
P
os
te
d
on

31
J
u
l
20
23

—
C
C
-B

Y
4.
0
—

h
tt
p
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
69
08
15
25
.5
75
67
79
3/
v
1
—

T
h
is

a
p
re
p
ri
n
t
an

d
h
as

n
ot

b
ee
n
p
ee
r
re
v
ie
w
ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Hydrological conditions control dissolved organic matter dynamics

along a peatland headwater boreal stream

Antonin Prijac1, Laure Gandois2, Pierre Taillardat3, and Michelle Garneau1
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Abstract

Hydrological conditions (i.e., high-flow versus low-flow) in peatland drainage streams influence both the quantity of dissolved

organic carbon (DOC) exports and dissolved organic matter (DOM) composition. Yet, our knowledge on DOM fate after exports

from the peatland remains limited while this highly reactive component sustains emissions and exports of carbon dioxide (CO2)

from streams through degradation processes. The present study demonstrates the relationships between DOM composition

evolution and catchment hydrological conditions along a 3 km long headwater stream running through a boreal peatland, from

its source to the outlet. Our results show that hydrological conditions significantly influenced DOM composition evolution

along the stream. DOM exported during high-flow conditions presented a composition similar to peat porewater in terms of

DOC:DON ratio and aromaticity, but a lower average molecular weight, indicating preferential exports of low molecular weight

DOM recently produced in the acrotelm. The DOM composition changed little along the stream during high-flow as it was

rapidly flushed downstream. During low-flow conditions, DOM composition evolved along the stream in contrast to high-flow

with a strong increase in DOM aromaticity and molecular weight along the stream. These changes were significantly correlated

to the water residence time in the stream and to the estimated proportion of mineralized DOC to total DOC flux exported at

the stream outlet. These results highlight the importance of hydrological conditions on DOM dynamics as DOM was locally

mineralized during low-flow conditions, when DOC exports were low, while mineralization processes happened downstream

under high-flow conditions which favored important DOC exports.
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Abstract  16 

Hydrological conditions (i.e., high-flow versus low-flow) in peatland drainage streams influence 17 

both the quantity of dissolved organic carbon (DOC) exports and dissolved organic matter 18 

(DOM) composition. Yet, our knowledge on DOM fate after exports from the peatland remains 19 

limited while this highly reactive component sustains emissions and exports of carbon dioxide 20 

(CO2) from streams through degradation processes. The present study demonstrates the 21 

relationships between DOM composition evolution and catchment hydrological conditions along 22 

a 3 km long headwater stream running through a boreal peatland, from its source to the outlet. 23 

Our results show that hydrological conditions significantly influenced DOM composition 24 

evolution along the stream. DOM exported during high-flow conditions presented a composition 25 

similar to peat porewater in terms of DOC:DON ratio and aromaticity, but a lower average 26 

molecular weight, indicating preferential exports of low molecular weight DOM recently 27 

produced in the acrotelm. The DOM composition changed little along the stream during high-28 

flow as it was rapidly flushed downstream. During low-flow conditions, DOM composition 29 

evolved along the stream in contrast to high-flow with a strong increase in DOM aromaticity and 30 

molecular weight along the stream. These changes were significantly correlated to the water 31 

residence time in the stream and to the estimated proportion of mineralized DOC to total DOC 32 
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flux exported at the stream outlet. These results highlight the importance of hydrological 33 

conditions on DOM dynamics as DOM was locally mineralized during low-flow conditions, 34 

when DOC exports were low, while mineralization processes happened downstream under high-35 

flow conditions which favored important DOC exports.  36 

1. Introduction 37 

Among terrestrial ecosystems, peatlands play a crucial role in the carbon cycle as they 38 

represent an important carbon sink, as a result of accumulating organic carbon fixed by its 39 

vegetation under the form of peat (Charman, 2002; Yu et al., 2010). It was also established that, 40 

at the catchment scale, the amount of carbon exported as dissolved organic carbon (DOC) is 41 

positively correlated to the proportion of the catchment area covered by peatlands (Billett et al., 42 

2006; Laudon et al., 2011; Olefeldt et al., 2013; Rantakari et al., 2010). DOC is the main form of 43 

carbon being laterally exported from peatland ecosystems, accounting from 57 % to 97 % of 44 

aquatic carbon fluxes (Dinsmore et al., 2010, 2013; Holden et al., 2012; Leach et al., 2016; 45 

Roulet et al., 2007). The remaining part is constituted by particulate organic carbon (POC), 46 

dissolved carbon dioxide (CO2) and methane (CH4). Moreover, several studies have shown that 47 

DOC export from peatland can offset 14-132 % of its net ecosystem exchange (Dinsmore et al., 48 

2010; Nilsson et al., 2008; Roulet et al., 2007; Worrall et al., 2008), even exceeding the net 49 

ecosystem exchange for some years (Koehler et al., 2011; Roulet et al., 2007).  50 

The aquatic DOC export through peatland drainage streams is highly sensitive to 51 

hydrological conditions in catchments, and mainly in peatland areas. The rise of peatland water 52 

table depth (WTD) leads to the increase of hydrological connectivity between peatland and 53 

stream and facilitates DOC transfer through subsurface flow during flood periods (Birkel et al., 54 

2017; Bishop et al., 2004; Frei et al., 2010; Laudon et al., 2011; Tunaley et al., 2016). 55 

Additionally to the importance of DOC in aquatic carbon exports, it is necessary to evaluate if 56 

this form of carbon is reactive and can be mineralized through biodegradation and 57 

photodegradation processes in streams (Lapierre & del Giorgio, 2014; Vonk et al., 2015), to fully 58 

understand its fate – either mineralized as CO2 and sent back to the atmosphere or transported 59 

downstream. In headwater streams, dissolved organic matter (DOM) mineralization leads to CO2 60 
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production (Hutchins et al., 2017; Rasilo et al., 2017) hence generating emissions of CO2 from 61 

headwater streams (Taillardat et al., 2022; Wallin et al., 2013).  62 

Several studies previously explored the evolution of DOM composition along river 63 

transects (i.e., from its source to its outlet within a catchment) through the optical or molecular 64 

properties, or assessments of biodegradability. These studies aimed at demonstrating the 65 

influence of land use change (Hope et al., 1997; Kamjunke et al., 2019; Miller, 2012; Yamashita 66 

et al., 2010), dams and reservoirs (Parks & Baker, 1997; Stackpoole et al., 2014; Zurbrügg et al., 67 

2013) on DOM composition evolution in streams and rivers. The respective influence of multiple 68 

DOM sources and tributaries contributions within large river catchments were also assessed 69 

using this approach (Cawley et al., 2012; del Giorgio & Pace, 2008; Frederick et al., 2012; 70 

Lambert et al., 2016; Mladenov et al., 2007; N. D. Ward et al., 2015). These studies focused on 71 

catchments with surface areas ranging from 5,500 km2 (Yamashita et al., 2010) or larger (i.e., up 72 

to 1,353,000 km2 in Stackpoole et al., 2014).  73 

Consequently, Raymond et al. (2016) proposed the pulse-shunt concept to conceptualize 74 

the fate of DOC exported through streams and rivers networks. While Cole et al. (2007) 75 

described rivers as a reactor rather than the common acceptance of them as passive pipes, 76 

Raymond et al. (2016) hypothesized that streams can be one or the other depending on 77 

hydrological connectivity between terrestrial ecosystems (e.g., peatlands) and rivers. After 78 

precipitation or during snowmelt, important discharge and short residence times induce large 79 

mobilization of DOM through rivers leading to the passive transfer of DOM up to coastal 80 

ecosystems. Elsewhere, periods of low hydrological connectivity led to lower DOM exports. The 81 

lower discharge and longer residence time during these periods enhance DOM mineralization in 82 

streams that sustains CO2 exports and emissions.  83 

Effects of hydrological connectivity on DOM mineralization at smaller scales and 84 

especially headwater stream catchments are less documented. Headwater streams are recognized 85 

to be molecularly more diversified compared to downstream rivers (Kamjunke et al., 2019; 86 

