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Abstract The amount and quality of dissolved organic carbon (DOC) exported from terrestrial to riverine
ecosystems are critical factors influencing aquatic metabolism and ecosystem health in streams, rivers, and
lakes. This study investigates the interplay between hydrologic conditions and DOC dynamics in an alpine
catchment, focusing on how DOC concentration and quality shift during baseflow, snowmelt, and storm events.
Such dynamics were explored in the Oberer Seebach basin (Austria) where sub-daily DOC concentration data,
along with high resolution excitation-emission matrices and absorbance spectra, were used to characterize DOC
concentration and quality. We quantitatively linked hydrologic pathways with DOC dynamics by advancing a
framework that couples water age, which tracks the time water spends within the catchment, with the Reactivity
Continuum model, which quantifies the evolution of DOC reactivity and ensuing concentration. Results show
that simulating both water age and DOC reactivity effectively reproduces DOC concentrations and reveals a
correlation between modeled reactivity and observed DOC quality indices. During snowmelt and storm events,
rapid hydrologic pathways transport reactive DOC with a quality profile similar to that of freshly formed
terrestrial DOC, while during baseflow, slower pathways carry less reactive DOC with a signature of preceding
degradation processes. These findings shed light on the role of catchment hydrology in carbon cycling and on its
implications for riverine ecosystem functioning.

Plain Language Summary The critical zone, where soil, water, and the atmosphere meet, plays a
vital role in moving and transforming organic matter as it flows through the landscape. In this study, we
examined how different hydrologic conditions—such as baseflow, snowmelt, and storms—affect the quantity
and quality of dissolved organic carbon (DOC) exported from soil into an alpine stream in Austria. We found
that during snowmelt and storm events, water flows quickly through the soil, carrying reactive, fresh DOC. In
contrast, under baseflow conditions, water spends more time in the soil, and the DOC it transports is less
reactive, with signs of prior microbial degradation.

1. Introduction

Inland waters and the coastal oceans receive large quantities of organic carbon from terrestrial ecosystems (Battin
et al., 2023), with dissolved organic carbon (DOC) being one of its main forms. DOC is a main driver of riverine
ecosystem functioning and biogeochemical balance because its concentration and quality influences aquatic
metabolism (Battin et al., 2023; Houser et al., 2003) and the transport of metals and pollutants (Bolan et al., 2011;
Gros et al., 2021; Shanley et al., 2008). Through superficial and sub-superficial hydrologic pathways, DOC is
drained from soils to streams and rivers, and either transported downstream to coastal oceans or respired by
stream biota and emitted to the atmosphere as C dioxide (CO,) and methane (Battin et al., 2009, 2023; Cole
et al., 2007). Thus, freshwaters play a key role in regulating the global C cycle, connecting C pools in soil, water
and atmosphere, and actively contributing to the production, transport, and transformation of DOC. A key step to
understand and describe these biogeochemical processes is to characterize the temporal variability of lateral
fluxes of DOC delivered from soil to river and stream networks. In order to predict the fate of DOC in the aquatic
environment, it is also crucial to assess the quality and reactivity of the DOC mixture exported from soil and its
degree of processing (Gentine et al., 2019; Kaplan et al., 2006).
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Mountainous catchments play a crucial role in the regional and global carbon cycle. Previous studies have shown
that snow and glacial snowmelt provide highly bioavailable DOC to streams (Hemingway et al., 2019; Hood
et al., 2015) thus facilitating CO, evasion in headwater catchments (Horgby et al., 2019). Disentangling carbon
fluxes in mountainous catchments is particularly challenging given the high intrinsic spatial and temporal het-
erogeneity of hydrologic pathways connecting soils to streams. Frozen soils and snowpacks can disconnect the
river network from terrestrial DOC sources in winter, while large quantities of fresh DOC and nutrients are
flushed during spring snowmelt (Boyer et al., 1997; Carey, 2003; Shatilla & Carey, 2019; Ulseth et al., 2018).
Moreover, high-altitude landscapes are highly sensitive to global warming, and are already experiencing severe
alterations of their hydrologic (Barnett et al., 2005; Hanus et al., 2021) and biogeochemical (Battin et al., 2023;
Robison et al., 2023; Wrona et al., 2016) cycles.

Hydrology imposes a strong control on riverine DOC dynamics: a great share of the flux of DOC from terrestrial
to fluvial ecosystems is actually exported during few intense precipitation and flow events (Raymond & Sai-
ers, 2010). Experimental evidence shows that discharge, rather than ecological and biogeochemical factors, is the
primary control on fluvial DOC concentration and flux exported by river networks (Dawson et al., 2008; Fasching
et al.,, 2016). In alpine catchments, DOC riverine concentration usually peaks during the spring snowmelt
(Carey, 2003; Wen et al., 2020). In these relatively short periods the export of DOC from soil to the river network
can account for up to 55%—69% of the annual flux (Carey, 2003; Finlay et al., 2006).

As freshwater DOC is a complex mixture of numerous molecules with different chemical proprieties and
behavior, it is not only essential to describe the short and long term variations of its riverine concentration, but also
to capture its composition and reactivity in order to disentangle C dynamics within the aquatic environment. Some
of the DOC constituents are directly accessible to be mineralized by microbial heterotrophic organisms (Battin
et al., 2009; Cole et al., 2007). Other constituents require previous steps whether biological (e.g., enzymatic
activities) or physical-chemical (e.g., UV-light) prior to their degradation and eventual mineralization. Moreover,
some compounds persist in the river flow without being further degraded and exhibit a transport behavior similar
to that of a conservative solute. The preponderance of the constituents of such reactivity spectrum is determined
by the DOC sources and by the story of previous degradation processes. Besides the dynamics of its own
degradation, DOC quality affects also other stream functions. For instance, soil-derived DOC is typically aro-
matic and colored and can decrease light penetration and, in turn, water temperature, autotrophic growth,
chlorophyll concentration and primary productivity (Kowalczuk et al., 2006; Maritorena et al., 2002; Snucins &
Gunn, 2000).

DOC formed in organic-rich superficial soil layers is transported to streams and rivers through hydrologic
pathways. Along the way, DOC can undergo transformation and degradation. Its export dynamics are therefore
controlled by two main factors: its initial composition, which influences the type and rate of transformation
processes, and the time water and DOC spend within soils, which dictates the duration available for these
transformations. We hypothesize that fast hydrologic pathways transport fresh DOC with a quality profile similar
to that of newly formed terrestrial DOC, while DOC transported via slower pathways bears the signatures of
preceding degradation processes. To test these hypotheses, we utilized data collected from the Oberer Seebach
basin (OSB), an alpine catchment in Austria, where sub-daily observations of hydrologic and biochemical var-
iables were recorded by Fasching et al. (2016). Excitation/emission matrices (EEMs) and absorbance spectra
were used to calculate DOC quality indexes, enabling us to profile DOC quality under different hydrologic
conditions, such as baseflow, snowmelt, and summer storms.

