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Abstract Mountains contain many small and fragmented peatlands within watersheds. As they are
difficult to monitor, their role in the water and carbon cycle is often disregarded. This study aims to assess
the stream organic carbon exports from a montane peatland and characterizes its contribution to the
water chemistry in a headstream watershed. High frequency in situ monitoring of turbidity and fDOM were
used to quantify respectively particulate organic carbon (POC) and dissolved organic carbon (DOC) exports
at the inlet and outlet of a peatland over three years in a French Pyrenean watershed (1,343 m.a.s.l.). The
DOC and POC signals are both highly dynamic, characterized by numerous short peaks lasting from a few
hours to a few days. Forty-six percent of the exports occurred during 9% of the time corresponding to the
highest flows monitored at the outlet. Despite its small area (3%) within the watershed, the peatland
contributes at least 63% of the DOC export at the outlet. The specific DOC flux ranges from 16.1 + 0.4 to 34.6
+ 1.5 g m? year™*. POC contributes 17% of the total stream organic carbon exports from the watershed. As
the frequency of extreme climatic events is expected to increase in the context of climate change, further
studies should be conducted to understand the evolution of underestimated mountainous peatland carbon
fluxes and their implication in the carbon cycle of headwaters.

Plain Language Summary Since the last glacial period, peatlands have accumulated large
stocks of organic carbon. Despite representing only 3% of global continental surfaces, they store about
22% of the continental soil carbon stock. In the context of global change, peatland carbon sequestration
capacity needs to be carefully monitored. In addition to greenhouse gas exchanges with the
atmosphere, determining this capacity requires the quantification of aquatic organic carbon exports.
Aquatic organic carbon exports have rarely been investigated at mountainous peatlands. Moreover,
global change is expected to drastically modify mountain hydrology, influencing aquatic carbon exports
and carbon balance of mountainous peatlands. Using high frequency in situ instrumentation, this study
shows the annual quantity of aquatic organic carbon exported from a montane peatland in the

French Pyrenees is in the same range as Northern lowland peatlands. These highly variable exports
mainly occur during high discharge events due to snowmelt or rainfalls. Despite its restricted area, this
montane peatland is the main contributor of aquatic organic carbon in the watershed. Peatlands
influence headwater chemistry and further study must be conducted to monitor the evolution of these
mountainous carbon stocks.

1. Introduction

Mountains represent around 25% of the global continental surfaces excluding Greenland and Antarctica
(Kapos et al., 2000; Meybeck et al., 2001). They play a key role in the global water cycle by storing and sup-
plying fresh water to lowlands (Viviroli et al., 2007). Thanks to these high-altitude water storages, peatlands
have been able to form in many mountainous regions over the world since (~15,000 years BP) the last ice age
(Chen et al., 2014; Chimner & Cooper, 2003; Cubizolle & Thebaud, 2014; Dodson, 1987; Dudova et al., 2013;
Squeo et al., 2006). The surface coverage of mountainous peatlands (>1,000 m.a.s.1.) is strongly controlled by
topography (Chimner et al., 2010), and consequently, they are never mentioned in global carbon assess-
ments (Leifeld & Menichetti, 2018; Scharlemann et al., 2014; Yu et al., 2010). Although taken individually
their size is negligible compared to vast high latitude or tropical peatlands, they store between ~1,200
(Cooper et al., 2012) and ~1,500 Mg C ha™! (Hribljan et al., 2015), which concurs with the average storage
of 1,330 Mg C ha=! defined for boreal peatlands (Gorham, 1991). Summed together mountainous
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peatlands may represent a valuable carbon stock that needs to be defined globally, understood (Morris et al.,
2018) and preserved through current global changes. Because of their remote location, peatlands in moun-
tains are much less studied than their lowland counterparts and only a few studies have investigated their
carbon dynamics. These studies mainly focused on gaseous carbon fluxes (Chimner & Cooper, 2003;
Pullens et al., 2016) or carbon stock accumulation (Chen et al., 2014; Drexler et al., 2015), but only one
mountainous site in Germany has been investigated with regard to stream organic carbon exports (Birkel
et al., 2017; Broder & Biester, 2015).

The stream exports of carbon from peatlands have attracted scientific interest over the last decades (Cole
et al., 2007; Gandois et al., 2013; Laudon et al., 2011; Roulet & Moore, 2006; Webb et al., 2018). Due to their
high organic carbon content and hydraulic connectivity to streams, peatlands have been identified as major
carbon contributors to surface waters, both globally (Aitkenhead & McDowell, 2000; Hope et al., 1994) and
locally (Agren et al., 2014; Billett et al., 2006; Laudon et al., 2011). Stream carbon exports include dissolved
organic carbon (DOC) and particulate organic carbon (POC) as well as dissolved CO, and CH, (Webb et al.,
2018). In vast and peat-dominated watersheds, DOC is the main form, contributing more than 90% of total
carbon exports (Dinsmore et al., 2010; Hope et al., 2001; Laudon et al., 2011; Leach et al., 2016; Roulet et al.,
2007). These exports have been shown to be crucial in establishing the net carbon balance of peatlands
(Dinsmore et al., 2010; Nilsson et al., 2008), as they may exceed the Net Ecosystem carbon Exchange
(Roulet et al., 2007). In addition to playing an important role in the peatland carbon cycle (Holden, 2005),
exports of stream organic matter from peatlands have several implications: they can disrupt the downstream
food chain and impact the biomass production (Carpenter & Pace, 1997), they can affect the quality of drink-
ing water (Ritson, 2015; R. Tang et al., 2013), they can transport potentially harmful elements along inland
waters (Broder & Biester, 2017; Rothwell et al., 2007; Tipping et al., 2003), and they can become a consider-
able source of atmospheric CO, after being mineralized through inland waters (Dawson et al., 2004; Dean
et al., 2019; Moody et al., 2013).

