignanu River (circles), the Restonica River
(diamonds) and other major tributaries (triangles). Gauging stations in the catchment exist for the Restonica River, the Vechju River (stars), and the Tavignanu River (at sampling
point 8). The highest peak in the catchment (Monte Rotondo, 2622 m.a.s.l.) is shown as reference (red triangle). For a list of the sampling locations and their upstream distances refer

to Table 2.

the precipitation on the surrounding mountainsides. The respective first
sampling point was placed directly at the outflow of the lakes. Sampling
took place in 2016 on a quarterly basis with each campaign representing
winter (February), spring (May), summer (July), and autumn
(October).

3.2. Field parameters and sampling

Every sample point was examined for the in situ physico-chemical
field parameters water temperature (T), pH value, electrical conductiv-
ity (EC), and total alkalinity (TA). Total alkalinity was analyzed by titra-
tion using a Hach Digital Titrator (Model 16,900, Hach Company,
Loveland, CO, U.S.A.). Based on the results of ion analysis, we assumed
absence of significant amounts of alternate TA contributing species,
e.g. H3Si04 (Wolf-Gladrow et al., 2007). Therefore, carbonic species
represent the sole buffer in this system. The TA value determined by
acid titration then directly corresponds to carbonic alkalinity. Titration
was performed on 100 mL samples until the titration endpoint was in-
dicated by a colour change from indicators bromcresol green to methyl
red. Based on repeated analysis, the precision of the manual titration is
about +5 instrument digits, resulting in an analytical precision of either
+0.5mgL™" or + 5mgL~" CaCO3 when using sulfuric acid with equiv-
alent concentrations of 0.16 eq. L™ ! or 1.6 eq. L™, respectively. Physico-
chemical field parameters were measured with a multi-parameter in-
strument WTW Multi 350i (WTW GmbH, Weilheim, Germany).

Table 1

Average climate data for three selected sites for the interval 2000-2015 (Météo-France).
Corte values are measured; high mountain and coast values are from modeled datasets
(SIM-France, Météo-France).

High mountains Corte  Coast
(near source lakes) (near Aléria)
Elevation/m.a.s.l. ~1500-2500 ~400 ~0
Average temperature in January/°C  —0.1 6.2 9.1
Average temperature in July/°C 15.5 23.0 25.1
Mean annual temperature/°C 6.8 14.1 16.4
Mean annual precipitation/mm 1390 820 830

Instrument precision (+10) is about 0.1 °C for temperature, 0.05 for
pH, and 2% for EC. Measured EC values were automatically normalized
to 25 °C based on the non-linear temperature compensation function
for natural waters.

All water samples were taken mid-stream wherever possible and fil-
tered through 0.45 pm syringe disk filters (Minisart HighFlow PES, Sar-
torius AG, Germany). Samples for major ions were filled in two 50 mL
HDPE bottles (Gosselin, Hazebrouck, France). Trace metal samples
were sampled into 15 mL polypropylene conical centrifuge tubes (Fal-
con tubes, BD Biosciences, Bedford, USA). Additional samples were
taken for the concentration (TCO,) and stable isotope analysis of dis-
solved inorganic carbon (6'3Cpc) in 40 mL amber borosilicate glass
vials that fulfill the specifications of the US Environmental Protection
Agency (so-called EPA vials). The open-hole caps of the EPA vials were
equipped with flipped butyl rubber-PTFE septa, the butyl rubber side
facing inside, to improve gas tightness. Beforehand, the EPA vials were
poisoned with a few drops of nearly saturated HgCl, solution
(~50 g L™1), to prevent any microbial alteration of the carbon species
during sample storage. EPA vials were filled to maximum capacity and
capped without air bubbles. All of the above described sample con-
tainers were tightly sealed with Parafilm® and stored cool (~4 °C) and
dark.

3.3. Laboratory analyses

3.3.1. Stable carbon isotopes

Stable isotopes of DIC were determined via continuous flow isotope
ratio mass spectrometry (CF-IRMS) on a Delta plus XP coupled to an au-
tomatic equilibration unit GasBench II (Thermo Fisher Scientific Inc.,
Bremen, Germany). For analysis water was transferred from the closed
40 mL EPA vials into helium flushed (gas purity 99.999%) 12 mL
Exetainer® vials (Labco Limited, Lampeter, Wales, UK) via disposable
syringes. An argon-filled sampling bag (Grace, Deerfield, IL, USA) was
connected to the EPA vial through a second needle to allow the ex-
tracted water volume to be replaced by inert gas and thus preventing
headspace contamination by atmospheric CO,. During injection into
the Exetainer, its septum was punctured by yet another cannula to
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Fig. 3. Air temperature, rainfall (from station 20096008 Corte Aérodrome, Météo-France),
and discharge data (HYDRO - MEDDE/DE) from January 2016 to April 2017. Red line in the
temperature plot is the 31-day running average. Discharge is presented for Tavignanu
River (red), Vechju River (green), and Restonica River (blue). The respective locations
are shown in Fig. 2. Dashed lines indicate dates of sampling. Note that discharge and pre-
cipitation plots have broken y-axes, which indicate a change of scale.