Lambert et al., 2016; Vannote et al., 1980; N. D. Ward et al., 2015; Zark & Dittmar, 2018), 87 

induced by the simultaneous contribution of allochthonous DOM derived terrestrial 88 

environments (e.g., peatlands) and autochthonous DOM production from biodegradation and 89 

photodegradation processes (Berggren et al., 2010; Mann et al., 2015; Vonk et al., 2015). 90 
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Therefore, mineralization processes can be identified by using DOM composition evolution 91 

(Grand-Clement et al., 2014; Payandi-Rolland et al., 2020; Prijac et al., 2022). Low molecular 92 

weight compounds are preferentially degraded by microorganisms (Mann et al., 2015; Spencer et 93 

al., 2008, 2015; Worrall et al., 2017), with a subsequent increase in aromaticity and molecular 94 

weight for the remaining DOM (Autio et al., 2016; Hulatt et al., 2014; Prijac et al., 2022). 95 

Conversely, photodegradation degrades aromatic compounds (Cory et al., 2007, 2013), and 96 

therefore decreases DOM molecular weight and aromaticity of stream DOM (Helms et al., 2008; 97 

Laurion & Mladenov, 2013; C. P. Ward & Cory, 2016). In addition to mineralization processes, 98 

stream DOM composition can vary according to its vertical stratification of DOM composition in 99 

contributing peat layers. This stratification is induced by WTD fluctuations, as well as  impact on 100 

microbial and plant metabolism (Broder & Biester, 2015; Buzek et al., 2019; Tfaily et al., 2013, 101 

2018) leading to an increase of DOM aromaticity and molecular weight with depth (Tfaily et al., 102 

2018). 103 

In peatland-dominated headwater catchments, previous studies have explored changes in 104 

DOM composition by comparing different hydrological conditions (i.e., periods of low- and 105 

high-flow in the stream) or during different seasons (Austnes et al., 2010; Broder et al., 2017; 106 

Buzek et al., 2019; Grand-Clement et al., 2014). However, these studies only considered one 107 

sampling station in a stream and commonly selected the outlet of catchments (Austnes et al., 108 

2010; Broder et al., 2017; Buzek et al., 2019) or compared distinct catchments according to their 109 

land cover (Grand-Clement et al., 2014). Despite these studies observed shift in DOM 110 

composition from recently produced DOM from the acrotelm during high-flow (Austnes et al., 111 

2010) to more microbial-derived DOM during low-flow (Grand-Clement et al., 2014; Hutchins 112 

et al., 2017) they did not explore the change along a stream transect (i.e., from its source to its 113 

outlet).  114 

The goal of this study is to understand the effect of hydrological conditions on DOM 115 

composition in a stream running through a boreal peatland-dominated catchment. While the 116 

pulse-shunt concept focused on variation of DOM exports under contrasted hydrological 117 

condition in stream, here we hypothesized that for a peatland-dominated headwater catchment, 118 

DOM composition evolution is also influenced by hydrological conditions. While it commonly 119 

assumed that mineralization processes affect DOM composition, the contribution of the study 120 
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would identify if and how residence time, under contrasted hydrological conditions, could affect 121 

mineralization processes magnitude and consequently the DOM composition. More specifically, 122 

the study aims at i) comparing DOM composition in the stream and in the peat porewater under 123 

different hydroclimatic conditions and ii) describing the spatiotemporal variability of DOM 124 

composition under the different hydroclimatic conditions along a stream transect. The study 125 

combines investigations of DOM composition at different sampling stations along a 3 km long 126 

stream transect, and present punctual mass balance models under different hydrometeorological 127 

conditions (consisting of high-flow and low-flow conditions) to estimate peatland contribution of 128 

DOC exports. 129 

2. Study site 130 

The study site, within the Romaine River catchment (14 500 km2) is located in north-131 

eastern Canada, was previously described (Prijac et al., 2022, 2023; Taillardat et al., 2022). The 132 

site is in the eastern spruce-moss bioclimatic domain of the closed boreal forest (Payette, 2001) 133 

at the limit of the coastal plain and the Highlands of the Laurentian Plateau of the Precambrian 134 

Shield (Dubois, 1980). The studied catchment is covered at 76% by the Bouleau peatland 135 

(50°31’N, 63°12’W; alt: 108 ± 5 m), an ombrotrophic slightly dome-shaped bog (Fig. 1). Peat 136 

accumulation was initiated at ca 9260 calibrated years before present and maximum peat depth 137 

reaches 440 cm (Primeau & Garneau, 2021). The peatland is positioned at the head of a 138 

catchment and the study focussed on the southern section of the peatland drained by a headwater 139 

stream of 3 km long, which is flowing from North to South predominantly on the western side of 140 

the peatland. The surface of the catchment drained by the stream is 2.22 km2 and is covered at 141 

76.7 % by peat, representing a surface area of 1.70 km2. 142 

As previously described (Prijac et al., 2022, 2023; Taillardat et al., 2022) the regional 143 

climate data give a mean annual temperature of 1.5°C and mean annual precipitation of 1011 mm 144 

of which 590 mm fall as snow. Average monthly positive temperature occurs from May to 145 

October with 1915 growing degree days above zero (Havre-Saint-Pierre meteorological station, 146 

mean 1990-2019, Environment of Canada). Over the growing seasons, average air temperature 147 

was 13.2 ± 6.9°C with a minimum temperature of -7.9°C in early October 2018 and a maximum 148 

of 30.8°C reached in late July 2018. Average precipitation events were 2 mm h-1 and maximum 149 
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sampling sites in wells (green dots), pools (yellow 

triangles) and in the stream (blue dots) and its tributaries 

(grey dots). The aerial photo was provided by Hydro-

Québec. 

 153 

3. Material and methods 154 

3.1 Water sampling 155 

The water sampling was performed four times during the growing season of 2019 (June, 156 

August, September, and October). Following the method described in Prijac et al. (2022, 2023), 157 

the water was sampled at the surface of eight stations along the headwater stream and peat 158 

porewater was sampled from six wells (P1 to P6, Fig. 1) located along a topographic gradient 159 

from the peatland dome (higher elevation) to its southern edge, near the stream outlet (lower 160 

elevation). The peat porewater was collected into two meters long PVC wells, perforated, 161 

covered with a nylon sock to avoid infilling by peat and inserted in peat to collect water from the 162 

first two meters of the peat column.  163 

Physicochemical parameters (temperature, pH, specific conductivity, and dissolved 164 

oxygen saturation) were measured at each sampling site using a multi-parameter portable meter 165 

(Multiline Multi-3620 IDS, WTW, Germany) calibrated before each field visit. Water samples 166 

were collected in clean polypropylene (PP) bottles (acid rinsed) and filtered on pre-combusted 167 

(4h at 450°C) GF/F filters (Whatman). 168 

3.2 DOM analyses  169 

3.2.1 DOC and DON concentrations 170 

Following the method described in Prijac et al. (2022), the filtered water samples were 171 

prepared for DOC and total nitrogen (TN) analyses by acidification to pH 2 with 1M HCl and 172 

stored in 40 mL glass vials. The DOC and TN concentrations were analyzed using the catalytic 173 

oxidation method followed by non-dispersive infrared (NDIR) detection of CO2 produced (TOC 174 
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analyser TOC-L, Shimadzu, Japan) with limits of quantification of 0.1 mg C L-1 and 0.2 mg N L-175 
1. The samples were prepared for cation and anion analyses and stored in high-density 176 

polyethylene (HDPE) vials without acidification. These ions (chloride, ammonium, nitrites, and 177 

nitrates) were analyzed by high performance liquid chromatography (HPLC) coupled with a 178 