Stream organic carbon exports (DOC and POC) from lowland peatlands present clear seasonal and interann-
ual variability related to meteorological and hydrological conditions (Dinsmore et al., 2013; Leach et al.,
2016). This variability is enhanced in alpine or montane altitudinal belts (Holdridge, 1967) where peatlands
face extreme weather conditions (storms, flash floods, and large ranges of temperature). However, their
remote locations and the unpredictability of sudden climatic events make a relevant water sampling moni-
toring difficult. Optical properties of the organic matter (absorbance and fluorescence) have been used to
develop sensors for high frequency in situ sensing of organic carbon in streams (Downing et al., 2009;
Rode et al., 2016). These sensors have revealed unexpected temporal variability for organic carbon concen-
trations in streams draining peatlands (Austnes, 2010; Grayson & Holden, 2012; Koehler et al., 2009; Pellerin
et al., 2011; Ryder et al., 2014; Strohmeier et al., 2013; Tunaley et al., 2016). Associated with high-frequency
meteorological and hydrological surveys, stream organic carbon concentration monitoring contributes to a
better understanding of the carbon mobilization processes and temporality in the watersheds (Bernard-
Jannin et al., 2018; Birkel et al., 2017). High-frequency sensing of streams is also an effective way to compare
and question the relevancy of stream carbon export assessments based on sporadic water samples (Walling &
Webb, 1985). The purpose of this study was to assess the stream organic carbon (POC and DOC) exports from
a montane peatland (1,343 m.a.s.l) over a 3-year period (January) 2015 to (December) 2017 in the French
Pyrenees. A high-frequency stream organic carbon monitoring system was deployed at the inlet and the out-
let of the peatland to specifically determine its biogeochemical role in the watershed. The scientific objec-
tives of this study were (1) to quantify the stream organic carbon exports from a montane watershed
containing a peatland, (2) to assess the specific contribution from the peatland to the watershed stream
organic carbon exports, and (3) to characterize stream organic carbon exports drivers and temporality in
montane climatic conditions.

2. Study Site

The Bernadouze peatland is located at 1,343 m.a.s.l. in the Eastern part of the French Pyrenean mountains
(42.80273 N; 1.42361 E). The peatland covers an area of about 4.7 ha and is located in a 1.4 km? north
exposed and particularly steep watershed (peak Mont Ceint = 2,088 m.a.s.l/average slope = 50%). The peat-
land is classified as a soligenous fen since it depends on a continuous water supply stemming from
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precipitation and surficial runoff (Joosten & Clarke, 2002). Due to its size and its altitude, the Bernadouze
fen is representative of the peatlands identified in southwestern Europe alpine and montane areas
(Joosten et al., 2017; SOeS, 2013). A particularity of the peatland is that it lies on a major tectonic fault separ-
ating limestone and granitic bedrock (Ternet et al., 1997). Located mainly on a limestone bedrock, the
watershed integrates water losses in karst features. The soils are shallow and classified as Rendic
Leptosols (World Reference Base for Soil Resources). The main vegetation in the watershed is a beech forest
which extends from the border of the peatland to 1,800 m.a.s.l. The highest areas are covered by grassland,
cliffs, and rocks.

From a post glacial lake, the peatland has accumulated over 10,000 years to an average depth of 2 m with
extreme accumulation zones of up to 9.5 m (Jalut et al., 1982; Reille, 1990). The current vegetation is typical
of a minerotrophic peatland with species such as Carex demissa and Equisetum fluviatile. However, the pre-
sence of small hummocks of Sphagnum palustre and Sphagnum capillifolium reveals progressive ombro-
trophic processes in some peatland areas (Erudel et al., 2017; Henry et al., 2014).

Over the 2015 to 2017 period, the annual precipitations and mean annual temperature of the site were,
respectively, 1,718 + 127 mm year ' and 8.2 + 0.6 °C which concurs with the SAFRAN atmospheric reana-
lysis over the 1959-2013 period (Vidal et al., 2010) and previous meteorological monitoring in an adjacent
valley (Szczypta et al., 2015). The peatland is subject to subzero temperatures and a snow cover from
December to April with a snow height exceeding 2 m.

The different subcatchments feeding the peatland were identified from a survey using the Digital Elevation
Method with a 5 m horizontal resolution (Marti et al., 2016), and the surfaces of each subcatchment were
estimated using the Spatial Analyst-Hydrology-Watershed Toolset in the ARCGIS™ toolbox. In situ flow
measurements (section 3.3) showed that the major upstream contributor to the peatland is the subcatchment
n°4 (Figure 1). Due to the water losses in karst features, the upstream subcatchment n°2 is not fully hydro-
logically linked to the outlet which has a variable influence on the discharge at the outlet.

Selective logging was carried out during autumn 2016 in the lowest forested part of subcatchments n°4, 5,
and 6.

3. Materials and Methods

3.1. Site Instrumentation

Site monitoring started in 2014. This paper presents high-frequency data collected from January 1% 2015 to
December 31% 2017. Precipitation (solid and liquid) and air temperature were recorded every 30 minutes by
an automatic weather station installed on a small hill (1416 m.a.s.l) close to the peatland (Figure 1) (Gascoin
& Fanise, 2018).

To identify the specific contribution of the peatland, two identical multiparameter probes (YSI Exo2, USA)
were installed at the outlet of the peatland (December 2013) and at inlet n°4 (September 2016). Inlet n°4 is
the only perennial stream source flowing through the peatland. At both sites, fluorescence of the dissolved
organic matter (fDOM, Aexcitation = 365 £ 5 NM/Aemission = 480 + 40 nm), turbidity, water level and tempera-
ture, pH, and specific electrical conductance were measured in situ every 30 min. A sensor wiper prevents
the sensors from biofouling and the probes were inspected and calibrated monthly.