restrain headspace pressure by allowing the sample to displace helium
gas. Sample TCO, was converted to CO, by adding small amounts of 85%
H3PO, after cannula removal by a syringe through the vial's septa. The
transferred water volume was chosen to attain a detector signal height
between ~4.0 and ~7.5 V (m/z 44) for the isotope ratio mass spectrom-
eter (van Geldern et al., 2015). The necessary volume depended on the
expected TCO, content, which was estimated from TA values, and
ranged from 0.5 to 6 mL. Samples were analyzed in duplicates and the
reported value is the mean value. Conventionally, the delta notation
for the relative difference of isotope ratios is used for isotope values
and is denoted in per mil (%o.):

R('E/'E
5iE* ( / )sample 1 (1)

- R('E/E)

reference

R represents the ratio of heavy isotopes (mass i) to light isotopes
(mass j) of an element E for a sample or a reference substance
(Coplen, 2011). Attained data was corrected for instrumental drift and
normalized to the Vienna Pee Dee Belemnite (VPDB) scale by assigning
a value of +1.95%. and —46.6%. to the reference materials NBS 19 and
LSVEC, respectively (Brand et al., 2014). Accuracy and external repro-
ducibility is based on the repeated analyses of a carbonate control sam-
ple and was better than 0.1%. (+10) for 6">Cpyc.

Table 2

List of sampling sites with coordinates (in coordinate system WGS 1984), elevation in me-
ters above sea level (m.a.s.l.), and downstream distance to the mouth of the Tavignanu
River. Note that distance values for “Other tributaries” mean the distance between the re-
spective tributary mouth and Tavignanu River mouth.

Site ID Latitude Longitude Elevation Distance from mouth
°N °E m.a.s.l. km
Tavignanu River
1 42.25348 8.94436 1745 87.2
2 42.25371 8.95795 1735 85.8
3 4230444  9.14704 419 63.2
4 42.29867 9.17839 357 60.1
5 42.26622 9.21720 265 53.2
6 4222204  9.26521 178 432
7 4221131 9.32486 134 37.6
8 42.18183 9.38659 73 27.3
9 42.15517 9.43290 17 18.1
10 42.11245 9.51384 1 4.0
Restonica River
R1 4221417 9.02353 1710 79.7
R2 42.22069 9.02392 1525 78.9
R3 42.23687 9.03939 1266 76.5
R4 42.25772 9.07164 931 72.6
R5 4227542 9.10732 638 68.4
R6 4228896  9.13176 471 65.3
Other tributaries
[-Orta 4231328 9.15144 390 62.2
Il - Zincaghju 4228440  9.23870 289 55.3
IIl - Vechju 42.22752 9.24279 191 452
IV - Corsigliese ~ 42.17807 9.41594 29 22.1
V - Tagnone 42.10267 9.50319 3 5.1

Concentration of total dissolved inorganic carbon (TCO,) was deter-
mined from the peak areas of the chromatogram of the isotope ratio
measurement. Areas of sample peaks are directly proportional to the
amount of CO, liberated by the reaction of the sample with phosphoric
acid. A set of standards with known TCO, concentrations was prepared
by dissolving NaHCO3 in TCO,-free, ultrapure water (Milli-Q Integral,
EMD Millipore Corporation, Billerica, MA, USA). This calibration set
was included in every run. Peak areas were adjusted for the exact indi-
vidual sample volume. The exact amount of water in each vial was de-
termined by weighing. For conversion to volume, a sample density of
1.0 g cm~> was assumed. Concentration of TCO, is reported in milli
mol per liter (mmol L™). Accuracy of analyses was monitored by re-
peated analysis of a standard with known concentration during the
run. Precision (i.e. reproducibility) was better than 0.05 mmol L™ (+
10).

3.3.2. Calculation of pCO,

TCO,, consists of different species, whose distribution can be deter-
mined from water temperature, pH, and TCO, values by using chemical
equilibrium equations and constants (e.g. Deines et al., 1974; Plummer
and Busenberg, 1982). pCO, is then related to the CO, concentration in
the sample and can be calculated using Henry's law constant. The final
combined equation solved for pCO, is

TCO,

K KK @
Ky 14+ L 2172
H< +H++(H+)2

pCO; =

where Ky is the Henry's law constant, K; and K; are the equilibrium con-
stants for the first and second deprotonation reaction of dissolved CO,,
and H is the concentration of protons calculated from pH. The temper-
ature dependence of equilibrium constants is expressed in empiric
equations taken from Plummer and Busenberg (1982). For equilibrium
constants and Eq. (2) standard deviation was calculated based on error
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propagation with the assumption of measurement precisions of 0.05 for
pH, 0.05 mmol L™! for TCO,, and 0.1 °C for temperature.