Dionex ICS-5000+ analyzer for anions (Thermo Fisher Scientific) and a Dionex DX-120 179 

analyzer for cations (Thermo Fisher Scientific). The reference materials included ION-915 and 180 

ION 96.4 (Environment and Climate Change Canada, Canada). Analyses were performed at 181 

Laboratoire Ecologie fonctionnelle et environnement (UMR 5245 CNRS – UT3 – INPT, 182 

France). Dissolved organic nitrogen (DON) corresponds to the difference between the 183 

concentration of TN and the sum of concentration of inorganic nitrogen (ammonium, nitrites, 184 

and nitrates). 185 

3.2.2 Stable isotopic analyses 186 

Analyses of δ13C-DOC were realized at the Jan Veizer stable isotope laboratory 187 

(University of Ottawa, Canada) following the method described in Prijac et al. (2022)  and 188 

developed by Lalonde et al. (2014). The samples were acidified to pH 2 with 1M HCl and stored 189 

in 40 mL quality certified ultra-clean borosilicate glass vials. The first step involved catalytic 190 

oxidation of DOC followed by a solid-state non-dispersive infrared (SS-NDIR) detection of the 191 

CO2 produced (OI Aurora 1030C, Xylem Analytics, USA). The CO2 produced was passed 192 

through a chemical trap and a Nafion trap prior to 13C isotopic analyses using isotope-ratio mass 193 

spectroscopy (IRMS, Thermo Finnigan DeltaPlus XP, Thermo Electron Corporation, USA). The 194 

results were standardized with organic standards (KHP and sucrose) and 13C/12C ratios were 195 

expressed as per mil deviations from the international standard VPDB. 196 

3.2.3 Optical analyses 197 

As in Prijac et al. (2022), UV-visible analyses were performed on samples filtered on 198 

GF/F filters and absorbance was measured from 180 to 900 nm with a 5 nm resolution.  199 

Absorbance analyses were performed on ) Duetta (Horiba, Japan) over a wavelength 200 

range from 190 to 900 nm at 2 nm intervals. All analyses were realized at the Groupe de 201 

recherche interuniversitaire en limnologie (GRIL, UQAM, Canada).  202 
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The absorbance indices were calculated to provide information about DOM composition. 203 

These indices were SUVA254 (L mg-1 m-1) which is a proxy of the DOM’s aromatic content, 204 

calculated and corrected to ferric iron interaction following the method described in Weishaar et 205 

al. (2003), E2 : E3 ratio, and spectral slope ratio (SR) which are proxies of the average DOM 206 

molecular weight (Haan & Boer, 1987; Helms et al., 2008). 207 

Spectrofluorometric analyses were also conducted on Duetta (Horiba, Japan) at the GRIL 208 

laboratory. Samples were excited at a range from 230 to 450 nm (at 2 nm resolution) and 209 

fluorescence was measured at a range from 240 to 600 nm (at a 5 nm resolution). Prior to the 210 

analyses, samples were diluted when necessary to maintain an absorbance intensity at 254 nm 211 

below 0.6 and avoid inner filter effect. A blank sample with MilliQ water (Merck-Millipore, 212 

Germany) was measured prior to sample analyses. Samples spectra were obtained by subtracting 213 

the blank spectra to eliminate the Raman scatter peak. The operation was conducted 214 

automatically by the analytical equipment.  215 

3.3 Incubation experiments for the determination of the proportion on mineralized DOC 216 

into the DOC exports 217 

Incubation experiments were performed during three sampling periods in 2019, from 7 to 218 

13 June, from 31 July to 7 August, and from 4 to 10 September. Samples were collected at the 219 

stream outlet where water temperature was monitored using an EXO2 probe (YSI, USA).  220 

Incubation experiments followed the method described in Prijac et al. (2022) with 221 

samples filtered on GF/F filters (Whatman). Samples were placed on amber glass to test 222 

biodegradation (BIO) only and in transparent vials to test both bio and photodegradation 223 

(BIO+PHOTO). For in situ incubations (IS), the samples were placed 1-2 cm below the water 224 

surface at the outlet of the peatland (Fig. 1). For controlled conditions (CC), vials were placed in 225 

a dark room in a laboratory space near the study site (Havre-Saint-Pierre) where the temperature 226 

was maintained between 18 and 20°C and controlled twice each day. Both in situ and controlled 227 

conditions started the same day.  228 

In the end, samples incubated under UF conditions (n = 27) and filtered on a GF/F filter 229 

(Whatman) to analyze only the dissolved fraction. All samples (n = 27) were prepared to DOC 230 

quantification before and after incubation. Calculation was made according to the method in 231 
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Prijac et al. (2022). The apparent removal rate of dissolved organic carbon (RDOC), expressed in 232 

mg day-1, corresponds to the amount of DOC removed during incubation and reported per day. 233 

Degradation rates correspond to the proportion of DOC lost per day of incubation and are 234 

expressed in %C d-1.  235 

3.4 In situ high frequency monitoring 236 

According to the method described in Prijac et al. (2023) the fluorescence of DOM was 237 

measured at the drainage stream outlet at 1h interval from June 2018 to May 2020 using an 238 

EXO2 multi-parameter probe (YSI, USA). At each sampling station, water samples were 239 

analyzed for the DOC concentration and fDOM measurements taken with the EXO2 multi-240 

parameter probe along the stream. The relationship f(fDOM) = [DOC], where fDOM is the 241 

corrected signal fluorescence of DOM measured in quinine sulfate units (QSU) (de Oliveira et 242 

al., 2018) and [DOC] is the dissolved organic carbon concentration in mg C L-1, was used for 243 

DOC concentration calibration.  244 

In addition, the stream discharge was measured using a ‘V-shaped’ weir installed 245 

perpendicularly to the stream. The discharge was derived from the water level in the stream 246 

measured by an ultrasonic distance sensor (SR50, Campbell, USA) during the 2018 growing 247 

season and a water-level logger (U201-04, Hobo, Onset, USA) from June 2019, to replace the 248 

ultrasonic distance sensor, damaged during the spring freshet (Prijac et al., 2023). The 249 

calculation method was described by Taillardat et al. (2022). 250 

The DOC concentration and the stream discharge measured hourly form June 2018 to 251 

May 2020 were used to calculate the DOC exports at the stream outlet, following the calculation 252 

method described in Prijac et al. (2023). 253 

In addition, in the wells installed in the peat, WTD was recorded hourly at the six wells 254 

(Fig. 1) equipped with a water-level data logger (HOBO, Onset, USA) for 195 continuous 255 

measurement of WTD and temperature, from June 2018 to October 2020 as described in Prijac et 256 

al. (2022). The sensors were placed into wells, suspended with a measured metal wire and kept 257 

submerged (i.e., about -0.6 m below the peat surface). Another sensor 200 was installed next to a 258 

rain gauge to record atmospheric pressure variability and to correct piezometer pressure. 259 
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DOC fluxes (fDOCi; g h-1) were calculated for a station i by multiplying DOC 277 

concentration at the station i (DOCi; g m-3) by discharge at the station i (Qcor i) (Eq. 4). 278 𝑓𝐷𝑂𝐶 ௜ =  𝐷𝑂𝐶௜ × 𝑄 ௖௢௥ ௜  (3) 279 

The quantity of DOC that could be mineralized in the stream section (fDOCmin i; g m-3) 280 

was estimated based on degradation rates of DOC measured during incubation experiments. 281 