3.2. Water Sampling and Analysis

Grab water sampling was performed every 2 weeks at inlet n°4 and at the outlet of the peatland. Piezometer
wells ([1.5, 2.5]-m depth) (Figure 1), were used to sample porewater on three occasions (2013-2015) during
baseflow. Grab water samples were filtered on site using a manual peristaltic pump and 0.22 um cellulose
acetate filters (GSWP04700 Merck-Millipore, USA). To avoid contamination from cellulose, a first batch of
collected water was used to rinse the filter before definitive sampling. Water samples were stored in a cool
box and brought back to the laboratory where they were stored at 6 °C until analysis. Flood water sampling
was performed 4 times at inlet n°4 and 9 times at the outlet using automatic water samplers (ISCO 3700,
USA). During each flood, 24 samples of raw water (950 ml) were taken at a frequency based on the observed
time lag of discharge (1 hr for rainfall and 4 hr for snowmelt driven flood events). Flood water samples were
collected within the 48 hr following the last sampling. Nonpurgeable organic carbon (referred to hereafter as
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Figure 1. (a) Location map of Bernadouze peatland in Europe. (b) Three-dimensional map of the mountainous watershed
of Bernadouze peatland. The different subcatchments feeding the peatland are numbered from 1 to 6. Inlet n°4 (green plot)
corresponds to the entry of the unique perennial stream flowing across the peatland; it corresponds to the outlet of
subcatchment n°4. Due to observed karst discrepancies, subcatchment n°2 does not fully supply the watershed at the
outlet of the peatland (red plot). (c) Satellite view of the Bernadouze peatland and the site instrumentation. Map source:
Esri, DigitalGlobe, Geoeye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN,
IGP, swisstopo, and the GIS User Community.

DOC) concentration was analyzed on filtered samples after acidification to pH 2 with a TOC-5000A analyzer
(Shimadzu, Japan). The quantification limit of the analyzer was 1 mg 1™". Above this value, the analytical
uncertainty was evaluated to +0.1 mg 17! Reference material included ION-915 and ION96.4
(Environment and Climate Change Canada, Canada). POC concentration of flood samples was estimated
by filtering 500 ml of bulk water with a combusted and preweighed 0.7-um glass fiber filter (GF/F
WHA1825047, Whatman, UK). According to the quantification limit of the weighing scale (+0.5 mg), only
filters containing a suspended material concentration higher than 1 mg 17" were considered. Filter areas
(disk of 6.5-mm radius) were cut and analyzed with a Flash 2000 Organic Elemental Analyzer (Thermo
Fisher Scientific, USA) to determine the POC mass of the considered filter piece. The quantification limit
of the analyzer was 0.200 ug. Depending on the homogeneity of the particulates deposited on the filter,
between one and 10 replicates were analyzed to assess the POC mass on the whole filter and thus the
POC concentration of the sample.
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3.3. In Situ Data Calibration

Discharge was calculated at 30-min intervals using water levels monitored at inlet n°4 and at the outlet. Two
theoretical rating curves were calculated using the xsecAnalyzer tool (NRCS Water Quality and Quantity
Technology Development Team, USA) and optimized to fit discharge values acquired by salt dilution
measurements (Gees, 1990).

The correction of fDOM data for turbidity, inner filter effect and temperature was explored (de Oliveira et al.,
2018; Downing et al., 2012; Watras et al., 2011). Since absorbance values at 254 nm were consistently below
0.6 (de Oliveira et al., 2018), no correction for inner filter effect was applied to the signal. Short peaks of tur-
bidity > 20 FNU potentially disturbed fDOM monitoring (Downing et al., 2012). During these peaks, raw
contiguous fDOM data were removed from the data set and linearly interpolated when non disturbed
fDOM data were separated by less than 6 hr. No other correction was applied for turbidity. Lastly, fDOM data
were corrected for water temperature as mentioned by de Oliveira et al. (2018). High-frequency DOC con-
centration was calculated using the relationship linking fDOM data to DOC concentration in flood and
grab-water samples. The model chosen was a linear regression ([DOC] = a*fDOM + b) described by the fol-
lowing parameters (a = 0.193, b = —0.06, number of observations = 167, r* = 0.93, p value < 0.001) (support-
ing information Figure S1). This model was applied at inlet n°4 and at the outlet since fDOM calibration tests
had been conducted in the laboratory showing no significant differences between the two sensors. POC con-
centration at the outlet was estimated at 30-min intervals using a model based on the natural logarithm of
the turbidity ([POC] = a*In (Turbidity) + b) described by the following parameters (a = 0.55, b = 0.04, num-
ber of observations = 30, r* = 0.65, p value < 0.01) (supporting information Figure S2). At the inlet, calibra-
tion of the turbidity sensor could not be performed because not enough filters contained sufficient material
for quantification.

3.4. Flood Period Definition and Identification

Flood periods were identified in the discharge signal according to a hydrograph separation method
(McDonnell, 2009) specific to the outlet of Bernadouze peatland and compiled in a Python script. In this
script, a flood starts with a positive gradient of 5 L s™* between two successive sample points, which corre-
sponds to a water elevation of 1 cm at the outlet at low flow. A flood finishes at the end of the subsurface flow
compartment on the falling limb of each flood hydrograph. The MRCTools v3.1 software (Posavec et al.,
2017) was used to model a master recession curve and define a unique subsurface flow limit specific to
the outlet discharge data from 2015 to 2017. To mitigate the high-frequency variability in the discharge sig-
nal, it was determined that the end of a flood occurred when the average of four continuous discharge values
exceeded the subsurface flow separation limit. Lastly, floods occurring less than 24 hr apart were grouped
into a single flood event.

3.5. Exports and Specific Flux Calculation

Each of the following equations were written using DOC notation. Equations (1), (5), and (6) are also used
for POC.

At each monitoring point j, the export m; poc was estimated (equation (1)) with Qi and [DOCIi correspond-
ing to data simultaneously collected at the logging time i and At corresponding to the high-frequency rate of
30 min.