3.3.3. Air-water flux of CO,
The amount of CO, that diffuses from water to air can be calculated
by the following equation (Raymond et al., 2012)

Feo, = k'([COZ]water_[COZ]air) 3)

where Fco, is the CO, flux from water to atmosphere, k is the gas trans-
fer velocity, and [CO,]| are the respective molar CO, concentrations.
Values of k are often normalized to a Schmidt number of 600 and then
denoted as kggo, Which corresponds to CO, in freshwater at 20 °C.
Raymond et al. (2012) presents a compilation of different equations
for the calculation of kggo. A further comparison of these equations
was done by (Maurice et al., 2017). The best performing formula was
Model equation 5 from Table 2 of (Raymond et al., 2012), which was
consequently used in this study:

koo = V-S-2841 + 2.02 (4)

with V as the stream velocity and S as the slope of the riverbed. V was
calculated from average discharge values for each month and the
cross-sectional area of the main channel. The slope S was taken
from a topographic transect along the river. For the estimation of V
and S, the Tavignanu River was separated into two sections: the
steeper, fast flowing upper Tavignanu valley and the section down-
stream of Corte that is the lower more gently declining part. The cal-
culated values of kggg are given in results section (Table 3).

3.3.4. Selection of endmember values

Since different sources of carbon contribute to the riverine pool of
TCO,, constraining values for these endmembers have to be as-
sumed. Based on measurements on the Mediterranean island of Lam-
pedusa in late 2015, the partial pressure (pCO; am) and the isotopic
composition of atmospheric CO, (6‘3CC02 atm) are assumed to be 403
patm and —8.5%. VPDB for the study period (ESRL/GMD, 2016). Soil
CO, exhibits isotope values derived from the photosynthetic path-
way of the plant it is derived from (~—27% for C3 plants,
Ehleringer and Cerling, 2002) and fractionation influence from diffu-
sive outward degassing, which in turn depends on soil pCO,. With
the adoption of average soil pCO, values from Mediterranean climate
(Pifiol et al., 1995) for this study, 613CCO2 soil Values between —19.0
and —21.8%. can be assumed. During slow groundwater discharge
to springs or gaining streams, weathering of rock via dissolution of
minerals, like carbonates and silicates, further modifies amount
and carbon isotope ratio of TCO,. Carbonate weathering produces a
stoichiometric 1:1 mixture of CO, and dissolved carbonate. A

Table 3

Seasonal values for the gas transfer velocity keoo (calculated after Eq. (4), median values
for pCO; (calculated from T, pH, and TCO,, after Eq. (2)), and Fco, (calculated after
Eq. (3). Positive values of Fco, indicate degassing of CO,, negative values indicate CO, dis-
solution in water.

Ksoo (upper Keoo (lower Median Median Feo,
Tavignanu) Tavignanu) pCOy?
md~! md~! patm mmol m—?
dfl
February 259 + 138 55419 167 —349
May 269 + 126 6.1+ 18 353 —0.7
July 138+ 73 29405 579 +89
October 209 + 130 43+15 527 +335

¢ Atmospheric value for comparison: 403 patm.

catchment average for carbonate 613Cc3c03 was extracted from sup-
plementary data of Cartwright and Buick (2000) and own samples,
and equals (—0.6 4+ 1.4) %, VPDB (n = 14). With the above men-
tioned values for 613Cc02 soil @ 1:1 mixture is then expected around
—10%o.. Silicate weathering introduces no new carbon to the system,
but shifts carbon species equilibrium and can result in similar iso-
tope values. Due to the much higher dissolution rates of carbonates
compared to silicates (e.g. calcite: ~107> mol m 2 s~ '; K-feldspar:
~10717-107"2 mol m~2 s~ !) (Chamberlain et al., 2005), even in sil-
icate dominated terrain, trace carbonates can contribute noticeably
to TCO, (Leybourne and Goodfellow, 2010), especially if TCO, is low.

4. Results

Downstream transects of various parameters are shown in Fig. 4. De-
tailed analytical results are available as online supplementary material

®—e—e Tavignanu II;ebruary
4—o—¢ Restonica ey
X i July
v other tributaries October

EC /uS cm-
o
o

N
o
o

1
A

5'3Cpc /%o (VPDB)
&

distance from Tavignanu mouth /km

Fig. 4. Results of a) EC, b) pH, ¢) TCO,, and d) 6'>Cp,c plotted against downstream distance
of the respective sampling point. Different rivers are symbol coded; months are colour
coded. Dashed vertical lines indicate confluences with tributaries. Axes break for TCO,
indicates a change of scale. Errors of 4+-10 are within symbol size.
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from the journal's website and are additionally archived in the World
Data Center PANGAEA! for long-term storage and free access.