We applied the mathematical framework proposed in Grandi and Bertuzzo (2022) to quantitatively investigate the
relation among hydrologic variability, water age and DOC degradation in the OSB. This approach aims at
simulating DOC export from soils to streams and rivers by considering two main processes: (a) the biogeo-
chemical transformation of DOC occurring during the transport process and (b) the time spent by water within the
catchment. The first is quantified defining the initial concentration and reactivity distribution of the DOC carried
by water that flows through organic-rich superficial soil layers during precipitation events, and estimating its
degradation along the pathway applying the Reactivity Continuum (RC) model; the second is dictated by the
Transit Time Distribution (TTD) of the water parcels leaving the catchment as discharge. The general expectation
is that labile DOC components are quickly degraded, and thus, the longer the water travels within the catchment,
the more degraded and less reactive the pool of exported DOC becomes.
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Figure 1. (a) Ybbs basin and the Oberer Seebach (OSB) subcatchment (gray area), Austria. Red circle indicates the location
of the Lunz am See meteorological station and the sampling site for discharge and stream water samples. (b) stream DOC
concentration time series, red dots indicate the samples removed from the raw dataset, while the blue box shows the time-
window for which fluorescence and absorbance measurements were available. (c) discharge time series.

Tracking the distribution of reactivity of the DOC mixture along the flowpath enables the determination of its
overall degradation rate. This feature was used in the previous application to predict the bulk DOC concentration
observed in streamwater (Grandi & Bertuzzo, 2022). In this study instead, we fully exploit the framework's
capabilities by comparing also the predicted DOC reactivity with quality indexes derived from EEMs and
absorbance spectra, a feature made possible by the unprecedented richness of the OSB dataset. This approach
allowed us to investigate the relationship between DOC quality, reactivity, and water transit time under the
multifaceted hydrologic conditions of alpine environments.

The characteristics of the study area, dominated by an alpine climate, prompted us to develop and implement
several model improvements compared to its previous formulation (Grandi & Bertuzzo, 2022). Specifically, we
accounted for snowpack and snowmelt dynamics using a degree-day approach; implemented a time-variant form
of the StorAge Selection (SAS) function, which is necessary to define the transit time distributions (TTDs)
(Rinaldo et al., 2015); and formalized a scheme that allows for a more flexible suite of initial reactivity distri-
butions while preserving the same analytical tractability.

2. Materials and Methods
2.1. Site and Data

Oberer Seebach is a pristine, second-order alpine stream located in Lower Austria, draining a karsic area of
approx. 25 km? and with an outlet located at 600 m above sea level. Catchment surface is mostly covered by
forests including the typical alpine vegetation: Fraxinus excelsior, Acer pseudoplatanus, Fagus sylvatica, Salix
caprea, and Picea abies. Surface geology is dominated by the presence of glacial deposits, while deeper layers
consist of calcareous rocks originated from lake sediments. OSB streambed is composed by gravel with a mean
size of 23 mm, which determines an overall high porosity (approx. 29%). Discharge regimes are seasonally
shaped by snow accumulation and snowmelt, resulting in frequent peak-flow events in spring and low-flow in
winter. Long-term meteorological data and previous campaigns have found the annual precipitation to average
1,608 mm, while annual air and water temperature average respectively 7.4 and 6.7 °C. The hydrologic regime is
dominated by snowmelt, which accounts for about 50% of the runoff, depending on the year (Ulseth et al., 2018).
For a detailed description of the site geology, vegetation, hydrology, and climate the reader can refer to previous
studies conducted in the region (Battin, 1999; Bretschko, 1991; Leichtfried, 1996).

Extensive hydrologic and biogeochemical monitoring was carried out by Fasching et al. (2016). The dataset of
interest for this study comprises DOC riverine concentration observations collected every 6-hr from 17 May 2010
to 31 August 2013 (4,813 data points). The raw time-series of DOC measurements shows some anomalous
concentration peaks which do not always match a peak in discharge (Figure 1). Peak values for which concen-
tration exceeds 4 mg L™' (n = 5, red points in Figure 1) were removed based on Battin (1999) and Fasching
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et al. (2016) previous data pre-processing. For an extensive time window within the sampling period (from
January 2011 to the end of August 2013, see blue box in Figure 1), the fluorescence EEMs and the absorbance
spectra were also measured for each DOC sample. These data allowed computing a suite of metrics useful to
characterize DOC quality and composition (see Section 2.2).

Regarding hydrology and climate, streamflow discharge was measured at a 30-min interval (with some periods at
a finer, i.e. 10-minute, interval) from 15 July 2010 to 31 August 2013 (132,396 observations). Rainfall and air
temperature were recorded by the Zentralanstalt fiir Meteorologie und Geodynamik (ZAMG) at the nearby Lunz
am See meteorological station (see Figure 1) at 10-min interval (192,454 observations spanning the same DOC
sampling period). Across the study period, discharge ranged between 0.003 and 4.041 mm h™', with the most
abundant regimes observed in spring (average flow = 0.29 mm h~!) and the lowest in winter (average
flow = 0.13 mm h™"). Precipitation peaks during spring and summer storms (maximum intensity recorded over
the sampling interval = 90 mm h™'). Rainfall patterns show an annual increase from the winter minimum to
summer maximum, followed by a consequent decrease during autumn. In the same period, air temperature varied
between —23 and +35 °C, with the annual maximum typically observed in July and the annual minimum
occurring between December and February. Additional details about hydrology, water quality and climate data
used in this study are exposed extensively in Fasching et al. (2016).

2.2. Assessing DOC Quality

Assessing riverine DOC quality involves depicting its sources, composition, and transformations as it flows
through the watershed and the river network. To achieve these goals, fluorescence and absorbance analysis are
commonly performed; the previous to measure emissions following excitation of DOC at specific wavelengths,
the latter to assess how much light a sample absorbs at specific wavelengths (see e.g., Baker & Spencer, 2004;
Korak & McKay, 2024, for a comprehensive review). Excitation Emission Matrices (EEMs) provide a 3D map of
fluorescence, capturing excitation and emission spectra. The location of fluorescence peaks in each EEMs in-
dicates the presence of specific DOC characteristics: humic-like substances suggest terrestrial or soil-derived
molecules, while protein-like substances indicate microbial or algal activity, likely to be originated in-stream.
On the other hand, absorbance spectra are used to assess, through the calculation of specific indexes, DOC
aromaticity (referring to the presence and abundance of aromatic compounds, indicating terrestrial inputs) and
molecular size (smaller molecules are typically more bioavailable, while larger, humic-like molecules are less
reactive).