N
mj poc = [ (Q*[DOC])*dixAr* 3, Q*[DOC]; ey
0
Based on the subcatchment surface, estimated with the DEM, the specific flux (F;) of each monitoring point

is equal to the exported mass divided by the surface (4;) of the subcatchment j considered:

Mj poc

Fjpoc = —L— @)
4

From the mass conservation equation, the outlet exported mass can be broken down into
different subcatchments:
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6
Moutlet,pOC = Mpeatland,DOC + 2 M pOC ©)
1

Since 2014, stream organic carbon concentrations measured at the outlet of subcatchment n°2 were similar
to the ones sampled at the outlet of subcatchment n°4 (supporting information S3). Assuming that subcatch-
ment n°4 is representative of all the six subcatchments that feed the peatland, the specific flux of the peat-
land can be calculated as follows:

(Aoutter—Apear )
S *Mjpletn°a,poC
inlet4 ( 4)
Apeatland

Moutlet, DOC—

Fpeatland,DOC =

As mentioned previously, the Bernadouze peatland lies on a karst system, which could lead to an overesti-
mation of the feeding area of the outlet due to ground flow loss. Perennial water losses observed along the
stream of subcatchment n°2 indicated that this stream does not feed the inlet of the peatland continuously
but may occasionally do so during high flow events. These karst discrepancies have an effect on the calcula-
tion of specific fluxes because they can reduce the term A, of the effective catchment area. Therefore, for
the rest of the discussion, a specific flux range will be denoted as follows, [x,y|. The first number (x) repre-
sents the specific flux calculated with the entire watershed area while the second number (y) represents
the specific flux calculated after removing the area of subcatchment n°2.

3.6. Outliers and Gap Filling

Water level, fDOM, and turbidity outliers due to maintenance were corrected manually by applying linear
regressions between the closest validated data. Battery or sensor dysfunctions and wiper failures prevented
data acquisition and signal measurements during different periods. A linear model (* = 0.99, p value < 0.01)
based on total precipitation recorded in Aulus-les-Bains (733 m, (42°48’N, 1°20'E)) was built to generate
total daily precipitation in Bernadouze when precipitation data from the in situ weather station were not
available. Missing discharge and stream organic carbon concentration (DOC and POC) data were replaced
respectively by the extrapolated average (equation (5)) and the discharge weighted average (equation (6))
calculated over the 2015-2017 period. At inlet n°4, annual discharges for 2015 and 2016 were estimated
using the precipitation/discharge ratio observed for 2017. Annual DOC exports were estimated with 20%
of uncertainty by multiplying the previously estimated annual discharges by the average DOC concentration
observed in 2017 at inlet n°4.

o Zn: Q*At;

Q= [,Q)rdi~=t—— 5)
Z At;
i=1

with At; = high frequency rate = 30 min

o > QXA
X] = [oX](6)*Q()*dtn = —— 6)
; Qi*At;

3.7. Flux Uncertainties

A Monte Carlo simulation approach was used to estimate uncertainties on calculation of the fluxes (equa-
tion (2)) as detailed by Cook et al. (2018). At each logging time, discharge and stream organic carbon concen-
tration values were defined according to a normal distribution centered on the observed data with a standard
deviation defined as follows: for discharge data at the outlet, the standard error was set at 7% of the observed
data for values lower than 360 L s™* and 17% for higher ones; at the inlet, the discharge standard error was
set at 10% for all values. The standard errors for both DOC and POC concentration were assumed to be +0.5
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Figure 2. Precipitation and air temperature (a), discharge (b), high-frequency DOC concentration (c), and high-frequency POC concentration (d) time series
observed at the outlet of the Bernadouze peatland over 3 years (1 January 2015 to 31 December 2017). The vertical grey lines represent a change of year. The
dark blue periods on the discharge signal represent floods. Blue and red triangles in timeline (c) refer to DOC concentration measured in grab water samples and
automated flood samples respectively. Black triangles in timeline (d) refer to POC concentration measured in automated flood samples.

mg L1, After 5,000 iterations for each flux calculation, the best-estimate value was taken as the mean and
the standard error estimation was taken as the standard deviation of the flux.

4. Results
4.1. Outlet Stream Hydrochemistry

At the outlet of Bernadouze peatland, the average baseflow was 16 L s™*, ranging from 0.5 to 620 L s™*. Base
flow conditions occurred both during winter (November to February) when most precipitation occurs in the
form of snow and during summer (July to September) when evapotranspiration processes are highly active
due to high temperatures and less frequent rain events (Figure 2). High flows (flood events) occurred
throughout the year and lasted from 90 min to 10 days. They originate from snowmelt (December to
April) or heavy rainfall associated with rises in air temperature (May to November). Rain events caused
rapid discharge responses (~1 hr), with sharp discharge gradients (e.g., from 2 to 722 L' s™" in 1 hr during
the 2016 July flood event). Using the flood definition specified in the method section (3.4), 95 different flood
events were identified over three years (dark blue line). They constituted 9% of the timeline and had an aver-
age duration of 30 hr. The 95 discharge peaks ranged from 9 to 1251 L s™*, and the discharge average over
those events was 132 Ls™.

DOC concentrations ranged from 0.6 to 9.9 mg L™ "at the outlet of Bernadouze peatland, with an average of
1.5 mg L™". The DOC concentration (Figure 2c) presented many short and variable peaks distributed
unevenly along the timeline. The largest peak amplitudes occurred each year over periods extending from
April to October corresponding to the highest daily mean temperature periods. Each DOC concentration
peak started simultaneously with a rising limb in the discharge. However, DOC concentration peaks of
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Figure 3. High-frequency sampling flood analysis. The summer event (red time series) occurred in September 2015 and the winter event occurred in March 2017.
The two top graphs represent precipitation, discharge, and water temperature observed at the outlet of the Bernadouze peatland. Precipitation during the summer
event (red) is represented hourly whereas in the second event the rain gauge was damaged. Precipitation was modelled and could only be represented daily.