4.1. Electrical conductivity and pH

Electrical conductivity (Fig. 4a) remained stable at the Lac de Ninu
with (36 & 2) uS cm™' (+10). Both, spatially and seasonally, EC values
showed a general increase with downstream distance and approaching
summer months. In February the Tavignanu River remained stable be-
tween sampling point 3 and 9 with an average value of (64 + 5)
pS cm™~'. Sampling point 10 showed a discernible increase to 84
uS cm ™. In May, July, and October the overall downstream trend steep-
ened, with an exceeding increase between the samples of point 9 and
10. Outliers of this evolution include sample 4 of May, where the
Restonica River and the Orta River (I) have entered the main stream,
and sample 5 of July and October after the confluence with the
Zincaghju River (II). For the most sections, values were below 250
uS cm™!, with the exception of the lowermost sampling points in July
and October with values beyond 2000 uS cm™~!. The Restonica River
showed minimal spatial and seasonal variation. A uniform increase
from Lac de Melu to sampling point R6 was observed, with values
from 28 to 37 uS cm ™! in February, 18 to 27 uS cm ™' in May, 17 to 42
S cm ™! in July, and 20 to 36 uS cm ™" in October.

Distribution of pH values along the Tavignanu River and the
Restonica River (Fig. 4b) was highly variable between the observed
minimum and maximum values of 5.8 and 8.7 pH units. In February,
pH increased steadily over the entire downstream distance from 6.0 to
8.4, with a slight depression at sample 6. During May and July, the pH
maximum moved upstream to sample 9 with 8.5 and sample 6 with
8.7, respectively. October values were similar to May. At large, higher
values could be detected in summer. Temporal pH change at the source
lake and sample 2 happened from February (6.0 and 6.8, respectively) to
May (6.6 and 7.1), with no further difference to July (6.6 and 7.1) and a
minor decrease in October (6.5 to 6.9). In general, the steepest spatial
pH increase occurred between Lac de Ninu and sampling point 2. The
Restonica River presented a temporally uniform increase from source
lake to mouth. Only Lac de Melu itself varied strongly, with a seasonal
increase to summer. The pH value progress to sample R2 was positive
in February (5.8 to 5.9), slightly negative in May (6.2 to 6.1), strongly
negative in July (6.7 to 5.9), and moderately negative in October (6.4
to 6.1).

4.2. TCO, and stable isotope values

In the Tavignanu River, the total content of dissolved inorganic car-
bon (TCO,) (Fig. 4c) exhibited seasonal differences and a spatial evolu-
tion similar to the EC values. The source value at sampling point 1
changed from 173 pmol L™! in February to 128 umol L™ in May,
reached 195 pmol L™ in July, and climbed to a seasonal maximum at
this point of 205 umol L™' in October. Near the Tavignanu River
mouth (sampling point 10), values also showed a seasonal cycle with
460, 1370,3567, and 2105 pmol L™ ! in February, May, July, and October,
respectively. The downstream trend in February appeared uniform with
an increase of about 4 pmol km ™. In May, July, and October, the trend
became more diverse. The Restonica source lake features very low
TCO, values with 41, 24, 22, and 52 pmol L™ in February, May, July,
and October. Overall, the Restonica downstream course exhibited an in-
crease to a maximum value of 179 umol L™ at sample point R6 in July.

Values of total alkalinity (TA) in the Tavignanu and Restonica River
mainly followed the trends of TCO, and EC values. With 48, 128, 174,
and 170 pmol L™, in February, May, July, and October, seasonal differ-
ences at the Tavignanu source lake were small. The highest TA values,
in the Tavignanu River, of each month was observed at the sampling

1 www.pangaea.de, DOI: https://doi.org/10.1594/PANGAEA.896606

point closest to the river mouth, with 511, 1259, 2697, and 1878
umol L™, in February, May, July, and October.

Carbon isotope values of dissolved inorganic carbon (8'3Cpc) in the
Tavignanu River varied spatially and seasonally between —19.3%. and
—2.4%., with most variation between the first three sampling points
(Fig. 4d). The observed 6'3Cpc difference between sample 1 and 2 was
most prominent in February with +7.4%,, lower in May (+5.5%.) and
small in July (+0.4%.) and October (+0.9%.). In February, 6'>Cpjc values
further increased to sampling point 3. Downstream of sampling point 3,
the overall pattern of 6'3Cpyc values was similar, independent of the sea-
son. Values in July and October were almost identical and at the annual
minimum. May and February exhibited an average positive shift of (2.2
4+ 0.8) %o between May and July, and (2.8 & 0.5) %. between February
and May. The Restonica River differed from the Tavignanu main stream
both seasonally and spatially. In February, values increased from source
to mouth, with the exception of sample R5. May, July, and October ex-
hibited an initial decrease between R1 and R2, but values increased
again downstream.