The fluorescence data set collected by Fasching et al. (2016) included EEMs ranging 240-450 nm (5-nm in-
crements) for Excitation (Ex) wavelengths and 250-550 nm (2-nm increments) for the Emission (Em) wave-
lengths. EEMs were expressed in Raman units, corrected for Milli-Q water blanks and the inner-filter effects
using the absorbance spectra. After inspecting them, we corrected each EEM for the 1% and 2" order Raman
scatter and 1% order Rayleigh scatter (see Supplementary Information, SI, for additional details).

Within the MATLAB environment, we used the drEEM toolbox v.0.6.0 (Murphy et al., 2013) (embedding the N-
way toolbox v.3.3.1) to perform a Parallel Factor Analysis (PARAFAC) on the sampled EEMs according to
Murphy et al. (2013) (see Supporting Information SI for details). Fluorescence PARAFAC is a way to decompose
multi-way data, such as the EEMs, into a set of scores and loads which provide information about the underlying
fluorophores. The analysis results in a set of components representative of the dataset and their temporal contri-
bution to the total fluorescence. This type of analysis is therefore widely applied in chemometrics to unravel the key
features of aquatic DOC samples such as their origin or degree of processing (Bro, 1997; Kothawala et al., 2014;
Murphy et al., 2013, 2014). In order to further validate and characterize the set of components obtained, we
compared them with matching spectra in the OpenFluor data base (https://openfluor.lablicate.com/; accessed 20
September 2022). Moreover, we used the drEEM toolbox to compute two indexes that are good indicators of the
source and aromaticity of DOC moieties: the Humification Index (HIX, Zsolnay et al., 1999) from the EEMs to
assess DOC degree of humification; and the SUVA,s, index from the absorbance spectra as a measure of
aromaticity (Weishaar et al., 2003). High values for these two indexes reveal high degree of humification and
aromaticity and are thus associated to fresh terrestrial DOC. The set of components identified via the PARAFAC
analysis, together with the HIX and SUV A,s, indexes can be used to track temporal dynamics of DOC quality, and
to assess its behavior under different hydrologic conditions. Specifically, we investigated DOC quality signature
under three distinctive hydrologic regimes of interest for an alpine catchment (as shown in Figure 2): snowmelt,
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Figure 2. (a)—(e) Time series of the quality indexes obtained from the EEMs and the absorbance spectra and the predicted average reactivity (k),, (dots). Discharge O
time series is also shown in light blue. (a) Relative abundance of the sum of the PARAFAC components C, and C4 and (b) relative abundance of the PARAFAC
components Cs. Time series of the 5 PARAFAC components can be found in the SI. (¢) Humification (HIX) and (d) SUVA,s, index, (e) (k)Q. Time series are colored
according to three different flow regimes: snowmelt (403 data-points, blue dots), storms (226 data-points, orange dots) and baseflow (723 data-points, yellow dots). (f)—(j)
Distribution of indexes values under the three selected flow conditions. For each index, we tested the similarity of the three flow classes selected through the Kruskal—
Wallis test. p-Values obtained where always lower than 107195 (k—n) correlations between (k)Q and (k) the relative abundance of the sum of the PARAFAC components

C, and C, and (1) the relative abundance of Cs over the total components (in %), (m) HIX, and (n) SUV A,s,. For each relation the Spearman's rank correlation coefficient rg

is also displayed on top of the panels.

discharge data points in which the model (see Section 2.4) predicts a snowmelt contribution to discharge, storms:

high-discharge events when snowmelt is not occurring, and baseflow, low discharge not occurring during snow-

melt. We set thresholds of 0.45 mm h~! and 0.05 mm h~! to discriminate high and low discharge, corresponding to

the 90 and 30" percentile of the cumulative flow distribution observed within the study period, respectively.
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2.3. Modeling DOC Concentration and Reactivity

For the paper to be self-contained, this Section starts summarizing the modeling framework that couples water
TTD with the RC model to describe DOC export and degradation, as introduced in Grandi and Bertuzzo (2022).
The model assumes that water gets enriched in DOC while infiltrating through the superficial C-rich soil layers.
This DOC is then progressively degraded along the flowpath that connects the source to the stream. The
degradation process is modeled via the RC model, which assumes that DOC is a complex mixture of molecules
characterized by different reactivity rates. Mathematically, DOC composition is described by a continuous dis-
tribution of reactivity rates (i.e., first order decay rates). The time available for DOC degradation is dictated by the
transit time of water.

Central to the model is the definition of the density p(k, T, ), which describes the distribution of age T (i.e., the
time elapsed since the water entered the system) and reactivity k of the DOC within the catchment considered.
Specifically, p(k, T,t)dkdT represents the mass of DOC of reactivity in an infinitesimal interval dk around k
transported by water parcels with a residence time around 7 at time . The governing equation for p(k, T, t) reads:

op(k, T, 1) + op(k,T,1) _
ot oT

T,
—k p(k, T, 1) — %p(k, .0, )

with the boundary condition that the water parcels entering the system as input /(z) have T = 0 and carry an initial
DOC concentration with a distribution of reactivity Cy(k, t) so that p(k,T = 0,t) = Cy(k,1)I(¢). The second term
of the left-hand side of Equation 1 describes aging, while the first term of the right-hand side models degradation,
where each DOC fraction degrades following a linear decay equation according to its reactivity k. The last term of
Equation 1 represents the export of p(k,T,f) from the catchment associated to the discharge flux Q(¢); and
s(T,)dT quantifies the catchment storage of water of age around T at time 7. The export flux crucially depends on
the transit time distribution (TTD) of the discharge py(T.?), where py(T,1)dT quantifies the probability that
discharge at time ¢ samples water with an age around 7. We thus implemented the StorAge Selection (SAS)
scheme (Benettin & Bertuzzo, 2018; Benettin et al., 2022; Rinaldo et al., 2015) to describe in a consistent way
time-variable transit time distributions. The scheme revolves around the definition of the age-ranked storage
S7(T,1), namely the volume of water stored in the system younger than age T at a given time 7, whose governing
equation reads (see e.g., Harman, 2015; Rinaldo et al., 2015; van der Velde et al., 2014):

aST;tT, ) " asTa(;, n_ —0(OQ (SH(T,1),1) + 1(2). @

Analogously to Equation 1, the second term on the left-hand side represents the variation of S; due to aging; while
the first term on the right-hand side represents the output through discharge weighted by the SAS function
Q4 (S7(T,1),1): the fraction of Q(¢) that is younger than 7. To solve for Equation 2, and in turn for the coupled
Equation 1, one needs to choose a specific form for the SAS function, here expressed in terms of Sy (see below).
Finally, the estimation of the TTD p,, follows by definition from the identities Q, (Sy(T,1),1) = Py(T.1), where
Py represents the cumulative distribution of py. Transit time refers to the age T of water particles collected at a
specific cross-section, such as the catchment outlet, where discharge is measured or estimated. The transit time
typically comprises two periods: the time spent within the soil and the time spent in the streamflow. Given the size
of the OSB catchment, it is reasonable to assume that the time spent in the stream is negligible compared to the
time spent in the soil. Therefore, transit time can effectively be considered equivalent to the time water spends in
the soil. Correspondingly, the associated DOC degradation processes can also be regarded as those occurring
within the soil.