Then estimated fDOCmin i (g m-3) was multiplied by the concentration [DOC]i (g m-3), the 282 

degradation rates (m; %C h-1) and by the water volume of the section (V i; m3) as presented in 283 

equation (5). 284 𝑓𝐷𝑂𝐶௠௜௡ ௜ =  ሾ𝐷𝑂𝐶ሿ௜ × 𝑚 × 𝑉௜ (4) 285 

Then, for a section i, a carbon mass balance was calculated (Eq. 6 and 7). The inputs 286 

included incoming DOC from the stream (fDOC i-1), lateral inputs of DOC in section i 287 

(fDOClat.inp i), and inputs of DOC from tributaries (fDOCtrib i). The outputs included DOC exports 288 

measured at the outlet of section i (fDOC i) and estimated mineralization flux of DOC (fDOCmin i) 289 

presented in equation (4). 290 

෍ 𝑓𝐷𝑂𝐶௜௡ = ෍ 𝑓𝐷𝑂𝐶௢௨௧  
𝑓𝐷𝑂𝐶௜ିଵ + 𝑓𝐷𝑂𝐶௟௔௧.௜௡௣ ௜ + 𝑓𝐷𝑂𝐶௧௥௜௕ ௜ = 𝑓𝐷𝑂𝐶௜ + 𝑓𝐷𝑂𝐶୫୧୬ ௜ (5) 291 

Based on the equation (7), lateral inputs fDOC lat.inp i can be calculated: 292 𝑓𝐷𝑂𝐶௟௔௧.௜௡௣ ௜ = 𝑓𝐷𝑂𝐶௜ + 𝑓𝐷𝑂𝐶୫୧୬ ௜ − 𝑓𝐷𝑂𝐶௜ିଵ − 𝑓𝐷𝑂𝐶௧௥௜௕ ௜ (6) 293 

The proportion of fDOCmin along the stream to fDOC measured at the outlet of the 294 

section (%fDOCmin ; %) was measured in order to evaluate the estimated contribution of DOC 295 

mineralization to the exported flux (Eq. 8). 296 %𝑓𝐷𝑂𝐶௠௜௡ = ሺ∑ 𝑓𝐷𝑂𝐶୫୧୬ ௜௡௜ୀଵ ሻ 𝑓𝐷𝑂𝐶௜  × 100⁄  (7) 297 

Residence time (rj; h) per stream section was calculated by dividing the length of 298 

upstream section j (Lj; m) by velocity Vi (Vi; m s-1) (Eq. 8): 299 
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𝑟௝ = 𝐿௝ 𝑉௜⁄ 3600⁄  (9) 300 

 301 

3.6 Statistical analyses 302 

Statistical tests were performed on R (CRAN-Project) through the Rstudio interface 303 

(Rstudio inc., USA) and all figures were realized with the package ggplot2 (Wickham, 2016). 304 

Data curation and statistical analysis were performed on R studio (Rstudio inc., USA), an 305 

integrated development environment of the programming langage R (CRAN-Project). Figures 306 

were realized with the package ggplot2 (Wickham, 2016).  307 

Comparisons of variance tests were performed using the method described in Prijac et al. 308 

(2022). The mention of ‘significant differences’ refers to statistical tests using the following 309 

method. First, normal distribution was tested using Shapiro and Wilk test, and normal 310 

distribution was considered true when p-value was >0.05. If distribution was not normal, a 311 

Kruskal and Wallis test was performed to compare the averages and significant differences were 312 

considered true when p-value was <0.05. Dunn tests were performed as post-hoc pairwise 313 

comparison tests to determine which group was significantly different (when p-value <0.05). 314 

Second, homogeneity of variance was tested using Levene test and was considered true when p-315 

value was >0.05. If homogeneity of variance was not true, Welsh ANOVA was performed, and 316 

significant differences were admitted when p-value was <0.05. Estimated marginal means tests 317 

were performed as post-hoc tests to determine significantly different groups (p-value <0.05). In 318 

cases where normal distribution and homogeneity of variances were true, an ANOVA was 319 

performed, and significant differences were true when p-value was <0.05. When there were 320 

significant differences, Tukey tests were performed as post-hoc tests to determine which groups 321 

were significantly different (when p-value <0.05). The statistical tests were performed between 322 

hydrological conditions in the stream and between each hydrological conditions in the stream 323 

and peat porewater for variables including DOC concentration, DOC : DON ratio, δ13C-DOC, 324 

SUVA254, E2 : E3, SR, FI and β : α. The results are summarized in Table SI.1. In addition, 325 

correlation tests were performed between the variables previously mentioned and presented in 326 

correlograms for peat porewater (Fig. SI.1.a), stream (Fig. SI.1.b) and for high-flow (Fig. SI.1.c) 327 

and low-flow conditions in the stream (Fig. SI.1.d).  328 
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Linear models were performed at first between the variables including the discharge at 329 

the stream outlet (QR08), the proportion of fDOCmin along the stream to the fDOC at the stream 330 

outlet (%fDOCmin) and the total residence time in the stream (ΣRt). Linear models are 331 

summarized in Table SI.2. In a second time, linear regression was performed between the 332 

differences between the most upstream section and the outlet for the variables describing 333 

composition of DOM (Δ index) and QR08 (summarized in the Table SI.3.a), between Δ index and 334 

%fDOCmin (summarized in Table SI.3.b) and between Δ index and ΣRt (summarized in Table 335 

SI.3.c). The Δ index includes ΔDOC:DON, ΔSUVA254, ΔE2:E3, ΔSR, ΔFI and Δβ:α.  336 

4. Results 337 

4.1 Experimental degradability of stream DOM 338 

There was no significant difference between in situ and controlled conditions of 339 

incubation (stat = 2.66, p = 0.1, Kruskal-Wallis test) and between dark conditions and natural 340 

sunlight exposition (stat = 2.96, p = 0.09, Kruskal-Wallis test). This suggested a limited effect of 341 

temperature and sunlight on DOM degradation (Prijac et al., 2022).  342 

 343 

Table 1. Degradation rates (% day-1) measured in the stream for F and UF 

conditions in June, August and September. *due to the low initial DOC 

concentration in August, no degradation rate was observed for F conditions 

June August September 

Degradation rate (% 

day-1) 
3.5 ± 0.4 * 3.5 ± 0.4 

 

 344 

Degradation rates during June and September were similar with 3.5 ± 0.4 % day-1 both 345 

months (Table 1). In August, no degradation rates were measured and this absence of sizeable 346 

degradation can be explained by a very low initial DOC concentration of 3.1 mg L-1. In 347 
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The classification into high and low-flow conditions allowed comparing hydrological 360 

conditions and DOC exports with the full-time series from Prijac et al. (2023; Fig. 3). During the 361 

campaign 19B1, DOC exports were low with 872 g h-1 for a Q of 0.0519 m3 s-1 (Fig. 3.a). During 362 

high-flow conditions, WTD varied in a narrow range from -0.18 (19B1) to -0.19 m (19B3a; 363 

Table 2). Campaigns 19B3a and 19B3b corresponded to the highest DOC exports recorded with 364 

values varying between 24.3×10-3 and 33.94×10-3 g DOC-C m-2 h-1 respectively with stream 365 

discharge at the outlet of 0.0638 m3 s-1 during the campaign 19B3a and 0.0897 m3 s-1 during 366 

campaign 19B3b (Fig 3.b). 367 

 368 

Table 2. Values for each sampling period for WTD, discharge at the stream outlet (QR08), water 

temperature at the stream outlet (W.T.), fDOC at the stream outlet (fDOCR08), proportion of 

fDOCmin along the stream to the fDOC measured at the outlet (%fDOCmin), total retention time 

in the stream (ΣRt) total retention time in the stream (ΣRt) and WTD. 

