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Abstract. In river systems, particulate organic matter (POM)
originates from various sources with distinct dynamics re-
lated to production, decomposition, transport, and burial,
leading to spatiotemporal heterogeneity in the POM pool.
This study uses C and N isotope and element ratios, Bayesian
models and multivariate analyses to (1) quantify relation-
ships between POM composition and environmental forc-
ings, and (2) propose a typology of river functioning based
on POM composition and their seasonal dynamics. Twenty-
three temperate rivers, representing a large diversity of tem-
perate conditions, were sampled fortnightly to monthly over
one to seven years at their River-Estuary Interface (REI).
Phytoplankton and labile terrestrial material were found in
all rivers, while sewage and refractory terrestrial material ap-
peared in a few. Across all rivers, phytoplankton dominance
correlated with agricultural surfaces, labile terrestrial mate-
rial with organic-rich leached soil, and refractory terrestrial
matter with steep, soil-poor catchments. Seasonal dynamics
mainly depended to phytoplankton growth, river discharge,
and sediment resuspension. Statistical regionalisation iden-
tified four river-dynamics types: (1) POM is dominated by
labile terrestrial material year-round; (2) POM is composed
of labile and refractory terrestrial material plus phytoplank-
ton with variable seasonality; (3) POM is composed of phy-
toplankton and labile terrestrial material without pronounced
seasonality; and (4) POM is composed of phytoplankton and
labile terrestrial material with pronounced seasonality. This
research offers a comprehensive understanding of POM com-

position, dynamics, and drivers at the REI in temperate cli-
mates, complementing similar study in coastal systems. Fu-
ture similar research on estuaries is called to refine knowl-
edge along the Land-Ocean Aquatic Continuum.

1 Introduction

The River-Estuary Interface (REI) is a crucial biogeochemi-
cal interface for understanding the transition between conti-
nental and coastal systems, beginning at estuaries, because of
its key location within the Land-Ocean Aquatic Continuum
(LOAC) (Bate et al., 2002). Indeed, rivers then estuaries are
important filters for matters received from land, transport-
ing and transforming organic matter and nutrients along their
courses (Bouwman et al., 2013; Diirr et al., 2011; Middel-
burg and Herman, 2007). These processes are fundamental
in understanding global biogeochemical cycles (Regnier et
al., 2013), as these matters directly fuel coastal ocean trophic
networks (Dagg et al., 2004). However, in a Human-impacted
world, anthropogenic activities and disturbances can mod-
ify natural matter fluxes. For example, damming rivers di-
rectly impacts nutrient flows (Wang et al., 2022) and sedi-
ment transportation (Kang et al., 2021). Indirectly, land use
in river basins can lead to changes in the river matter quality
(Lambert et al., 2017).

In aquatic systems, particulate organic matter (POM),
i.e., non-mineral particles, is composed of different sources
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that originate from different compartments: phytoplankton,
macrophytes from the aquatic systems, as well as plant litter,
soil and petrogenic particles from terrestrial compartments
and even treated and untreated anthropogenic organic matter
(Ke et al., 2019; Sun et al., 2021; Zhang et al., 2021). De-
pending on its composition, POM exhibits different levels of
lability, i.e., different levels of biogeochemical reactivity and
bioavailability. For instance, phytoplankton is usually con-
sidered highly labile, and thus highly biogeochemically reac-
tive and bioavailable for primary consumers, while terrestrial
POM is usually considered more and more refractory through
degradation processes, thus lightly biogeochemically reac-
tive and poorly bioavailable for the food webs (Brett et al.,
2017; David et al., 2005; Etcheber et al., 2007). In other
words, the determination and quantification of POM com-
position (i.e., the relative proportion of each source com-
posing the POM) allow a better understanding of biogeo-
chemical cycles and trophic ecology in aquatic systems (e.g.,
Grunicke et al., 2023; Minaudo et al., 2016). Nevertheless,
POM composition and concentration are not only involved
in biogeochemical and biological processes (e.g., primary
production, remineralisation, feeding) but also undergo other
processes inside and at the interface of the aquatic compart-
ment (Canuel and Hardison, 2016). River hydrology is a key
factor controlling POM composition and concentration. The
bedrock and soil characteristics of each catchment, together
with climatic conditions, shape the erosional processes, lead-
ing to great variabilities in hydrodynamics, terrestrial mate-
rial quality and quantity and phytoplankton growth condi-
tions (Dalzell et al., 2007; Hilton et al., 2010; Lebreton et
al., 2016). This variability leads to shifts in POM source ori-
gins (Arellano et al., 2019; Barros et al., 2010). Additionally,
anthropogenic disturbances can directly or indirectly affect
seasonal as well as long-term patterns of POM composition
and concentration. For instance, a decrease in nutrient load
affects phytoplankton production and biomass Minaudo et
al., 2015), agricultural surface alters soil properties and ero-
sion and consequently soil particle export to rivers, damming
alters river hydromorphology and consequently particle dy-
namics and export (Kang et al., 2021; Zhang et al., 2021),
etc.