Similarly, DOC collected at a stream cross-section can consist of molecules originating from the soil
(allochthonous DOC) as well as from the upstream portion of the stream network (autochthonous DOC). Given
the relatively small size of the catchment and the previous knowledge of the site (i.e., strong terrestrial signature of
DOC and relatively low in stream metabolic activity, Fasching et al., 2016; Ulseth et al., 2018), we hypothesize
that DOC is primarily dominated by soil sources. Therefore, our modeling focuses on the transport and reaction of
allochthonous DOC. This hypothesis will be tested through the analysis of the PARAFAC results.
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Table 1 2.4. Model Development and Application

List of Fixed Parameters

This Section presents further model developments that provide higher model

Parameter

Snow threshold temperature
melting threshold temperature
Degree-day factor

Storage-discharge relation exponent

Symbol Units Value flexibility and facilitate the application to this specific case study. Due to the
T oC 0 alpine climate of the OSB catchment, we further accounted for snow dy-
7. oC | namics, which strongly affect hydrologic processes during winter and spring.

o Precipitation J can occur as snow precipitation (Jg) or rainfall (J;) based on
b mm b~ *C 014 an air temperature (7(¢)) threshold 7. We then adopted a simple degree-day
b - 1

approach (Rango & Martinec, 1995) to model snowpack (h;) dynamics:

dhy/dt = Js(t) — Jy (1), where snowmelt Jy,(r) linearly depends on air
temperature: Jy,(t) = ag(7(t) — Ty) when T(z) > Ty, and hy(f) >0, and it is null otherwise. The three param-
eters related to snow dynamics (7, T); and ag) were retrieved from a previous application of the degree-day
model on the same catchment (Ulseth et al., 2018, Table 1). The total input of water to the catchment control
volume is then I(f) = Ji() + Jy(#), while storage S(r) can be computed as S() = Sy + fy(I(z) — O(z))dr
where S is the volume stored at the beginning of the simulation and the observed discharge Q() is used. As in
Grandi and Bertuzzo (2022), we did not explicitly consider evapotranspiration, but rather rescaled rainfall so that
it implicitly accounts for it. Specifically, we rescaled rainfall so that the average rainfall equals the average
specific discharge: (J) = (Q). Rescaling rainfall to model evapotranspiration implicitly assumes that this flux
preferentially selects young water. While this is an approximation, it is deemed acceptable for a catchment with a
low fraction of evapotranspiration in the water budget (around 10% during the selected period).

We chose a time-variant (see e.g., Benettin et al., 2017; Harman, 2015) power-law SAS function of the form

SHT,) P
s@ |

Qy(Sy,1) = [ 3)

where the exponent /3, which quantifies the preference for discharge to sample young (< 1) or old (5> 1) water
in storage, is assumed to possibly vary in time to reflect how different hydrologic states of the systems can activate
different flowpaths. As in several previous applications (see e.g., Harman, 2015), we assumed that £ is related to
the system storage. Rather than considering the total storage S(f), which can exhibit large intra- and inter-annual
fluctuations, we related § to a dynamical storage S,(#) (Harman, 2015) more directly related to streamflow
generation processes, via a linear function: () = f; + p,S,(t). We reconstruct S; via a storage-discharge
relationship (Botter et al., 2009; Brutsaert & Nieber, 1977; Kirchner, 2009): QO(f) x Sd(t)b (.e.,:
S,(1) = aQ(1)", n = b™"). The exponent b can be estimated through a flow recession analysis (Brutsaert &
Nieber, 1977), which yielded b ~ 1 for the OSB (see Text S3 and Figure S5 in Supporting Information S1). Note
that the parameter a does not need to be explicitly estimated as it can be embedded into the parameter $,. We
evaluated the young water fraction, Fj,,, as a summary statistic for the TTD (Kirchner, 2016). F;,, represents the
fraction of discharge water younger than a threshold age, T,: F,,,(t) = Py(T},,), which was set to 2 months.

Grandi and Bertuzzo (2022) used a gamma distribution as initial DOC reactivity distribution as it allows deriving
an analytical solution for the quantity C(7, 1), that is, the DOC concentration carried by water of age T at time 7.
However, being tied to a specific distribution limits the array of possible initial distributions that can be tested. In
this paper we propose to use a linear combination of gamma distributions which enables more flexibility
(including e.g. multimodal distributions), while preserving analytical tractability:

Vi
a;

C'(v;)

Colk, 1) = z": Dy,i(1) ki temak @)
=l

where I'(-) is the gamma function and the coefficients Dy ;(f) represent the, possibly time variant, initial DOC
concentration associated to the i-th distribution. v; and «; are the shape and the scale parameters of the distribution,
respectively.

DOC concentration in the exported discharge Cy(?) in the case of a combination of gamma distributions reads:
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Table 2

List of Estimated Parameters and Posterior Statistics

Estimated median value (95% C.L.)

Parameter Symbol Units Limits Distribution 1 Distribution 2
Parameter of the relation (1) = f; + f,-S,;(©) I - 0-2 0.384 (0.364-0.406)

Parameter of the relation 5(r) = f; + f,-S,;(®) Py mm™! -0.5-0 —0.249 (—0.282-—0.221)

Initial volume of water in storage So mm 0-30,000 22,452 (14,828-29,633)

Mean of the initial DOC quality distribution (k); h! 0-0.2 0.1015 (0.0057-0.1945) 0.0012 (0.0010-0.0014)
Shape of the initial DOC quality distribution v; - 0-10 0.0013 (0.00003-0.0104) 8.777 (4.972-9.9630)
Initial DOC concentration for each distribution Dy, mg = 0-10 0.40 (0.19-0.59) 5.30 (4.80-5.76)
Concentration of DOC in the initial storage Cs,i mg/1 0-5 1.24 (1.17-1.35) 0.25 (0.11-0.37)
Standard deviation of the DOC concentration residuals [ mg/1 0.1-5 0.206 (0.201-0.212)

Note. For each parameter the range for sampling and the resulting median value and 95% percentile range are displayed. The results for the standard deviation of the
concentration residuals o, are also shown.