The two bottom graphs represent pH, DOC concentrations derived from fDOM, measured DOC concentrations, and POC concentration derived from turbidity
observed at the outlet of the Bernadouze peatland.

similar amplitude were triggered during extremely contrasted discharge events. No systematic relationship
was observed between DOC concentration and discharge values.

POC concentration averaged over three years in Bernadouze was 0.2 mg L ™" and varied between 0.0 and 5.3
mg L. The POC concentration signal (Figure 2d) was composed of low base concentration periods (<0.1
mg L") and intense peaks lasting no longer than 60 min. The POC concentration peaks were distributed
throughout the seasons but were more frequent in autumn. Each POC concentration peak started simulta-
neously with a rising limb in the discharge. However, similar to DOC, no systematic relationship was
observed between POC concentration and discharge values. Moreover, no relationship was observed
between DOC and POC concentration.

4.2. Detailed Flood Analysis at the Outlet

Figure 3 shows the two seasonal flood patterns monitored and sampled at the outlet of the peatland. Only in
situ high-frequency results will be discussed in the following sections. The first flood occurred at the end of
the summer of 2015 and was characterized by a maximum DOC concentration of 9.9 mg L™", a maximum
POC concentration of 2.4 mg L™ and a maximum outflow of 63 L s~'. The second flood was monitored
at the end of the winter of 2017; it reached a maximum DOC concentration of 1.8 mg L™" and a maximum
discharge of 159 L s~ whereas POC concentration was negligible for the whole period.

During the summer flood (Figure 3a), three precipitation events (6 + 10 + 16 = 32 mm) generated three suc-
cessive increases in discharge and organic carbon (DOC and POC) concentration. For each event, organic
carbon concentration started to rise simultaneously with discharge. POC concentration peaked simulta-
neously with discharge whereas DOC concentration peaked 1 hr after the discharge peak. The DOC concen-
tration was not directly related to discharge or precipitation since the second and the third DOC
concentration peaks were of similar magnitudes (9.3 and 9.8 mg L") for different amounts of rain (10
and 16 mm) and discharge (20 and 63 L's™") peaks. Water temperature followed a diurnal cycle despite slight
decreases observed after the precipitation events. The average water temperature was 11.5 °C, and no

ROSSET ET AL.



Journal of Geophysical Research: Biogeosciences 10.1029/2019JG005142

[DOC] (mg L1)

N

o

—— Outlet
—— Inlet n°4

!

201%3-09

2016»11

201‘7-01 201‘7-03 201‘7-05 201‘7-07 201‘7-09 201‘7-11 201%3-01

Figure 4. DOC concentration time series observed simultaneously at inlet 4 (green) and at the outlet (red) over 16 months (6 September 2016 to 31 December 2017).

9.0

8.51

5.5 1

5.0

correlation with other variables was found. DOC and POC exports during this flood were respectively
estimated at 10.4 + 0.9 and 1.1 + 0.6 kg, with mean export rates of 226 + 21 g 30 min_' and 16 + 9 g
30 min~".

The winter flood (Figure 3b) was composed of one main discharge elevation due to a small rain event (total
over the period = 13 mm). During the discharge event, no organic carbon concentration peaks were
observed as the signals remained stable in low ranges from 1.1 to 1.8 mg L™* for DOC and were null for
POC. The water temperature ranges were low due to the snowmelt [1.9, 3.8] °C with a minimum observed
during the highest discharges. DOC exports during this winter flood event were estimated at 40.5 + 15.7 kg

with a mean export rate of 220 + 85 g 30 min™".

4.3. Inlet and Outlet Hydrochemical Trends

From September 2016 to January 2018 at inlet n°4, DOC concentration ranged from 0.1 to 2.0 mg L™" with
an average value of 0.6 mg L™ (Figure 4). Over the same period at the outlet, DOC concentration ranged
from 0.7 to 8.3 mg L™ with an average of 1.7 mg L™". Both signals are par-
titioned between short DOC concentration peak events and long periods
of low concentration stabilized around 0.1 mg L™" at inlet n°4 and 1.0

Inlet winter mg L™ ! at the outlet. By comparing several DOC concentration peak
glljiltestuv:/?:;:rr events in the timeline, it was established that the maximum DOC concen-
Outlet summer tration at the outlet preceded the one at inlet n°4 by an average of 7 hr.
Piezometers When comparing similar events on the timeline, the magnitude ratio of
the DOC concentration peaks ([DOC outlet]/[DOC inlet n°4)] varied from

1.5 to 21 (adjusted with the 7-hr delay).

>omoOoBnm

At inlet n°4, pH was stable around 8.1, whatever the hydrological condi-
tions. This was not the case at the outlet where pH ranged between 6.6
and 8.0 (Figure 5). The decreases of pH at the outlet during floods were
associated with a rise in DOC concentrations (Figure 5). The outlet water
chemistry can be modelled as a mix between two end members: water
from Inlet n°4 and peatland porewater observed in the piezometer wells.
During flood events, the porewater contribution rose since stream water
evolved toward high DOC concentrations (>10 mg L™") and lower pH
(<6.5). This phenomenon was amplified during summer (1 May to 30
November) with ranges 2 times greater than in winter (1 December to
30 April).