Campaign Date Condition 
QR08  

(m3 s-1)

W.T. 

(°C)  

fDOCR08  

(×10-3 g 

DOC-C 

m-2 h-1) 

%fDOCmin 

(%) 

ΣRt 

(h) 

WTD 

(m) 

19B1 
8 June 

2019 
High-flow 0.0519 14.3 3.93 2.21 34 -0.18 

19B2a 
3 August 

2019 
Low-flow 0.0081 16.8 0.32  11.4 154 -0.40 

19B2b 
6 August 

2019 
Low-flow 0.0078 17.2 0.583 9.88 80 -0.34 

19B3a 

5 

September 

2019 

High-flow 0.0638 13.8 24.3 0.98 13 -0.19 
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19B3b 

9 

September 

2019 

High-flow 0.0897 12.8 33.94 0.93 18 -0.18 

19B4 
10 October 

2019 
Low-flow 0.0144 8.6 1.14 5.08 42 -0.37 

 369 

For low-flow conditions, discharge at the outlet ranged from 0.0078 m3 s-1 (19B2b) to 370 

0.0144 m3 s-1 (19B4; Fig 3.a and Table 2). During low-flow, WTD varied between -0.40 m 371 

during the campaign 19B2a and -0.34 m during the campaign 19B2b and was -0.37 m during the 372 

campaign 19B4 (Fig. 3 and Table 2). The lowest DOC exports were measured during the 373 

campaign 19B2a with 72 g h-1 while it was 128 g h-1 during the campaign 19B2b and 252 g h-1 374 

during the campaign 19B4 (Fig 3.b and Table 2). 375 

Linear models between these indicators (Q, Rt and %fDOCmin¸) are summarized in the 376 

table SI.2. Negative correlations between Q and Rt (cor = -0.69, p-value < 0.0001) and between 377 

Q and %fDOCmin (cor = -0.59, p-value = 0.001) emerged while Rt and %fDOCmin were 378 

positively correlated (cor = 0.74, p-value < 0.0001). To summarize, high-flow conditions were 379 

characterized by high Q but shorter Rt and lower % fDOCmin, while the Q was lower during low-380 

flow conditions, inducing longer Rt and higher %fDOCmin.  381 

4.3 DOM composition in peat porewater and in the stream under different hydrological 382 

conditions 383 

DOC concentration and DOM composition differed significantly between high-flow and 384 

low-flow conditions in the stream. Contrastingly, no DOC concentration or DOM composition 385 

was significantly different in peat porewater between high-flow and low-flow conditions.  386 

Comparisons were then made between peat porewater DOM (pooling all data) and stream DOM 387 

during high-flow conditions and low-flow conditions (Fig. 4). DOC concentration increased 388 

significantly in the stream during high-flow conditions, from 9.5 ± 7.1 mg L-1 on average during 389 

low-flow to 18.7 ± 9.6 mg L-1 during high-flow conditions (Table 3). Significant differences 390 
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appeared between DOC concentration in the stream during low-flow and in peat porewater (18.0 391 

± 8.4 mg L-1) but not during high-flow conditions (Fig. 4). 392 

 393 

Table 3. Average (±SD) of physicochemical variables, DOC concentration, 

elemental ratio, isotopic ratio and optical indices in the stream (annual average and 

low-flow and high-flow averages) and in peat porewater (only annual average as no 

significant difference was found between low-flow and high-flow conditions in peat 

porewater). 

 Stream 

Porewater

 
Annual Low-flow

High-

flow 

Water temperature (°C) 12.4 ± 4.3 11.5 ± 4.7 12.2 ± 3.8 13.4 ± 4.4

pH 4.8 ± 0.8 5.1 ± 0.8 4.5 ± 0.6 4.9 ± 0.7

Conductivity (µS cm-1) 
27.0 ± 

12.3

32.0 ± 

14.5
23.1 ± 8.6 

32.9 ± 

19.3

Dissolved Oxygen (%sat) 
68.2 ± 

15.4

65.6 ± 

16.4

70.2 ± 

14.5 

50.0 ± 

17.1

DOC (mg L-1) 14.6 ± 9.7 9.5 ± 7.1 18.7 ± 9.6 18.0 ± 8.4

DOC:DON ratio 
41.5 ± 

17.7

32.5 ± 

17.8

48.8 ± 

14.1 

48.6 ± 

18.8

δ13C-DOC (‰) 
-28.1 ± 

0.5

-28.0 ± 

0.6

-28.8 ± 

0.4 

-27.1 ± 

0.8

SUVA254 (L mg-1 m-1) 5.2 ± 1.2 5.8 ± 1.0 4.8 ± 1.1 5.0 ± 0.6

E2 : E3 ratio 3.7 ± 0.4 3.45 ± 3.88 ± 3.49 ± 



394

395

396

397

398

399

400

 

 5 

D0 

on avera1 

DOC:DO2 

peat por3 

condition4 

 1 

 

Fig
LF)

DO

f) S

man

SR 

Β : α 

FI 

DOC:DON ra

age, compar

ON ratio duri

rewater (48.

ns in the stre

gure 4. Box 

) and high-fl

OC concentra

SR, g) Fluore

nuscript submit

atio was sig

red to 32.5 

ing high-flow

.6 ± 18.8) 

eam and in p

plots compa

flow periods 

ation, b) DO

escence inde

tted to Journal 

0

0

gnificantly hi

± 17.8 du

w conditions

while a sig

eat porewate

aring values

in the strea

OC:DON rati

ex and h) β

of Geophysica

19 

0.69 ± 

0.08

0.62 ± 

0.12

1.34 ± 

0.09

igher during

uring low-flo

s in the strea

gnificant di

er (Fig. 4.b).

between sam

am (Str HF) 

io, c) δ13C-D

: α index. N

al Research: Bi

0.46

0.65 ± 

0.09

0.69 ± 

0.15

1.39 ± 

0.10

g high-flow 

ow conditio

am was simi

fference wa

.  

mpling poin

and in peat

DOC, d) SUV

No statistica

iogeosciences 

0.32 

0.72 ± 

0.06 

0.57 ± 

0.06 

1.30 ± 

0.06 

conditions, 

ons (Fig. 4.

ilar to the DO

as found be

nts during lo

t porewater (

VA254, e) E2

al difference

0.17

0.66 ± 

0.04

0.62 ± 

0.07

1.36 ± 

0.10

with 48.8 ±

.b). The av

OC:DON ra

etween low

ow-flow (Str 

(PW) for a) 

2 : E3 ratio, 

e was found 

 

± 14.1 

erage 

atio in 

-flow 



 manuscript submitted to Journal of Geophysical Research: Biogeosciences  

20 

between variables in peat porewater between high-flow and low-flow periods in the 

stream. The brackets indicate the significance of statistical differences between Str 

HF, Str LF and PW with ns: nonsignificant, * : p-values < 0.05, **: p-values < 0.01, 

***: p-value < 0.001 and ****: p-value < 0.0001. 

 401 

For δ13C-DOC, no significant difference was observed between high (-28.8 ± 0.4 ‰) and 402 

low-flow (-28.0 ± 0.6 ‰; Fig. 4.c) conditions. The δ13C-DOC was slightly but significantly 403 

lower in the stream compared to the ratio of -27.1 ± 0.8 ‰ measured in peat porewater during 404 

both high- and low-flow conditions (Table 3). 405 

During high-flow conditions in the stream, the SUVA254 was significantly lower 406 

compared to low-flow conditions, with 4.8 ± 1.1 L mg-1 m-1 and 5.8 ± 1.0 L mg-1 m-1 respectively 407 