4.3. pC02 and FCOZ

The calculated pCO, values for water samples express theoretical
equilibrium conditions (Fig. 5) and were calculated from T, pH, and
TCO,. In the case of the Tavignanu River, seasonal variations were stron-
gest at the upper course before Corte and at the two lowermost sam-
pling points in summer.

At the Tavignanu source lake outflow (sample 1), pCO, values
changed from 1814 in February, over 1180 in May, to 1708 in July, and
back to 1846 patm in October. At these locations the water was super-
saturated compared to the atmospheric pCO, value of ~403 patm,
which is the average value for late 2015, measured on the

high mountain

low mountain range

é 1000 coastal plain

§ s00 v v v

4000 fF——TF——T——7—% Y
| I | [ i 9 1oy
3500 |~ Tavignanu i 4 X . 1Y 2
main river o ! | [ P
3000 T : | o)
1 1 ] ] . 7 O
| | | [ o
£ 2500 [ | [ 6 L
d - : 5
<. 2000 . [ 58§
o) i ; 8
2 1500 oo ; 4 E
1 ] L 3 -,6

1000 nood
L 2 fx
500 ) 13
E
0 0
3500 T T T T T T LI (9]
T T T 7 g 2
3000 |- Restonica & . X v 15849 2
other tributaries 1 I v 5248 173
2500 [ o o 16 Q
| 1 1 [ 6 o
S 2000 |- Foaoo | 758
~ | | | | | %
S 1500 |- Lo | 8
(g_ | | | 3 g
\ | | -

1000 |- < v ¥ Y -
s | Y92 2
500 - a ToL ,,;; ....... I 12
0 ! f\% : | f P | ! X | ! : 0 g

100 80 60 40 20 0
distance from Tavignanu mouth /km
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Mediterranean island of Lampedusa (ESRL/GMD, 2016). Sample 2 is
around atmospheric pCO, levels in February and May, and around
twice the atmospheric level in July and October. After the general
steep decline between samples 1 and 2, sample 3 of February continued
the declining trend and reached undersaturation with respect to atmo-
spheric pCO, levels. During the other seasons, values at the end of the
upper Tavignanu valley show higher CO, concentrations compared
with the vicinity of the source lake. The downstream course after
point 3 mainly remained undersaturated, with a minimum value of 88
patm at point 10 in February. Sampling points closer to the river
mouth showed a pCO, increase to supersaturation after springtime,
with a maximum of 3427 patm for the Tavignanu River in July.

In February and May, the Restonica River was almost completely un-
dersaturated. In July and October an increase up to the second sampling
point was followed by a gradual decline of pCO, values to near atmo-
spheric levels.

Seasonal averages of pCO,, Fco,, and the gas transfer velocities keoo
used for their calculation are collected in Table 3. Since pCO, and Fco,
exhibited a strongly skewed distribution in the downstream transect,
the more robust median was used as the better indicator of central
tendency.

5. Discussion
5.1. Seasonal and spatial variations of field parameters

Electrical conductivity shows low and stable values at the source
area (Fig. 4a). This suggests that no significant weathering happens
around the source lakes, which would increase EC values and induce a
seasonal pattern. In February most of the EC increase happens until
sampling point 3. Downstream of Corte further changes are almost in-
discernible. In May, the same pattern with slightly higher EC values
could be observed. Additionally, the influence of tributaries on conduc-
tivity was detectable, especially at the confluence with the Restonica
River. In July and October, the mixing of water masses at tributary in-
flows was even more pronounced in EC values. Altogether, the observed
seasonality with increased EC values during warmer months indicates
chemical weathering, which is enhanced by higher temperature,
lower discharge, and increased availability of corroding agents, such as
CO,. Slight increases between sampling points 6 and 8 in May to October
can be attributed to evaporation. The steep increase towards sampling
point 10 in July and October can also be found in the concentrations of
several ions, such as Na* and Cl™. It can be the result of groundwater
flow through former salt marshes, that were drained to be used as pas-
tures. Additionally, sea water could possibly intrude from the lagoon
Etang de Diane in the near vicinity, when the discharge of the river is
low in summer.

5.2. Main stream TCO, dynamics

5.2.1. Upper silicate catchment of the Tavignanu and Restonica River

In the case of the Tavignanu River, spatial as well as seasonal influ-
ences on the carbon system exist. Near the source areas, TCO, and TA
exhibited low values compared with the downstream trend, during all
months. This means the buffer capacity is also low, and even a slight ad-
dition of carbon species results in prompt pH changes. The same is true
for 6'3Cpjc values, which can be changed considerably by exchange of
minor quantities of carbon. This is expressed in the initial CO, degassing
between sample 1 and 2, where in February, the rapid drop of pCO, is
accompanied by a steep increase of 6'3Cp,c and pH. In May, July, and Oc-
tober, a similar decrease of pCO, results in less pH and 6'3C change. This
is due to higher buffering of the slightly higher TCO, and pH, which is
derived from enhanced weathering during the warmer months.