[DOC] (mg L™Y)

15 20 25 30 .
4.4. Outlet Stream Organic Carbon Exports

Total exports of organic carbon at the Bernadouze peatland outlet from

Figure 5. DOC concentration versus pH plot representing the 95 flood  January 2015 to December 2017 reached 5,422 + 83 kg with an annual

events observed at the outlet (red plots) and the 41 periods observed simul-
taneously at the inlet (green plots). Dark colors represent winter flood
while light colors represent summer flood. Purple triangles represent DOC

average value of 1,807 + 31 kg year™' (Figure 6). Over that period, the
majority of the organic carbon exports occurred in the dissolved form

concentration measured in different piezometer wells situated within the which represented 83% + 2% of the total export (Figure 6¢). Looking at
Bernadouze peatland.

the high-frequency signals, DOC exports at the outlet of Bernadouze
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Figure 6. DOC exports (a) and POC exports (b) time series and cumulative TOC exports (c) calculated over 3 years in the outlet of Bernadouze peatland. Vertical
grey lines represent a change of year. Dark colors represent floods.

watershed ranged from 0.8 + 0.5 to 5,352.1 + 1,239.9 g 30 min~" with an average value of 91.6 + 28.9 g
30 min~" (Figure 6a) while POC exports ranged from 0.2 + 0.3 g 30 min~" to 5,403.4 + 1,137.2 g 30 min~*
with an average value of 19.1 + 18.8 g 30 min~' (Figure 6b). The majority of the high stream carbon
exports occurred during floods (blue lines on the high-frequency signals) and this significant flood
contribution took the form of sharp increases in the cumulative fluxes (Figure 6¢). Over the 3 years of
study, flood periods represented 46% =+ 3% of the total export of carbon, with a contribution of 45% + 1%
to the total DOC exports and 54% + 2% of the total POC exports. During baseflow, 85% + 4% of the stream

organic carbon was principally exported in dissolved form at a constant rate of 55.8 + 98.0 g 30 min~%.

4.5. Peatland Contribution to DOC Exports From the Watershed

In 2017, DOC fluxes at inlet n°4 represented 9% of the DOC exports at the outlet (Table 1). Based on a topo-
graphical watershed contribution (without water losses in karst), the DOC specific fluxes of inlet n°4 and the
entire watershed for 2017 were respectively 0.3 + 0.0 and 0.7 + 0.0 g m* year™*. In these conditions, the peat-
land DOC specific flux reached 16.1 + 0.4 g m* year™' (equation (4)). Assuming that inlet n°2 is outside the
hydrological contribution area (reduced watershed—Table 1), DOC specific flux at the outlet reached 1.6 +
0.0 g m? year™ ! and specific flux of the peatland becomes 21.2 + 0.4 g m” year™*. According to the DOC spe-
cific flux difference between the outlet and inlet n°4, the Bernadouze peatland contributed between 64% and
84% of the outlet DOC specific flux. For 2015 and 2016, the peatland DOC specific flux was estimated to
reach [20.2 + 2.8, 26.9 + 1.5] g m™ > year™ ' and [28.4 + 2.8, 34.6 + 1.5] g m~ > year™ ", respectively.

5. Discussion
5.1. Insights From High-Frequency Monitoring

High-frequency monitoring highlights the highly dynamic regime of stream organic concentrations in the
watershed of Bernadouze. Sharp increases in concentrations are recorded within hours in accordance
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Table 1

Topographical Description of the Watershed of Bernadouze and 2015 to 2017 Annual Summary of Hydroclimatic Data, Stream Organic Carbon Exports and
DOC Specific Fluxes at Inlet n°4 and at the Outlet of the Bernadouze Peatland

Unit/Year 2015 2016 2017
‘Watershed Total area m> 1,646,760
Peatland area 46,678
Subcatchment n°2 area 382,485
Subcatchment n°4 area 916,371
Annual precipitation mm 1854 1698 1603
Mean annual temperature °C 8.5 7.5 8.7
Inlet 4 Discharge m’ 186,839 (*) + 37 368 171,084 (*) + 34 217 161,544 + 2,293
DOC Total exports g 130,787 (*) + 26 157 119,759 (*) & 23 952 98,926 + 1,667
Outlet Discharge m3 872,929 + 12,561 1,147,492 + 16,507 680,309 + 9,751
% flood time % 8 11 8
DOC total exports g 1,491,064 + 23,458 1,828,705 + 28,290 1,165,299 + 17,858
% DOC during flood 49 + 2 42 £+ 2 42+1
POC Total exports 306,356 =+ 8,328 354,974 + 8,913 275,982 + 6,751
%POC during flood 51+4 48 + 3 66 + 4
Peatland DOC specific flux Entire catchment g m™> yeaf1 20.2 + 2.8 28.4 +2.8 16.1 + 0.4
Reduced catchment 269 + 1.5 34.6 + 1.5 212+ 0.4

Note. The symbol (*) means that the figure has been modelled from the precipitation/discharge ratio observed in 2017 for discharge with 20% of uncertainty and
from the multiplication of the mean DOC concentration observed in 2017 and the modelled annual discharge for annual DOC exports at inlet n°4. No POC
data were assessed at Inlet n°4 during the whole period. Flood periods percentage was monitored at the outlet of the peatland and represents the total period of
flood over one xyear. Peatland specific fluxes depend on the contributing area considered: either the entire catchment or the reduced catchment excluding

subcatchment n°2.

with the observations reported in other climatic or topographic contexts (Austnes, 2010; Pellerin et al., 2011;
Rode et al., 2016; Saraceno et al., 2009; Tunaley et al., 2018). The coupled monitoring of fDOM, turbidity, and
discharge shows that all the stream organic carbon concentration peaks are triggered by a simultaneous
discharge elevation. However, stream organic carbon concentration peaks are not proportional to
discharge (Figure 3) and other high-frequency parameters such as temperature and water table levels
must be included in models to understand their variability (Bernard-Jannin et al., 2018; Binet et al., 2013;
Birkel et al., 2017; Tunaley et al., 2018).