Co(n) = /me(T, HC(T,t)dT = /
0

0
- f polT.1)
0

- f Po(T.)
0

Finally, we derived the average reactivity of the exported DOC, (k) as:

po(T, r)[ / Colk,t — T)e"‘Tdk] dr =
0

n o0 al'/,»
Doi(t—T B e Y
; 0,:(t = T) fo ke (5)

n a v
Dy;(t—T ! dar
> 00 (%) ]

(ko) = @ /0 po(T.1) /0 k Co(k,t — T)e"‘Tdk] dr =

dT (6)

1 & [ » o0 (l’f/[
= Po(T, 0| D, Dot — T)/ i iyt Dk g
CQ([)\/(; Q0 ] ; 0,i . F(yi)

Vi
via;

1 [s+] n
= 7.0| 3Dyt — 1) — Y% \ar
o0 fo T 0| L Pue =1

The mathematical expression of Equation 6 allows for a computationally efficient scheme for the estimation of the
modeled average reactivity and for comparison with different DOC quality metrics that can be associated with its
reactivity. Note that the calculation of p, and the integration over T must be performed numerically as detailed in
Grandi and Bertuzzo (2022). In this first application, we set n = 2 in order to limit the number of parameters to be
estimated yet allowing some flexibility in the definition of the initial distribution of reactivity. We did not assume
any a priori knowledge on the two gamma distributions, but we set the same range for the estimation of their
parameters (Table 2). We estimated parameters in terms of the mean reactivity of the gamma distribution:
(k); = vi/a;, rather than the scale parameter a;, in order to facilitate the interpretation of the resulting values. A
temperature dependent function can be used to account for the possible seasonality of the input DOC concen-
tration (Grandi & Bertuzzo, 2022). However, stream DOC concentration in the OSB does not exhibit a clear
seasonal fluctuation; and in the first trials that included such function, posterior distribution converged to values
indicating no temperature effect. For model parsimony, we therefore decided to neglect temperature dependence
(i.e., Do(t) = Dy,).

2.5. Parameter Estimation

The model estimated a total of 11 parameters (Table 2): 3 for the definition of the water age dynamics (f;, §, and
Sp), and 6 for the description of the initial DOC reactivity, including 3 parameters for each of the n = 2 initial
reactivity distributions that describe the shape of the gamma distribution ((k); and v;) and the initial DOC
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concentration Dy ;. Finally, the concentration of DOC Cg, ; of the initial storage S is also estimated to define the
initial conditions. Parameter estimation was performed in a Bayesian framework assuming uninformative uni-
form prior distributions (within the limits shown in Table 2) and independent, identically distributed normal errors
with standard deviations o, between the observed and simulated DOC concentration time series Cp(1). We
sampled the parameter posterior distribution using the DREAMyg (ter Braak & Vrugt, 2008; Vrugt et al., 2009)
implementation of the Markov Chain Monte Carlo algorithm.

The model was implemented using a 6-hr time-step since this is the interval at which all the variables were
simultaneously sampled. We did not explicitly include information on DOC quality in the likelihood calculation.
Rather, based on the best performing parameter set, we computed a-posteriori the correlation between the average
reactivity simulated by the model (k) and the DOC quality metrics (i.e., PARAFAC components, SUVAys,, and
HIX). As we did not expect a linear relation between DOC reactivity and DOC quality metrics, we quantified the
correlation using the Spearman's rank correlation coefficient. It is worth emphasizing that tracers observations
were not available to independently estimate the SAS function parameters. We thus estimated both the SAS and
the initial reactivity distribution parameters solely reproducing DOC concentration in the discharge.

3. Results
3.1. DOC Quality

The PARAFAC analysis revealed the presence of 5 components (C;-Cs), 4 humic-like and 1 protein-like
associated with in-stream production. C; (Ex: 240 (310)/Em: 415), is assigned to a terrestrial humic-like char-
acter, linked with microbial processing and biological activity (Gao & Guéguen, 2017; Murphy et al., 2014) (20
models had coincident components in OpenFluor). C, (Ex: 240 (425)/Em: 488), previously related with peatlands
(Galletti et al., 2019; Yamashita et al., 2011), provides a strong terrestrial signature (2 models matched in
OpenFluor). C3 (Ex: 330/Em: 438) showed a similar signature to marine peak M (Coble, 1996), terrestrial humic-
like with some degree of microbial processing (Gao & Guéguen, 2017; Kauai; 6 models matched in OpenFluor).
C,4 (Ex: 240 (370)/Em: 462), related to a terrestrial-humic component (Gao & Guéguen, 2017), has been found
previously in mountain streams (Yamashita et al., 2021) and matched 4 models in OpenFluor. Cs (Ex: 280/Em:
330) is a protein-like component (Cawley et al., 2012; Wiinsch & Murphy, 2021), likely produced instream, and
characterized by high reprocessing rates (Kothawala et al., 2014), 14 models matched in OpenFluor. All spectra
with combined Tuker Congruent Coefficient (TCC) for excitation and emission > 0.95 were considered similar,
except for C, for which TCC threshold was set to > 0.94. These PARAFAC components mostly agree with those
identified by Fasching et al. (2016) (see Supporting Information SI). These results confirm our initial working
hypothesis that stream DOC in the OSB is dominated by terrestrial components. Indeed, the only protein-like
component, Cs, with an autochthonous origin, contributed to a small extent to stream DOC (typically <9%
with few peaks at 15%), acting as an almost constant baseline (see Figure S3 in Supporting Information S1). This
finding suggests a minimal contribution of in-stream production to the stream's DOC concentration, which allows
for a direct comparison between the model results—focused solely on the transport and degradation of terrestrial
DOC—and the data collected from the stream. Components C, and C4, which together accounted for 30%—40% of
the total fluorescence (Figure 2, panel a), are of particular interest for the purpose of this study because they
represent the humic, terrestrial signature of the system. Among the 5 components, these are most strongly linked
to the fresh terrestrial DOC. These components are characterized by lower degree of processing in comparison to
C, and C;. Based on these results, we computed an additional quality index to quantify the relative contributions
of components 2 and 4 to the total DOC mixture: (C, + C4)/ Y, C;. High values of this index indicate the
presence of fresh terrestrial DOC that has undergone limited degradation processes. In contrast, low values imply
a stronger contribution from components 1 and 3, suggesting a DOC mixture with a higher degree of processing.
Therefore, according to the hypothesis presented in the Introduction, we expect fast hydrological pathways to be
characterized by high values, and slow pathways by low values, of the relative contribution of components 2
and 4.

The DOC collected in the OSB catchment shows clear, distinct quality signatures across different hydrologic
conditions. As conditions shift from baseflow to snowmelt and peak flows, we observed statistically significant
increases in HIX, SUVA,s,4, and the relative contribution of the combined PARAFAC components C, and C,.
Conversely, the relative contribution of component Cs decreases with increasing flow conditions (Figures 2a-2d,
2f-2i).
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Figure 3. Observed (dots) and simulated (black line) DOC riverine concentration time series in the OSB river. The
contribution to total DOC concentration of the two different fractions characterized by different initial reactivity distributions
is also shown: the orange area represents the contribution of the recalcitrant DOC composing the first reactivity distribution
and the yellow area represents the contribution of the second distribution, comprising more reactive DOC. Note that the study
period is split in two to enhance representation: from 17 May 2010 to 13 February 2012 (top panel), and from 13 February
2012 to 31 August 2013 (bottom panel).