The evolution from sample 2 to 3 exhibits the most pronounced sea-
sonal changes. In winter, pCO, drops well below atmospheric levels and
8'3Cpyc values increases from —11.9 to —2.4%., although TCO, does not

increase extensively. During May, July, and October, pCO, and TCO, in-
crease noticeably, and 6'3Cpc shows little spatial evolution. The in-
crease of TA in winter can be explained by a combination of silicate
and trace carbonate weathering. This consumes more CO,, than can be
replenished by the atmosphere. Since the minor amount of dissolved
carbonate cannot account for the strong increase in 6'Cp,c, an addi-
tional process has to be considered. When pCO, in water has reached
values near atmospheric composition, isotopic exchange with the atmo-
spheric CO, can occur (Doctor et al., 2008). The equilibrium fraction-
ation between gaseous CO, (here 813Cco2 am = —8.5%0) and TCO,
depends on the temperature and species distribution, i.e. T and pH. In
the case of sample 3 in February, atmospheric equilibrium 6'3Cp;c
would be +0.9%. (Clark and Fritz, 1997). The measured value of
—2.4%. does indicate a not completely reached equilibrium with the at-
mosphere. This is either because of influence by an additional CO,
source, e.g., from in-river processes such as respiration or decay, or be-
cause of incomplete isotopic exchange with the atmosphere. Isotopic
equilibration between rivers and the atmosphere can take several
weeks to establish (Aucour et al., 1999; Cartwright, 2010), thus making
the latter process more likely.

In spring, summer, and autumn, the evolution between sample 2
and 3 shows an increase in pCO-,, TCO,, and TA, accompanied by a rela-
tive stable 6'3Cp;c value. Higher productivity of plants in spring and
summer results in increased organic matter and respiration in soils
(Barth and Veizer, 1999; Hope et al., 2004; Shin et al., 2011). Together
with the longer residence time of water in soils, due to low precipita-
tion, higher CO, content in soils can cause stronger weathering of both
silicates and trace carbonates and result in elevated pCO,, TCO,, and
TA. In the case of carbonate weathering, open system conditions for
soils can be assumed, because the granitic lithology in the upper
Tavignanu and Restonica catchment does not allow for the develop-
ment of thick soil zones. During silicate weathering, no difference occurs
between open and closed system for 6'Cpc. The possible contribution
of carbonate to 6'3Cp;c can then be ignored, and only dissolution of
soil CO, determines the 6'3Cpyc value. The equilibrium fractionation
during CO,, dissolution is about 10%. (e.g., Mook et al., 1974). The mea-
sured values of —8.4%., —10.7%., and —10.8%. for May, July, and Octo-
ber, respectively, can thus be interpreted as the result of dissolved
8"3Cco, soit values of ~—18%. and —20%., respectively. The small differ-
ences between May, July, and October are due to increased pCO, in soils
at warmer temperatures, which influences 613CCO2 soil DY diffusive
degassing to the atmosphere (Davidson, 1995). Low solubility of sili-
cates prevents the consumption of all generated soil CO,.

The Restonica River experiences roughly the same trend, but on a
smaller scale. As mentioned above, the source lake is influenced by pho-
tosynthesis in summer. From sampling point R1 to R2, the Restonica
River gains noticeable amounts of water through small runlets. Thus,
sample R2 is regarded as more representative for ground/soil water
conditions. In February, May, and October minor weathering produces
small values of TCO,, TA, and pCO,. Since pCO, is near atmospheric
values, isotopic exchange with atmosphere is possible and high values
of 6'3Cpyc occur. In July, where CO, content in soils is higher, weathering
is enhanced, like in the upper Tavignanu valley. Hence, riverine 6'>Cp;c
values were lower and in the range of 813Cc02 soil Values after
dissolution.

5.2.2. Comparison of tributaries and their seasonal variations

Seasonal evolution has the same tendency for almost every tribu-
tary. From winter to summer, TCO,, TA, and pCO, increase, while pH
and 6'3Cp,c decrease. Tributary classification can be done with focus
on TCO, and 6'3Cp,c (Fig. 6). Tavignanu, Restonica, and Vechju River
(II1) generally have low TCO, values and a large variety of 63Cpyc values.
They exhibit strong seasonal changes in carbon 6'>Cp,c values, but small
variations in inorganic carbon content. These rivers are dominated by
their mainly silicate catchment, which allows for isotopic evolution via
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Fig. 6. Seasonal evolution of carbon content (TCO,) and carbon isotope ratios (6'>Cpyc) of
tributaries. The Tavignanu River is plotted with its last sampling point before the
confluence with Restonica River. For symbol legend see Fig. 4. Errors of +10 are within
symbol size.

increased soil CO, input, but limits TCO, increase, due to missing car-
bonate sources. Instead, the excessive CO, enhances silicate weathering.