During the 3-year monitoring period, the Bernadouze peatland experienced many periods of intense hydro-
logical events (Figure 2). Wind colliding with mountains causes dynamic lifting of moisture laden air to
higher altitudes (creating orographic clouds). This process favors precipitation (Houze, 2012; Le Roux
et al., 2016), and the steepness of the terrain produces high kinetic energy runoff. Both of these parameters
induce a high stream discharge potential and reactivity in the watershed (Jeong et al., 2012). Only karst fea-
tures (upstream subcatchment n°2) or low temperatures (snow precipitation) are likely to slow down or shift
a precipitation event in the discharge signal. In such conditions, in situ high-frequency monitoring is
imperative to capture the short and erratic flood events which are crucial in the stream organic carbon
exports (Figures 2 and 3). At our study site, flood events represent only 9% of the timeline but account for
46% + 3% of the total stream organic carbon exports from the watershed. A similar contribution of short
hydrological events has been reported in the case of rainfall storms in cool lowland peatlands where 45%
(Koehler et al., 2009), 50% (Clark et al., 2007), and between 41% and 57% (Hinton et al., 1997) of the DOC
is exported during the 10% of the time corresponding to the highest discharge. This is also consistent with
the report by Broder and Biester (2015) from a low elevation (~800 m.a.s..) montane peatland in the
German Harz Mountains where around 40% of the DOC exports occurred during 10% of the time related
to high flows. An equivalent ratio is observed in boreal climates where between 50% and 68% of the TOC
are exported from peatlands during the 1-month snowmelt period (Laudon et al., 2004). Montane peatlands,
such as the Bernadouze site (Figure 3), combine high discharge events from rainfall, when DOC concentra-
tions increase with discharge (transport limited flood), and snowmelt when DOC concentrations are limited
by the discharge level (source limited flood) (Pellerin et al., 2011).

On an annual basis, the benefit of high-frequency monitoring for stream organic carbon export quantifica-
tion can be questioned. The 2015 to 2017 annual DOC exports based on high-frequency DOC and discharge
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(equation (1) and Table 1) were compared to the annual DOC export estimations calculated using method n°
5 from (Walling & Webb, 1985) and completed for uncertainties by Hope et al. (1997). This method is based
on high-frequency discharge data and DOC concentrations from the grab stream water samples (Figure 2c).
The latter estimations differ between —8% + 21% and + 22% + 23% from the ones using high-resolution DOC
concentrations. These discrepancies contrast with observations by Koehler et al. (2009) at the Glencar Bog
who reported similar DOC exports whatever the considered grab sampling frequency (daily, weekly, and
monthly). In Bernadouze, high-frequency monitoring improved the annual DOC export assessments. The
differences observed between the two models may originate from the extreme variability of the DOC concen-
tration at the outlet of the fen, which is much stronger than the one reported from the Glencar bog. High-
frequency monitoring helped to detect extremely short (few hours) POC peaks at the beginning of flood
events. Quantified over the 3-year period, POC exports account for 17% + 2% of the TOC exports at the outlet
of the Bernadouze peatland. This is a relatively high ratio since typical values range from 0.6% ((Laudon
et al., 2011) in boreal peatlands, to 5% (Dinsmore et al., 2010) in a northern temperate peatland and from
2% to 8% (Cook et al., 2018; Moore et al., 2013) in tropical peatlands. Higher POC export ratios from peatland
have already been reported in the literature by Pawson et al. (2012) who found a 40% ratio from an eroded
blanket peatland in the UK and by Ryder et al. (2014) who reported a similar ratio in a forested peatland
using high-frequency monitoring. Both the steepness (50%) of the watershed and the high-frequency mon-
itoring can explain the high POC export ratio observed at the outlet of Bernadouze peatland. First, erosion
events may occur when hydrological flows are particularly intense. The kinetic energy of the water flowing
from the top of the watershed may impact upper peat layers and extract material from rich organic soils in
the watershed (Dykes & Warburton, 2007). Second, the high-frequency monitoring helps to detect the sud-
den POC concentration event which could have been missed at a low sampling frequency in other export
assessments (Figures 2d, 3, and S2). Unfortunately, no POC concentration data were available at inlet n°4
to attribute POC export to a specific landscape element (peatland or upstream subcatchments).

Logging activities could also favor organic matter mobilization from the upstream subcatchments and may
explain this high POC export ratio. At the outlet of the peatland, few large pulses in POC export were
observed during floods after the logging campaign in winter and spring 2017. Similarly, Ryder et al. (2014)
reported few POC concentration spikes at the outlet of the peaty Burrishoole watershed after clear felling
operations. However, no significant link could be established with clear-felling operation.

5.2. Mountain Peatland Contribution to Watershed Dissolved Organic Carbon Export

In mountains such as the Pyrenees, the proportion of peatland in watersheds is very small (3% in this study)
(SOeS, 2013). This explains the low DOC concentration (3-year average of 1.5 mg L) and watershed DOC
specific fluxes ([0.7 + 0.0; 1.6 + 0.0] g m ™ year™ ' in 2017) observed at the outlet of Bernadouze peatland.
These figures are about one order of magnitude lower than those observed in lowland peatlands (Fraser
et al., 2001; Hope et al., 1994; Laudon et al., 2004). However, lowland peatlands are generally more extended
(>km?) and principally dominated by peat surfaces, with the proportion in the watershed reaching more
than 70% (Leach et al., 2016; Ryder et al., 2014), 85% (Dinsmore et al., 2010), or even more (Koehler et al.,
2009; Worrall et al., 2003). Direct comparisons between mountain peatlands and lowland sites (Billett
et al., 2010; Nilsson et al., 2008; Roulet et al., 2007) may be biased and systemic approaches (in/out observa-
tions) such as those developed in this study and by Olefeldt and Roulet (2014) must be deployed to assess the
real contribution of small peatland areas to their watersheds.

In Bernadouze, simultaneous inlet and outlet monitoring revealed that the peatland area is the main
source of DOC in the watershed. During floods, the water exported at the outlet of the peatland is more
acidic and DOC enriched than the one flowing at inlet n°4 (Figures 4 and 5), coming closer to the peat-
land porewater composition (piezometer wells). Moreover, the high DOC concentration peaks at the
outlet occurred several hours before the low DOC concentration peaks at inlet n°4, confirming that
the peatland is the source of DOC in the watershed. Higher DOC concentrations at the outlet result
from (1) the transfer of DOC enriched “preevent” porewater previously stored within the peat column
(Tetzlaff et al., 2014; Tunaley et al., 2016) and (2) the leaching of subsurface nonsaturated peat by event
water (Bernard-Jannin et al., 2018).