3.2. Simulated DOC Concentration

The model is able to reproduce the temporal fluctuations of stream DOC concentration (Figure 3), including its
response to precipitation and snowmelt that typically occur in April (see Figure 2). Stream DOC exhibits a typical
flushing behavior (Stewart et al., 2022), with concentrations increasing with increasing discharge. While some
peaks in DOC concentration were not correctly reproduced (e.g., during summer 2011), the overall model per-

formance was satisfactory, reaching a Nash-Sutcliffe coefficient of 0.62 (root mean square error = 0.21 mg L™1).

The analysis of the parameter posterior distribution (Figure 4 and Table 2) sheds further light on the processes
governing stream DOC concentration. With respect to the SAS function, a negative value for the parameter f,
indicates that, as the storage increases, (f) decreases and discharge is more prone to select younger water par-
ticles in the storage. Overall the mean value of A(¢) is 0.34 indicating a strong preference for young water. The
initial storage S, resulted in a large median estimated value of ~ 22000 mm. In this case, the posterior distribution
was not well defined with all the values greater than 22,000 mm showing a similar probability. This is a common
drawback of this type of analysis, especially when the system has a strong preference for young water (see e.g.
Benettin et al., 2017; Hrachowitz et al., 2015, 2021).

With respect to stream DOC dynamics, the two estimated gamma distributions (D;) that constitute the initial DOC
reactivity spectrum exhibit markedly different characteristics: a persistent compartment with very low reactivity
(i = 1) and a more labile, reactive, compartment (i = 2). The relative contribution of these two distributions to
simulated stream DOC concentration fluctuates over time (Figure 3). The persistent DOC attributed to the initial
distribution D; contributed to a basal, almost stable DOC concentration of around 1.2 mg L~!; while the
contribution of the reactive DOC was highly variable over time (from around 0 to 3 mg L™") and increased during
storm events and snowmelt periods (Figure 3, yellow area). Parameter-wise, D, resulted in a shape factor v that
tended to zero, which means that the distribution tends to an atom of probability in k = 0. With such low values of
vy, the soil DOC fraction characterized by this distribution has an almost non-reactive behavior regardless of the
mean reactivity (k),. Consequently, (k), showed a uniform posterior distribution of values (Figure 4).
Conversely, D, is characterized by a relatively fast mean reactivity (median (k), = 0.0013 h™') and a larger shape
factor (median value v, = 8.78), which lead to a mound-shaped distribution. We note that as v increases, a
gamma distribution tends toward a Gaussian distribution. Therefore, even though the posterior distribution of v, is
squeezed toward the defined upper boundary (v, = 10), we do not deem necessary to increase the upper bound
because the shape of the distribution for v, > 10, and a fixed mean value, is almost invariant.
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Figure 4. Marginal posterior distributions obtained in a Bayesian framework for the 3 parameters related to the time-variant SAS function (top panels, blue) and for the
two initial DOC gamma reactivity distributions in soil (middle and bottom panels, in orange and yellow for the first and second gamma reactivity distribution,

respectively).

3.3. Simulated DOC Reactivity

The average DOC reactivity (k),, predicted by the model via Equation 6 is showed in Figure 2e. Under the three
different hydrologic regimes considered, (k), exhibit the same behavior of the quality indexes HIX, SUVA,s,
and (C, + C4)/ Y C;, exhibiting an higher median value of 7.50-10~* h™" at high flow, versus 5.11-10~* h™!
during snowmelt and, 2.96-10~* h™! at baseflow (2¢). Moreover, our results prove (k) to be positively correlated
with HIX (Spearman's rank correlation coefficient r¢ = 0.50) and SUVA,s, (g = 0.65) indexes, albeit with a
notable dispersion. Moreover, we find (k) to be positively related with the relative contribution of the sum of C,
and C, to the overall fluorescence (Figures 2k—2n). In contrast, (k) o showed weaker correlations with the relative
contribution of C; (ry = —0.21) and C; (ry = +0.28). Finally, we find a negative correlation (ry = -0.58)
between (k), and the relative contribution of Cs.

4. Discussion

Different flow regimes in the OSB catchment export DOC with distinct quality features. The analysis of quality
indexes derived from high-resolution EEMs data and absorbance spectra shows that as conditions shift from
baseflow to snowmelt to peak flow, the exported DOC is characterized by higher values of the HIX and SUVA,s4
indexes, and shows a greater relative contribution of PARAFAC components C, and C,. This result suggests that
peak flow activates pathways that transport fresh terrestrial DOC with a short history of degradation, while DOC
exported during baseflow exhibits signatures of longer degradation and processing. Snowmelt is characterized by
a wide range of flow magnitudes that lie between baseflow and stormflow, and the quality signature of snowmelt
DOC also exhibits characteristics intermediate between these two regimes (Figure 2). When comparing the
quality of DOC during snowmelt with that of DOC exported during similar flow magnitudes, no distinctive
features were observed (see Figure S4 in Supporting Information S1). This suggests that DOC quality during
snowmelt is primarily controlled by the level of flow discharge rather than specific biogeochemical processes
occurring during these events.

The relationship between flow regime and DOC quality is further supported by the model results. The framework
simulates the evolution of DOC reactivity from its initial distribution, when DOC is exported from superficial soil
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Figure 5. DOC dynamics under different hydrologic conditions: 2012 spring snowmelt (left panels) and 2012 summer high flow (right panels). (a, b) Observed and
modeled DOC riverine concentration. (c, d) Observed rainfall. (e, f) Observed discharge Q and estimated young Q mobilized (i.e., the fraction of discharge younger than
2 months) - blue areas, versus the three selected DOC terrestrial indexes (HIX, relative abundance of C, 4+ C, and SUVA,s, index) normalized to 1. Continuous yellow,
orange and purple lines display the corresponding index moving average calculated over a 36-hr time window. (g, h) Comparison between the average reactivity (k),

(purple dotted line) and the fraction of young water (blue line) estimated by the model.

layers, up to the sampling point. Along the flow pathway, the DOC reactivity distribution is used to compute the
time-varying bulk DOC degradation rate, which predicts the quantity of DOC exported from the catchment.
Additionally, the predicted reactivity distribution provides relevant information on DOC composition. According
to this scheme, DOC molecules with high reactivity are quickly degraded along the flowpath, causing the
reactivity distribution to shift toward lower k values. As a result, DOC that is transported for long (short) transit
times will have a low (high) mean reactivity at the end of the transport process. From a quality perspective, DOC
with a long transit time should exhibit a high degree of processing, while DOC transported via shorter pathways
will carry fresh terrestrial material with a shorter history of degradation. This relationship is confirmed when
comparing quality indexes with the predicted mean reactivity (Figure 2): predicted mean reactivity is positively
correlated with quality indexes that point toward a fresh DOC with low degree of processing (HIX, SUVA,s4, and
the relative contribution of PARAFAC components C, and C4). Notably, this correlation was not a specific
objective of the model calibration, which was based solely on reproducing DOC concentrations. Instead, it
emerged a posteriori, based on the best-performing parameters.