(Fig. 4.d). There was no significant difference between DOM aromaticity between stream during 408 

high-flow and peat porewater with a SUVA254 of 5.5 ± 0.6 L mg-1 m-1. The SUVA254 in peat 409 

porewater was significantly lower compared to the stream in low-flow conditions (Table 3). 410 

During high-flow conditions, E2:E3 ratio was significantly higher with 3.88 ± 0.32 compared to 411 

low-flow (3.45 ± 0.46 ;Fig. 4.e). The average E2:E3 ratio was significantly higher in the stream 412 

during high-flow compared to peat porewater (3.5 ± 0.2) while no significant difference was 413 

observed during low-flow between E2 : E3 in the stream and in peat porewater (Fig. 4.e). As for 414 

E2 : E3 ratio, SR was significantly higher during high-flow conditions (0.72 ± 0.06) compared to 415 

low-flow conditions (0.65 ± 0.09; Fig. 4.f). Similarly to E2 : E3 ratio, SR was slightly but 416 

significantly lower in peat porewater (0.66 ± 0.04) compared to the stream during high-flow and 417 

not significantly different than SR in the stream during low-flow (Table 3). 418 

Fluorescence index (FI) was significantly lower during high-flow (1.30 ± 0.06) compared 419 

to low-flow conditions (1.39 ± 0.10; Fig. 4.g). Also, FI was not significantly different between 420 

the stream during low- flow and peat porewater (1.36 ± 0.10) while it was significantly different 421 

between peat porewater and stream FI during high-flow (Fig. 4.g). The β : α index in the stream 422 

during high-flow conditions was 0.57 ± 0.06 on average, and significantly lower than during 423 

high-flow conditions (0.69 ± 0.15; Fig. 4.h). As for the β : α index, FI was not significantly 424 
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different between peat porewater (1.36 ± 0.10) and the stream during low-flow but significantly 425 

different during high-flow conditions (Table 3). 426 

4.4 Variations in stream discharge, DOC concentration and exports, and DOM composition 427 

along the stream transect 428 

4.4.1 Variations in stream discharge and DOC fluxes 429 

Along the stream transect, discharge ranged from 0.0129 m3 s-1 (19B1) to 0.437 m3 s-1 430 

(19B3a) at the most upstream sampling station and from 0.0519 m3 s-1 (19B1) to 0.0897 m3 s-1 431 

(19B3b) at the stream outlet (Fig. 5.a). The most important discharge increase between the 432 

stream source to the outlet was by four times during the campaign 19B1 while it increased 1.5 433 

times (19B3a) and 3 times (19B3b) during other campaigns. 434 

DOC concentrations decreased during all campaigns along the stream, independently 435 

from hydrological conditions. However, during campaigns presenting the largest DOC export, 436 

the decrease was relatively limited, reaching 25.6 % during the campaign 19B3a and 13.5 % 437 

during campaing19B3b (Fig. 5.b). In comparison, two thirds of DOC was lost from upstream to 438 

downstream during 19B1 campaign. The largest decrease in DOC concentration was observed 439 

during low-flow conditions, with a decrease from 76.2 % to 87% from the most upstream section 440 

to the outlet (Fig. 5.b).  441 



442

 

 

Fig
mg 

rati

acc

the 

gro

 3 

man

gure 5. Dyna

L-1), c) DO

o, g) Spectr

ording to th

stream out

uped by cam

nuscript submit

amics of a) 

OC flux (fDO

ral Slope R

e stream len

tlet (0 m). 

mpaigns in 20

tted to Journal 

stream disch

OC; in g h-1)

Ratio (SR), h

ngth, from th

Points corr

019. 

of Geophysica

22 

harge (Q; in

), d) DOC:D

) Fluorescen

he most upst

respond to 

al Research: Bi

n m3 s-1), b) 

DON ratio, e

nce Index (

tream sampl

individual 

iogeosciences 

DOC conce

e) SUVA254

(FI) and i) β

ling station (

samples co

entration (in 

, f) E2 : E3 

β : α index

(2500 m) to

ollected and 

 



 manuscript submitted to Journal of Geophysical Research: Biogeosciences  

23 

DOC flux at the stream outlet (fDOCR08) was highly variable between high- and low-flow 443 

conditions (Table 2). During most campaigns, a decrease in fDOC was observed for the most 444 

upstream section, and downstream, the fDOC constantly increased up to the stream outlet (Fig. 445 

5.c). 446 

4.4.2 Spatiotemporal evolution of DOM composition 447 

The DOC:DON ratio remained relatively steady along the transect during high-flow 448 

conditions, except during the campaign 19B1 when ratio decreased by 53.3 % in the most 449 

upstream section and then remained relatively steady. DOC:DON decreased rapidly and 450 

intensively along the transect during low-flow conditions, with ΔDOC:DON ranging from -18.8 451 

to -29.9 (Fig. 5.d).  452 

The SUVA254 constantly increased along the transect, with ΔSUVA254 ranging from 7% 453 

to 43% of increase. However, higher values ΔSUVA254 were observed during low-flow 454 

conditions (Fig. 5.e).  455 

As for DOC:DON ratio, the highest E2 : E3 ratios were measured during high-flow 456 

conditions (Fig. 5.f). During all campaigns, E2 : E3 ratio decreased along the stream. Stronger 457 

decreases of E2 : E3 ratio was measured during low-flow (ΔE2 : E3 ranged from -0.99 to -1.11), 458 

while E2 : E3 ratio decreased from -0.24 to -0.38 during high-flow conditions.  459 

While SR values were similar between high- and low-flow conditions for the most 460 

upstream sampling station, sharper decreases were observed during low-flow conditions, with 461 

ΔSR ranging from -0.21 to -0.26 (from -29.6 to -33.3 %). During high-flow conditions, SR 462 

fluctuated a little with ΔSR ranging from -0.05 to 0.03. At the outlet, SR was1.2 to 1.4 times 463 

higher for high-flow conditions compared to low-flow conditions (Fig. 5.h). 464 

The FI increased downstream during all campaigns (Fig. 5.i). Despite the fact that FI was 465 

higher during low-flow conditions compared to high-flow conditions, the increase of FI seemed 466 

not to depend on hydrological conditions, with Δ FI ranging from 0.09 to 0.13 during high-flow 467 

and Δ FI ranging from 0.07 to 0.29 during low-flow conditions. 468 

The β : α index followed a singular pattern among indices of DOM composition. During 469 

two of six campaigns (19B2a and 19B3b), an important increase was observed in section c but 470 
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the index immediately decreased in the following section. Along the stream transect, β : α index 471 

increased during low-flow (Δβ : α ranged from 0.24 to 0.31), while it remained steady during 472 

high-flow conditions (Fig. 5.j). 473 

4.5 Factors controlling change in DOM composition along the stream transect  474 

In general, more intense changes were observed in the stream section for low-flow 475 

compared to high-flow (Fig. 6). During high-flow conditions, the DOC:DON barely did not 476 

change along the stream with  an average ΔDOC:DON of -2.8 ± 12.5% while it decreased by -477 

19.7 ± 20.5 % on average during low flow (Fig. 6.a). The SUVA254 presented lower changes 478 

during high-flow compared to low-flow with an average ΔSUVA254 of 4.2 ± 8.5% and 10.3 ± 479 

16.1% for high-flow and low-flow respectively (Fig. 6.b). Indices of DOM average molecular 480 

weight (E2:E3 ratio and SR) showed a similar pattern with during high-flow low (ΔE2:E3 = -2.5 481 

± 1.7%) to no changes (ΔSR = 0.4 ± 3%) while an increase of DOM molecular weight was 482 

observed during low-flow (ΔE2:E3 = -7.4 ± 9.7%, Fig. 6.c, and ΔSR = -8.1 ± 15.4%, Fig. 6.d). 483 