The Orta River (I) shows intermediate carbon concentrations and
seasonal changes in 6'3Cp,c values and TCO, evolution. Carbonate
rocks in its catchment are subject to increased weathering in summer,
which elevates TCO,. The observed 6'3Cp,c decrease to —12.3%. indi-
cates that carbonate dissolution occurs under open system conditions.
The same seasonal evolution is present in the Corsigliése River (IV).
Due to its almost exclusively carbonate catchment, even February
values of TCO, are relatively high. 8'>Cp,c values nearly equal open sys-
tem carbonate dissolution with soil CO,, during all seasons.

In contrast, the Zincaghju (II) and the Tagnone River (V) show little
seasonal change. Due to excess CO,, the Tagnone River has 3.5%. lower
613Cpyc values than the Zincaghju River. Increased weathering and
lower 6'3Cp,c values for Corsigliése and Tagnone River can be attributed
to the position of the watersheds. The low altitude and proximity to the
sea account for higher mean annual temperatures and increased plant
productivity, in comparison to catchments further inland that are lo-
cated at higher altitudes. This elevates pCO- of soils, which in turn
lowers 6'3Cp,c values.

5.2.3. Lower mixed catchment of the Tavignanu River

Downstream of sample 3 along the Tavignanu River, lithology
changes to carbonate bearing rocks. In general, parameter evolution is
characterized by mixing with tributary waters of varying composition.
For pCO,, this has almost no influence. Up to sampling point 8, pCO, is
below or near atmospheric values, during all months. In February, low
CO, waters even extend down to the mouth. CO, from soil and atmo-
sphere are not enough to replenish the amounts that are consumed by
carbonate weathering. Between Orta (I) and Vechju River (III) conflu-
ence, TCO, increases and 6'3Cp,c decreases slightly. In this section, soil
CO, input dominates over atmospheric CO, input, thus 6'>Cp,c tends
to more negative values. In February, TCO, is almost stable between
sample 6 and 8, where no tributary and presumably no extensive
amount of soil water enters along the river course, due to the steep can-
yon riverbed. Especially in winter, 6'>Cpc values are high because of at-
mospheric CO, influence. This could also be observed during rainwater
dominated events of flashy streams (Hagedorn et al., 2016). With in-
creasing temperature in summer, TCO, values increase downstream
from sample 6, presumably because of evaporation effects. 6'3Cpc
values are only affected slightly, because CO, evasion is buffered by
high HCOsconcentrations at ambient pH conditions. Downstream of
sample 8, TCO, and TA increase, while 6'3Cp,c and pH decrease. During
winter, when plant activity and soil respiration is low, pCO; stays at low

levels. In May, July, and October when soil CO, production increases at
the heavy vegetated, coastal plain, the signal is transferred to the river.
pH drops according to rising CO, levels, because no CO, is consumed
by carbonate weathering, due to the dominating siliciclastic lithology.

5.3. pCO; and CO, transfer

The average value for pCO, over the entire main stream was strongly
season depended (Fig. 5) with median values from 167 patm in Febru-
ary to 579 patm in July (Table 3). These averages are significantly
lower compared with reported 1604 to 5479 patm (sandy soils,
Polsenaere and Abril, 2012), 4620/2050 patm (mean/median, carbonate
karst, van Geldern et al., 2015), and 5190 to 10,790 patm (mixed silicate
and carbonate, Khadka et al., 2014). Comparable results of 355 to 398
patm were reported by Palmer et al. (2001) from a small, high organic,
granitic headwater catchment.

The overall CO, transfer across the air-water boundary was calcu-
lated from Fco, values and the measures of stream section length and
width (Fig. 7). The temporal extrapolation of the four seasonal sample
campaigns allowed for the estimation of annual average values for dif-
ferent sections of the Tavignanu River.

In February, initial CO, evasion near the source lakes accounted for
most of the carbon export from the river. The rest of Tavignanu River
remained undersaturated and exhibited minor TCO, increases from car-
bonate weathering and CO, uptake from soil and mainly atmosphere.
Both pCO; and Fco, median values indicate that the main river is a net
sink for atmospheric carbon at this time of the year. Low pCO, values
are interpreted as a result of reduced plant activity and low temperature
in winter. Additionally, increased precipitation rates produce faster sur-
face and subsurface flow, which results in lower resident time of water
in soils where it could dissolve CO,. In May, July, and October, when soil
CO, contribution increased, upstream CO, evasion extends up to Corte
(sample 3) and becomes exceedingly strong due to soil CO, input and
possible in-stream oxidation of organic matter exported from the
source lakes. After the city of Corte, most of the CO, degasses rapidly,
which is enhanced by turbulences of Restonica and Orta River inflow.
Between Corte and the coastal plain, CO, fluxes are negative or near
zero, because water input via tributaries, soil water, and groundwater
is limited. This is due to the above mentioned canyon-like riverbed mor-
phology, which results in an almost inert stream. A strong increase in
exported CO, can be found in the coastal plain where the crops of agri-
cultural areas and strong natural vegetation intensify respiratory CO,
output into soils, which is then transported into the stream via
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groundwater discharge. This correlates with the findings of other stud-
ies that catchments disturbed by agriculture or other anthropogenic in-
fluences exhibit a greater export of old carbon from soils to rivers
(Butman et al., 2014; Evans, 2014). Average annual values reflect
these trends with (629 + 234) Mg C yr~' in the high mountains,
(—70 £ 12) Mg C yr~! in the low mountain range and canyon part of
the Tavignanu River, and (209 + 63) Mg C yr™ ' in the coastal plain.
The overall CO, budget of the Tavignanu River across the air-water
interface is (0.77 + 0.24) Gg C yr~'. This is about seven times as
much as the riverine TCO, export to the sea of ca. 0.11 Gg Cyr .