Such system functioning is further detailed in Figure 5 which illustrates how DOC concentration and composition
vary in the OSB stream under the three distinct hydrologic conditions considered. In particular, left panels focus
on some spring snowmelt events in 2012, whereas right panels analyze the succession of storm and baseflow
events observed in summer of the same year. With the occurrence of a storm, the fraction of discharge water
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younger than 2 months quickly increases from values of 20%, typical of baseflow, to up to 45% during peak
discharge. As a consequence, the presence of water parcels with short transit times leads to an increase of the
average DOC reactivity (panel g-h). An analogous response is observed for the quality indexes (panel e—f) that
peak during these events. It should be noted that while mean reactivity decreases rapidly after a storm, the quality
indices exhibit a more persistent signal. This difference underlies the good, though not perfect, correlation be-
tween these variables (Figures 2k—2n). During snowmelt, the young water fraction reaches a maximum value of
around 35% (panel g), which is lower than the levels observed during similar discharges caused by isolated storms
(panel h). Consequently, the predicted mean reactivity also results to be lower during snowmelt events (panel g).
While we found that the quality signature of DOC during snowmelt is not significantly different from that of DOC
exported during other periods with similar discharge magnitudes (Figure S4 in Supporting Information S1), it is
important to note that the temporal structure of these pulses is entirely different. As discussed in previous work on
DOC dynamics under different regimes, we also found that while DOC quality changes rapidly in response to
storms (Butturini et al., 2006), snowmelt can result in extended periods—Iasting up to a month—during which the
DOC quality profile remains distinct from baseflow conditions (Campbell et al., 2014). Therefore, while a storm
acts as a brief, impulsive disturbance to the DOC composition feeding the downstream ecosystem, the prolonged
change during snowmelt may trigger an adaptive response in the riverine ecosystem. Indeed, a study conducted in
the same catchment revealed a positive effect of snowmelt on both ecosystem respiration and primary production
(Ulseth et al., 2018). While the former can be directly linked to DOC quality and concentration, the effect on
productivity may be related to the delivery of terrestrial nutrients, which follows dynamics similar to DOC. Other
studies in alpine catchments shown how snowmelt triggers slow infiltration in soil and a consequent asynchro-
nous release of C to the stream (Boyer et al., 1997, 2000), while during storms terrestrial C is quickly flushed into
the streamflow.

In terms of DOC concentration, the results presented here provide further validation of the framework introduced
by Grandi and Bertuzzo (2022). The model successfully reproduced stream DOC concentrations in the small
alpine OSB catchment, demonstrating that riverine DOC dynamics can be effectively modeled by accounting for
both the transit time distribution of water and DOC degradation during its transport through the catchment, as
described by the Reactivity Continuum model. Our findings further emphasize the critical role of hydrology in
determining DOC concentrations and their variability throughout the year, even in this high-altitude catchment.
The estimated mean value of §, lower than 1, indicates a strong preference for young water in the OSB catchment.
Moreover, the convergence of f, to negative values suggests that as storage increases, there is a stronger acti-
vation of fast flowpaths, leading to an increasing fraction of younger water in the discharge (see Figure 5). This
phenomenon, known as the inverse storage effect (sensu Harman, 2015), is commonly observed in small
headwater catchments (e.g., Benettin et al., 2017; Harman, 2015). We estimated a significantly high value for the
initial volume of water stored in the system ;. Such potential issue has been addressed in several recent studies
(see e.g., Benettin et al., 2017; Harman, 2015; Hrachowitz et al., 2021) and the main impacts on solute transport
modeling have been discussed in details in Grandi and Bertuzzo (2022). In that study, a sensitivity analysis on the
Sp parameter was carried out, showing that the initial volume of water in the system can be constrained by adding
prior information in the estimation process. However, the analysis also showed that different S, estimates had
little to no impact on simulated solute concentration, confirming that S, is noncritical for solute dynamics in
catchments with a strong preference for young water. Finally, while the model was able to reproduce the general
fluctuations in observed stream DOC concentrations, it should be noted that it did not fully capture the amplitude
of extreme highs and lows (Figure 3).

We introduced a new feature to represent the initial reactivity distribution of DOC in soil: a linear combination of
multiple gamma distributions. This approach enhances model flexibility while preserving analytical tractability.
We limited the model to two distributions to prevent overfitting. Results indicate that the initial DOC reactivity
can be effectively captured by the sum of two distinct distributions: (a) a nearly recalcitrant portion (v — 0, with
low and constant k), which behaves almost as a conservative tracer, and (b) a more reactive portion that undergoes
degradation along the flowpath. While the reactive portion is estimated to be more abundant than the recalcitrant
one in the superficial soil layer (Table 2), they are instead comparable at the outlet as a result of the degradation of
the reactive portion within the soil (Figure 3). During baseflow, the DOC concentration at the outlet is mostly
composed by the recalcitrant portion, while snowmelt and storm activate short pathways that carry reactive DOC
that underwent low degradation. In this case study, the initial soil DOC reactivity distribution has been estimated
through inverse modeling based on DOC measurements in streamwater. While the available data for the OSB
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catchment do not allow for independent validation, it is theoretically possible to estimate these quantities by
analyzing the reactivity of soil leachate (see, e.g., Chen & Jaffé, 2014). Future applications could thus exploit
parallel soil and streamflow water sampling campaigns.

While the PARAFAC components and reactivity distributions describe different aspects of the DOC mixture, our
results suggest a potential parallel between the two. Fresh components from terrestrial sources (C, and C,4) could
be reactive and subject to microbial degradation (Kalbitz et al., 2000), thus tentatively aligning with the more
labile portion of the reactivity distributions. Indeed, the relative contribution of these two components (2 and 4) to
the total terrestrial DOC (components 1 to 4) is positively correlated with the relative contribution of the labile
fraction in the DOC measured at the outlet (rg = 0.41). Furthermore, their average relative contributions are quite
similar (0.41 for the relative abundance of PARAFAC component 2 and 4 vs. 0.44 for the reactivity distribution).
Conversely, DOC exhibiting evidence of prior microbial degradation (PARAFAC components 1 and 3) may
contain byproducts with lower lability, aligning with the recalcitrant portion of the reactivity distribution. Note
that the resulting correlation is 0.41 also in this case, as both pairs of variables complement each other to unity.
However, attributing two distinct subsets of the PARAFAC components to the two reactivity distributions should
be approached with caution, as cross-attributions are both possible and likely. For example, fresh DOC from
terrestrial sources may exhibit recalcitrant behavior even before microbial processing and could therefore align
with the recalcitrant portion of the reactivity distribution. Similarly, DOC that has already undergone microbial
processing might still retain a reactive nature, placing it within the labile portion of the distribution. Finally,
PARAFAC component 5 can be attributed to instream production.