For the florescence index, a more important increase was measured during low-flow (ΔFI = 4.2 ± 484 

7.5%) compared to high-flow conditions (ΔFI = 2 ± 8%, Fig. 6.e). The β:α index also showed a 485 

greater increase during low-flow conditions (Δβ:α = 17.1 ± 28.9%) compared to high-flow 486 

conditions (Δ β:α = 3.4 ± 19.7%, Fig. 6.f). 487 

 488 
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SUVA254 and high E2 : E3 ratio was previously observed by Austnes et al. (2010) and suggested 500 

the mobilization of recently produced and less biodegraded DOM.  501 

Differences in composition of exported DOM and peat porewater DOM were also 502 

observed through differences in average DOM molecular weight. Indices E2 : E3 and SR showed 503 

that DOM exported through the stream during high-flow presented significantly lower molecular 504 

weight compared to peat porewater (Fig. 4.e-f and Table 2). This is consistent with the 505 

significant differences found between δ13C-DOC during high-flow conditions and in peat 506 

porewater. DOM with lower molecular weight was found to be depleted in δ 13C (Guo & 507 

Macdonald, 2006), consistently with the weak but significant negative correlation found in the 508 

stream between E2 : E3 ratio and δ13C-DOC (cor = -0.53; p = 0.035; Fig. SI. 1.b). The lowest 509 

δ13C-DOC and E2 : E3 ratio supports the hypothesis that DOM exported during high-flow 510 

conditions corresponds to low molecular weight molecules recently produced in the acrotelm 511 

(Austnes et al., 2010) and potentially more labile (Hutchins et al., 2017). 512 

5.2 During low-flow conditions, longer residence time drives DOM processing  513 

During low-flow conditions, DOM composition was characterized by a high DOM 514 

aromaticity (Fig. 5.e) and average molecular weight (Fig. 5.f-g) that increased along the stream 515 

transect due to mineralization processes influenced by longer residence time. During low-flow 516 

conditions, DOM composition presented characteristics of more processed DOM, reflected by 517 

SUVA254 1.2 times higher during low-flow compared to low-flow conditions (Fig. 4.d), which is 518 

known to increase with biodegradation (Autio et al., 2016; Hulatt et al., 2014; Prijac et al., 2022; 519 

Saadi et al., 2006). In addition, the DOM exported during low-flow presented higher DOM 520 

average molecular weight, reflected by higher E2 : E3 ratio and SR compared to the ones 521 

measured in the stream during high-flow (Table 3) but with a similar molecular weight compared 522 

to the peat porewater (Fig. 4.e-f). Higher FI and β : α index measured during low-flow conditions 523 

(Fig. 4.g-h) reflected a higher proportion of microbial derived DOM (Cory et al., 2010; 524 

McKnight et al., 2001; Parlanti, 2000; Wilson & Xenopoulos, 2009).  525 

Similarity between isotopic ratios during low-flow and  high-flow conditions (δ13C-DOC 526 

= -28.8 ± 0.4; Table 3), suggests that the main source of DOM in the stream is the peatland as 527 

low isotopic ratio is expected for peat-derived DOM (≈-28 ‰ ;Elder et al., 2000; Buzek et al., 528 
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2019). Hence, even during low-flow conditions, peatlands are the main contributors to stream 529 

DOM in the context of peatland dominated catchment surface (Prijac et al., 2023). This is 530 

consistent with previous studies stating that wetlands and more specifically peatlands are the 531 

main source of DOM to surface water in complex catchments (Billett et al., 2006; Dick et al., 532 

2015; Freeman et al., 2001; Rosset et al., 2019). 533 

Contrastingly to high-flow conditions, more intense changes in DOM composition during 534 

low-flow were measured along the stream transect (Fig. 6). We hypothesize that unlike high-535 

flow conditions, longer residence promote a shift in DOM composition along the stream. This is 536 

coherent with higher contributions of potential bio-mineralization (%fDOCmin) measured in the 537 

stream during low-flow conditions (Table 2). The low-flow conditions, characterized by longer 538 

residence time and higher bio-mineralization, induced a high decrease in DOC:DON ratio (Fig. 539 

6.a) and an increase in average DOM molecular weight and aromaticity, through higher average 540 

ΔSUVA254 (Fig. 6.b) and lower average ΔE2:E3 (Fig. 6.c) and ΔSR (Fig. 6.d). This is also in line 541 

with Austnes et al. (2010) who measured higher DOM aromaticity and molecular weight under 542 

low-flow conditions. Increase of DOM molecular weight during low-flow conditions is also 543 

consistent with preferential removal of low molecular weight molecules once DOM is transferred 544 

into streams (Berggren et al., 2010; Hutchins et al., 2017). This is also in accordance with the 545 

increase of DOM aromaticity observed during low-flow conditions (Fig. 5.b) that could reduce 546 

the potential biodegradability of DOM (Payandi-Rolland et al., 2020). The rapid change in DOM 547 

composition observed at our site might reflect the importance of rapid processing of 548 

allochthonous DOM in headwater streams during low-flow conditions (Hutchins et al., 2017). 549 

5.3 Understanding change in DOM composition into the pulse-shunt concept 550 

No major changes in DOM composition were observed along the stream during high-551 

flow conditions, associated with shorter residence times (from 13 to 34h; Table 2) contrastingly 552 

to low flow conditions (Fig. 6). Based on incubation experiments, we could estimate the amount 553 

of bio-mineralized DOC in the stream (%fDOCmin) and a positive correlation emerged between 554 

the %fDOCmin and ΣRt (Table SI.2) and a negative correlation between the %fDOCmin and the 555 

discharge at outlet (QR08; Table SI.2). These relationships and differences in DOM composition 556 

between hydrological conditions give a molecular perspective to the flux based pulse-shunt 557 
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concept (Raymond et al., 2016). During high-flow, the strong hydrological connectivity between 558 

the peatland and the stream favoured DOC flux but the shorter residence time reduced the 559 

contribution of DOC mineralization, down to less than 1% of fDOC at the stream outlet for the 560 

highest QR08 measured (Table 2). During these high-flow conditions, DOC was rapidly 561 

transferred downstream and mainly acted as a passive pipe as DOM composition was poorly 562 

impacted by bio-mineralization which was limited by shorter residence time (Casas-Ruiz et al., 563 

2017). Contrastingly to high-flow condition, observation of important changes in DOM 564 

composition during low-flow conditions, induced by longer residence time which favored DOC 565 

mineralization in the stream, also give a new contribution to the pulse-shunt concept (Raymond 566 

et al., 2016). During low-flow conditions, which accounted for 44 % to 59 % of the year in the 567 

study site (Prijac et al., 2023), the headwater stream represented an active environment for DOC 568 

mineralization (Casas‐Ruiz et al., 2020; Raymond et al., 2016).  569 

DOC exports at the outlet of the stream (fDOCR08) measured during low-flow conditions 570 

were between 3.5 and 104.6 times lower compared to fDOC at the outlet measured during high-571 

flow conditions (Table 2). In addition, we previously observed that between 64 and 66 % of the 572 

total annual exports at the study site occurred during the top 25 % of the highest Q (Prijac et al., 573 