6. Conclusion

The Tavignanu River catchment combines several environmental
parameters, such as an exceptional morphological gradient, lithological
diverse sub-catchments, and a pronounced seasonality. Their combina-
tions influence its water chemistry and especially the TCO, species.
Since the three main streams, namely the Tavignanu, Restonica, and
Vechju River, all originate from silicate terrains, TCO, values were
found to be low when compared to typical carbonate streams. In silicate
terrains, most of the TCO, originates from soil CO, and degenerated or-
ganic matter with clear atmospheric influences in winter. Carbonate
tributaries derive their TCO, mainly from soil and carbonate rock
weathering. Seasonal variations correlate with climatic conditions, due
to different altitude.

The net carbon budget of the river-atmosphere system for the main
channel was subject to seasonal changes. In February, the minor CO,
evasion around the source area cannot compensate the extensive
areas downstream, where pCO, remains below atmospheric levels.
Hence, the river is a net carbon sink in winter. This characteristic shifts
with the warmer season, when plant productivity pumps carbon into
the aqueous system. CO, evasion in the upstream parts of carbonate-
dominated tributaries was not assessed in this study, but presumably
play an important role in the total carbon budget of the watershed.
This is because small headwater streams from carbonate terrains can
show extensive CO, export (van Geldern et al., 2015). However, this re-
mains somewhat speculative at this point for high altitude and high re-
lief catchments with rather sparse vegetation. Additionally, several of
the smaller tributaries run dry in summer in their upstream parts,
which can also influence CO, export (von Schiller et al., 2014). There-
fore, sampling of carbonate springs of small streams is a reasonable ad-
dition for future work for a better integration of the total carbon flux.

In this study, two major influences on the riverine carbon budget
could be identified: lithology and seasonal change, which is related to
the Mediterranean climate and temperature differences due to high al-
titude. The Zincaghju, Restonica, and upper Tavignanu River are exam-
ples for headwaters in mainly granitic catchments and exhibit water
chemistry according to this background. Since 5.7% (Hartmann and
Moosdorf, 2012) to 7.2% (Diirr et al., 2005) of the Earth's surface, 9.0%
of its high mountain, and 11.4% of its middle mountain ranges (Diirr
et al,, 2005) consist of acid plutonic rocks, the encountered river water
conditions can be transferred to a significant part of the globe. The
large abundance of metamorphic rocks in the middle Tavignanu and
tributary catchments is met with a global occurrence of metamorphic
rocks of 13.0% (Hartmann and Moosdorf, 2012). The other factor, the
Mediterranean climate, is found only on 2% of earth's landmass but
the impacts of climate change on these regions are discussed intensely.
Increased temperature and decreased precipitation will affect aquatic
ecosystems particularly in this region (Filipe et al., 2012; Lawrence
etal., 2010). This will also have influences on the water supply of the in-
creasing population (294 million in 2000 according to Underwood et al.,
2009) that live in areas of Mediterranean climate worldwide. The nota-
ble, temporally constant carbon export in the upper catchment consol-
idates the importance of headwater research for the assessment of
global carbon budget estimates (Marx et al., 2017). Altogether, the
Tavignanu River is a net CO, exporter, however, its exports are minor

when compared with other catchments (e.g., Butman and Raymond,
2011; Kanduc¢ et al., 2007; Khadka et al., 2014; Lee et al., 2017; van
Geldern et al., 2015). In the context of focus on the atmospheric CO,
contribution of rivers in numerous studies, these results should encour-
age a more thorough assessment of riverine carbon budgets. This could
be done by continuous high resolution measurement of CO, flux and
813Cpic with laser spectroscopy, as it is already used for oceanic
(Becker et al., 2012), lakes (Attermeyer et al., 2016), volcanic (Rizzo
et al., 2014; Rizzo et al., 2015; Schipper et al., 2017), and underground
applications (van Geldern et al., 2014). Additionally, upscaling methods
to transfer the results to larger areas would probably require a model
based approach on CO, evasion, such as the model based study of En-
gland and Wales (Rawlins et al., 2014), which estimated a CO, release
of ~65 Gg Cyr~ .

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.12.158.
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