Combining the results about DOC concentration, quality and reactivity, the emerging picture of the catchment
functioning regulating water chemistry is as follows: precipitation and snowmelt increases water storage and
activate fast flow-paths connecting superficial soil layers to the stream. Such flowpaths carry higher concentration
of DOC thus leading to the typical flushing behavior (positive correlation between DOC concentration and
streamflow discharge) already observed in other catchments (see e.g. Grandi & Bertuzzo, 2022; Stewart
et al., 2022) and frequently assumed when modeling carbon fluxes from the terrestrial to the stream ecosystem
(Segatto et al., 2023; Wei et al., 2024). Our study shows that not only this pulses are characterized by a higher
DOC concentration, they are also more reactive and transport fresher terrestrial DOC. Terrestrial DOC inputs can
largely contribute to changes in riverine DOC concentration and quality and this source represents a fresh input of
organic matter that could be rapidly degraded and respired by the stream microbial community (Lupon
et al., 2019; Marin-Spiotta et al., 2014; Ward et al., 2013). Indeed, previous studies highlighted that the reactivity
of allochthonous DOC sources can be even higher than that of autochthonous sources in both lakes (Catalan
et al., 2013) and small headwater streams (Fasching et al., 2014). According to our findings, the majority of this
terrestrial DOC is likely to be exported to the stream during storms and high-discharge events when young water
parcels are mobilized, resulting in fresh, terrestrial DOM, readily available for stream metabolism. It should be
noted, however, that the reactivity estimated in our framework reflects degradation processes occurring within the
soil. Once DOC enters the stream, its reactivity profile may change. In fact, Berggren et al. (2022) emphasized
that DOC reactivity is not solely dependent on the chemical properties of the DOC molecules, but on both these
intrinsic characteristics and extrinsic controls, such as the environmental conditions where degradation occurs.
Catalan et al. (2021) proposed a transformation to the reactivity distribution to account for varying environmental
conditions. While this method was originally applied to model the different degradation conditions of particulate
organic carbon in wet versus dry streambeds, a similar approach could be adapted to adjust the reactivity dis-
tribution of DOC as it transitions from soil to stream conditions, enabling the tracking of further DOC degradation
once it enters the streamflow.

The relatively small size of the OSB catchment (25 km?) enabled certain model simplifications. First, we assumed
that the transit time of water at the catchment outlet is equivalent to the time water spends within the soil, thus
allowing us to disregard the short transit time within the stream itself. Consequently, the model focuses on
degradation processes occurring within the soil, neglecting those within the stream. Second, we assumed that the
DOC collected in the streamflow is primarily of terrestrial origin, allowing us to exclude instream sources. This
enabled modeling DOC quantity and quality with a focus on soil sources, simulating degradation along the
hydrological pathway from the superficial soil layer to the catchment outlet. This second assumption is supported
by the PARAFAC analysis results, which show that instream sources (component Cs) account on average for only
7.4% of sampled DOC, and confirmed by the previous analysis conducted on the same dataset in the OSB basin by
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Fasching et al. (2016). Additionally, this component acts as a nearly constant baseline concentration and does not
significantly contribute to DOC concentration fluctuations. While these assumptions are considered suitable for
this case study, they should be carefully evaluated before applying the model to other catchments. In particular,
larger catchments may require explicit consideration of terrestrial DOC degradation within the stream network. A
possible model development to address this could involve using the current model to produce the DOC con-
centration and reactivity from lateral discharge along the stream network. The further time evolution of this DOC
reactivity spectrum, suitably transformed to account for different environmental conditions (as discussed above),
could then be tracked using the transit time within the streamflow as the driving variable. This framework could
also incorporate instream sources if the PARAFAC analysis reveals their substantial contribution, a scenario that
may be more likely in larger catchments. Expanding the model to include instream sources would involve
mapping a proxy for these sources along the network, such as one proportional to gross primary production, and
defining an initial reactivity distribution for this DOC input.

5. Conclusions

Our study investigates the quantity and characteristics of terrestrial DOC delivered to streams via lateral fluxes,
aiming to clarify DOC dynamics within a second-order alpine stream catchment. The key findings can be
summarized as follows:

¢ Our framework successfully models temporal fluctuations in riverine DOC by linking water transit time with
the degradation time of DOC exported from the soil. Additionally, the model's predictions for the average
reactivity of exported DOC show a significant relationship with fluorescence and absorbance quality indices
independently derived from observed data.

o The predicted reactivity effectively captures the overall variation in the terrestrial DOC quality signature
across different discharge regimes, including sequences of low- and high-flow conditions and snowmelt
events, although certain aspects of DOC quality dynamics remain unrepresented.

e We compared the changes in DOC reactivity distribution throughout the degradation process with the
abundance of terrestrial PARAFAC components, suggesting that our implementation of the reactivity con-
tinuum may serve as an initial step in characterizing soil DOC properties. However, we underscore the need
for caution in these interpretations, as understanding DOC quality and degradation history remains
incomplete.

o The results suggest that water age can serve as a useful proxy for predicting riverine DOC behavior under
diverse hydrologic conditions.

¢ Although our study has focused on small headwater catchments, where in-stream contributions to DOC dy-
namics can reasonably be neglected, we believe that the framework introduced by Grandi and Bertuzzo (2022)
and further developed here represents a significant step forward in quantifying terrestrial DOC export and
degradation. This framework provides a foundation for assessing the impact of terrestrial DOC inputs on
riverine ecosystems and the potential CO, outgassing resulting from in-stream respiration.

Data Availability Statement

Data used in this work and collected by Fasching et al. (2016) in the Oberer Seebach thalweg (Austria) are
publicly available at the Zenodo repository “Oberer Seebach dissolved organic carbon dataset” Version v2, at
https://doi.org/10.5281/zenodo.10000105 under Creative Commons Attribution 4.0 International license. The
repository contains concentrations of riverine and hyporeic DOC at 6-hr time step, measured river gauges at short-
time intervals (minutes) and the corresponding discharge and absorbance spectra for each riverine DOC sample.
The subfolder "EEMs” gathers together all the Excitation Emission Matrices for riverine DOC samples corrected
for Milli-Q water blanks and the inner-filter effects but not for scatters. Finally, a summary of the validated
PARAFAC model fitted on the DOC samples is included in the repository and published in OpenFluor with ID
number 15640 (pending publication).

Rainfall and air temperature records at the Lunz am See meteorological station are available under Creative
Commons Attribution 4.0 International license thanks to the Zentralanstalt fiir Meteorologie und Geodynamik
(ZAMG) at https://data.hub.geosphere.at/dataset/klima-v1-10min.
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