2023) which tends to minor the contribution of mineralization during low-flow. Despite these 574 

low fDOC, the most important %fDOCmin coincided with the highest CO2 exports and emissions 575 

measured at our study site during low-flow (Taillardat et al., 2022). It suggests that during low-576 

flow, mineralization processes of exported DOM contribute, at least partially given the low 577 

fDOC, to aquatic CO2 flux (Hutchins et al., 2017). Conversely, as exported DOM is rapidly 578 

transferred downstream during high-flow, aquatic CO2 flux are mainly sustained by lateral 579 

transfer from the peat and emissions are stimulated by stream turbulence (Taillardat et al., 2022) 580 

rather than in-stream processing. 581 

6. Conclusion 582 

We demonstrated that DOM exported through the stream is mostly derived from the 583 

peatland but undergo important degradation processes during low-flow conditions. It supports 584 

the hypothesis that the DOC exported during high-flow conditions could specifically correspond 585 
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to the recently produced DOM leached from the acrotelm which is potentially labile once 586 

exported in downstream to the catchment.  587 

This study is the first that explores changes in DOM composition evolution along a 588 

stream running through a peatland catchment and under contrasted high-flow and low-flow 589 

hydrological conditions. Results reveal contrasted DOM composition dynamics between high- 590 

and low-flow conditions and higher DOC concentrations during high-flow conditions. During 591 

these high-flow conditions, when DOC exports were higher, DOM presented higher DOC:DON 592 

ratio, lower DOM aromaticity and molecular weight, higher contributions of terrestrial-derived 593 

DOM and lower contribution of microbial-derived DOM when compared to low-flow conditions.  594 

In addition, greater changes in DOM composition were observed in the stream during 595 

low-flow conditions, while DOM composition remained almost unchanged during high-flow. It 596 

is expressed by an increase of DOM aromaticity and molecular weight with an increase of the 597 

contribution of microbial-derived DOM, suggesting that these changes are induced by DOM 598 

degradation. Despite the low quantity of DOC exported, the longer residence we observed during 599 

these periods favored DOM microbial processing given the positive correlation between 600 

retention time (Rt) and the proportion of DOC mineralization to the outlet DOC exports 601 

(%fDOCmin) which supports the hypothesis that changes in DOM composition is induced by 602 

instream microbial processing.  603 

These results are the first to document drivers of DOM composition changes along the 604 

headwater stream of a peatland dominated catchment and under different hydroclimatic 605 

conditions. Our results support the important role of DOC mineralization on DOM composition 606 

within the ecosystem boundaries, predominantly during low-flow, when the stream retention 607 

time is longer. In the perspective of climate change, the periods of drought are expected to be 608 

longer as the intensity of flood events could increase with more frequent intense rainfall events. 609 

This could potentially change the balance between the exports of recently produced DOM during 610 

high-flow conditions and the higher contribution of mineralization to DOM exported under low-611 

flow conditions. 612 
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Table SI.1. Results of statistical test for DOC concentrations, DOC:DON ratio, δ13C-DOC, absorbance indices 

(SUVA254, E2:E3 ratio and SR) and fluorescence indices (FI and β:α  Index). Statistical tests were based on models for 

comparison between the average values for the peat porewater, the stream during low flow and the stream during high 

flow. Significant differences were represented in bold. In the table, statistical test was abbreviating as K-W for Kusrall 

and Wallis test, WAOV for Welsh analyses of variances and AOV for analyses of variances and environments were 

abbreviated as PW for peat porewater, Str LF for stream during low flow condition and Str HF for stream during high 

flow conditions. 

  

Variable 
TEST STAT 

 Conditions 

  
PW ~ Str 

HF 

PW ~ Str 

LW 

Str HF ~ Str 

LF 

DOC K-W 27.1 
stat 0.446 -4.24 -4.82 

p-value 1 < 0.0001 < 0.0001 

DOC:DON ratio AoV 12.203 
stat 0.173 -16.1 -16.2 

p-value 0.999 0.0001 < 0.0001 

δ13C-DOC K-W 22.9 
stat -4.59 -3.36 1.27 

p-value < 0.0001 0.0023 0.617 

SUVA254 K-W 28.2 
stat -2.06 3.08 5.29 

p-value 0.118 0.0061 < 0.0001 

E2:E3 WAoV 66.7 
stat 0.392 -0.0405 -0.433 

p-value < 0.0001 0.87 < 0.0001 

SR K-W 30 
stat 5.02 0.587 -4.25 

p-value < 0.0001 1 < 0.0001 

Fluorescence Index AoV 7.689 
stat -0.0628 0.0293 0.0921 

p-value 0.036 0.524 0.001 

β:α   K-W 9.65 
stat -1.96 0.914 3 

p-value 0.149 1 0.0082 
 



 

Figure SI.1. Correlograms for DOC concentration and DOM composition index including DOC : DON 

ratio, δ13C-DOC, SUVA254, E2 : E3, SR, FI and β : α for a) the porewater, b) the stream, c) the stream 

during high flow conditions and d) the stream during low flow conditions. The significance of 

correlations was indicated as follows : * : p-value < 0.05, ** : p-value < 0.01, *** : p-value < 0.001, 

**** : p-value < 0.0001. 

 

 

Table SI.2. Synthesis of the linear regressions and correlations between the QR08 and the %fDOCmin and 

the ΣRt, and between the %fDOCmin and the ΣRt. 

 Linear regression R2 cor p-value 

%fDOCmin ~ QR08 y = -118x + 9.715 0.722 -0.88 0.0201 

ΣRt ~ QR08 y = -1145x + 101.7 0.429 -0.74 0.0947 

ΣRt ~ %fDOCmin y = 10.78x + 1.996 0.826 0.93 0.0076 
 



 

Table SI.3. Synthesis of the linear regressions  and correlations of the differences in DOM composition 

index from the most upstream section to the outlet according to (a) the discharge at the stream outlet 

(QR08), (b) the proportion of fDOCmin to the fDOC at the stream outlet (%fDOCmin), and (c) the residence 

time in the stream (ΣRt). 

(a) 

Model Linear regression R2 cor p-value 

ΔDOC:DON ~ QR08 y = 347.6x - 29.57  0.809 0.92 0.0093 

Δ SUVA254 ~ QR08 y = -18.45x + 1.982 0.863 -0.94 0.0047 

Δ E2:E3 ~ QR08 y = 11.25x - 1.124 0.909 0.96 0.0020 

Δ SR ~ QR08 y = 3.732x - 0.2632 0.930 0.97 0.0012 

Δ FI ~ QR08 y = -0.4875x + 0.1475 -0.198 -0.20 0.6970 

Δ β : α ~ QR08 y = -3.909x + 0.2902 0.837 -0.93 0.0067 
 

(b) 

Model Linear regression R2 cor p-value 

ΔDOC:DON ~ %fDOCmin y = -2.138x - 5.063  0.468 -0.76 0.0810 

Δ SUVA254 ~ %fDOCmin y = 0.1055x + 0.7223 0.402 0.72 0.1049 

Δ E2:E3 ~ %fDOCmin y = -0.0787x - 0.2817 0.766 -0.90 0.0141 

Δ SR ~ %fDOCmin y = -0.0267x + 0.019 0.831 -0.93 0.0072 

Δ FI ~ %fDOCmin y = -0.0031x + 0.1444 -0.211 -0.18 0.7368 

Δ β : α ~ %fDOCmin y = 0.0249x + 0.0102 0.539 0.79 0.0590 
 

(c) 

Model Linear regression R2 cor p-value 

ΔDOC:DON ~ ΣRt y = -0.1737x - 6.069 0.389 -0.71 0.1105 

Δ SUVA254 ~ ΣRt y = 0.0072x + 0.849  0.161 0.57 0.2341 

Δ E2:E3 ~ ΣRt y = -0.0058x - 0.3502 0.504 -0.78 0.0692 

Δ SR ~ ΣRt y = -0.0020x - 0.0028 0.573 -0.81 0.0499 

Δ FI ~ ΣRt y = -0.0005x + 0.1564 -0.120 -0.32 0.5331 

Δ β : α ~ ΣRt y = 0.0017x + 0.0395 0.253 0.63 0.1759 
 

 