Previous studies highlighted the high contribution of peatland and peaty areas, such as riparian zones,
to organic carbon export in headwater streams in different contexts (Laudon et al., 2011; Ledesma et al.,
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2017; Mzobe et al., 2018; Strohmeier et al., 2013; Tunaley et al., 2016). In a watershed, different
landscape elements are characterized by heterogeneous DOC specific fluxes and, therefore, contribute
more or less to the whole watershed DOC export, depending on their surface distribution (Agren
et al., 2014; Laudon et al., 2011; Olefeldt & Roulet, 2014). In the watershed of Bernadouze in 2017,
DOC specific flux of subcatchment n°4 was 0.3 + 0.0 g m™2 year " while DOC specific flux of the
peatland was [16.1 + 0.4;21.2 + 0.4] g m™> year ' depending on the contribution of subcatchment
n°2. The contribution of subcatchment n°2 was restricted to short and intense precipitation events
when karstic loss capacity was saturated and runoff occurred. Therefore, the higher DOC specific flux
value must be considered with caution since DOC export occurred strongly during intense flood
events, potentially enlarging briefly the contributing catchment. With a DOC specific flux at least 54
times higher than the upstream catchments, the Bernadouze peatland contributed between 63% and
84% of the DOC outlet exports in 2017. Moreover, this ratio may be underestimated since DOC in-
stream processes such as sorption to sediments or mineralization (Cole et al.,, 2007; Dawson et al.,
2004; J. Tang et al., 2018) were not taken into account in this study leading to conservative outlet
DOC export and peatland specific flux assessments.

Considering the estimations for 2015 and 2016, the peatland DOC specific flux ranges from 16.1 + 0.4 to
34.6 + 1.5 g m~? year ' at Bernadouze (Table 1) with a clear interannual variability. In the literature,
the interannual variability of peatland specific fluxes appears to be largely influenced by precipitation
(Dinsmore et al., 2013; Leach et al., 2016; Roulet et al., 2007) and by the frequency of extreme hydro-
logical events (Clark et al., 2007), which concurs with this study (Figure 1 and Table 1). Even if it is
highly variable, the DOC specific flux observed at Bernadouze falls within the wide range [1.1; 48.4]
g m~2 year ™" of DOC specific fluxes reported by (Fraser et al., 2001) for wetlands and forested-wetland
catchments and it is within the typical [20, 30] g m™> year_1 range attributed to northern peatlands by
Gorham (1995). This flux is consistent with fluxes recently calculated for peat-dominant watersheds
under both temperate and boreal climates. For example, DOC exports from Glencar bog in Ireland
are estimated at 14 + 1.5 g m~? yealf1 (Koehler et al., 2009), Burrishoole watershed DOC exports
are [9.5, 13.7] g m™2 year_1 (Ryder et al., 2014) while other British peatland DOC specific fluxes range
between 9.4 and 19.3 g m2 yeau‘_1 (Billett et al., 2010; Worrall et al., 2003). In boreal areas, Roulet
et al. (2007) reported a 6-year average specific flux of 164 + 34 g m™2 year ' in Mer Bleue
(Canada) while Leach et al. (2016) estimated a DOC specific flux averaged over 12 years of 12.2 +
3.4 g m™? year™ " in Degerd Stormyr (Sweden). Finally, they are also consistent with exports monitored
by Broder and Biester (2015) from the montane Odersprung bog with a DOC specific flux reaching 15.5
+ 6.7 g m™2 year . More studies need to be conducted in mountains to assess the influence of eleva-
tion on peatland DOC specific fluxes since the Bernadouze peatland (1,343 m.a.s.l.) seems to export
more than the lower (800 m.a.s.l.) Odersprung bog. Moreover, mountainous areas are expected to be
strongly impacted by climate change in the coming years (Nogués-Bravo et al.,, 2007; Pachauri &
IPCC, 2008), which will certainly affect their stream organic carbon specific fluxes. Increasing tempera-
tures and precipitation changes will cause severe shifts in mountainous hydrological regimes (Beniston,
2006; Eckhardt & Ulbrich, 2003; Gobiet et al., 2014) by reducing snow and ice pack (Barry, 1990;
Bosson et al., 2019; Zemp et al., 2006). They will also modify the catchment land cover by enhancing
thermophilic plant communities and increasing vegetation in alpine climatic belts (Gottfried et al.,
2012; Rogora et al., 2018). Extreme rain events are expected to be more frequent in the Pyrenees
(Gao et al,, 2006) instigating more flood events. Enhancing the 9% flood event ratio measured in
Bernadouze, these events may substantially increase the peatland DOC exports and potentially deplete
the peatland carbon stocks held in mountains.

6. Conclusion

This study is a unique contribution to the understanding of the carbon cycle in montane peatlands and their
associated watersheds. At the outlet of the Bernadouze peatland, 46% of the TOC annual exports occur dur-
ing 9% of the time which represents the seasonal “hot spots” of high discharge (storm and snowmelt). In this
context, high frequency in situ monitoring is imperative to accurately assess stream organic carbon exports
since it reveals sudden brief peaks of DOC and POC concentration not related to the discharge levels, but
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crucial in the export calculations. In this mountainous watershed, DOC is the dominant form exported but
POC constitutes 17% of the TOC annual exports at the outlet. The inlet and outlet monitoring shows that a
montane peatland (3% of the watershed area) contributes at least 63% of the DOC exports in the watershed.
Even if low DOC concentrations are observed at the outlet (1.5 mg L™" average), the DOC specific flux of this
montane peatland ranges from 16.1 + 0.4to34.6 +1.5¢g m ™2 year™ ! which is consistent with the DOC spe-
cific fluxes measured in Northern lowland peatlands. It confirms that these small, fragmented but numerous
mountainous peatlands must be considered when assessing the impacts that their stream organic carbon
exports may have on headwater stream chemistry.
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