This dependency of POM composition and concentration
to physical, biogeochemical and biological processes and
their responses to environmental conditions and character-
istics (Bonin et al., 2019; Falkowski et al., 1998; Field et al.,
1998; Galeron et al., 2017; Goiii et al., 2009; Lebreton et al.,
2016) may lead to distinguishing different types of rivers,
i.e., the likeliness of rivers to carry preferential sources. For
instance, highly turbid systems are more likely to carry re-
fractory materials (Savoye et al., 2012), while eutrophicated
rivers carry high biomass of phytoplankton (Hounshell et al.,
2022; Minaudo et al., 2015), and contrasting processes can
lead to a mixture between different detrital sources, as soil
matter vs. fresh terrestrial plants (Ogrinc et al., 2008). How-
ever, to date, no study clearly determined typologies of river
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dynamics based on POM composition and its seasonal vari-
ability.

To distinguish POM sources and quantify their contribu-
tion to POM composition, different tools such as elemental
and isotopic ratios, pigments or specific compounds like fatty
acids or alkanes can be used (e.g., Chevalier et al., 2015; Lié-
nart et al., 2020, 2017; Savoye et al., 2012). Elemental and
isotopic ratios are usually considered robust and allow the
quantification of POM composition in this kind of study (e.g.,
Liénart et al., 2016; Onstad et al., 2000; Wang et al., 2021).
Indeed, they usually allow the discrimination of, e.g., riverine
phytoplankton, terrestrial POM and wastewater POM (Ke et
al., 2019), and they can be used for running mixing models
that quantify the proportion of the different sources in a POM
mixture (Parnell et al., 2013). However, studies using mixing
models for quantifying POM composition in river systems
are still quite scarce (e.g., Ferchiche et al., 2025, 2024; Kelso
and Baker, 2022, 2020; Zhang et al., 2021).

Within the scope of better understanding the role of the
LOAC in modifying matter fluxes and quality, the present
study gathered published data and results from 23 rivers at
the river-estuary interface with the aim of (1) quantifying the
POM composition of each river, (2) describing the seasonal
variations of this composition, (3) determining the drivers of
the seasonal variability within each river and the spatial vari-
ability among the 23 rivers, and then (4) determining a typol-
ogy of river dynamics according to their POM composition
and dynamics. This study is the first that precisely quantify
POM composition in numerous and various temperate river
systems in a world region (here, Western Europe) and clas-
sify river types according to POM composition and dynam-
ics.

2 Materials and methods

Twenty-three temperate rivers were studied at their river-
estuary interface (i.e., right upstream of the tidal influence).
All the data come from published studies or national open
databases. To minimize the heterogeneity of the datasets in
terms of sampling strategy, we have considered for this study
the datasets only when (1) C/N ratio along with isotopic ratio
of carbon and/or nitrogen were available, (2) particulate mat-
ter characteristics like, suspended particulate matter (SPM),
particulate organic carbon (POC), particulate nitrogen (PN)
or chlorophyll a (chl a) were also available, (3) datasets ex-
hibited at least a monthly temporal resolution for one full
year. When needed, published datasets were completed and
harmonised thanks to national databases.

2.1 Study sites
The studied rivers and associated watersheds are all located

in France (except the upper basin of the Rhéne River) and
distributed in all regions of the mainland. Three, fifteen and
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five of these rivers flow into the English Channel, the Atlantic
Ocean and the Mediterranean Sea (Fig. 1). Even if located in
a somewhat restricted area (Western Europe) at the global
scale, they encompass large gradients of environmental char-
acteristics (Table 1) for a temperate climate. For instance, the
Loire River is one of the largest in Europe (length: 1006 km;
watershed: 117 356 kmz), while the littlest studied river is a
very small stream of the Arcachon lagoon (length: 3 km; wa-
tershed: 18km?). They encompass large gradients of river
flow (annual mean: 0.3-1572 m3 s, turbidity (SPM an-
nual mean: 2.7-40.9mgL~") and trophic status (from olig-
otrophic to eutrophic rivers; chlorophyll a annual mean: 0.4—
57.1ugL™"). At last, they undergo a gradient of anthropic
pressures as illustrated by the proportion of artificial surfaces
(0.1 %-5.6 %) and agricultural areas (0 %—86 %) in the wa-
tersheds (Fig. 1).

2.2 Data origin

Regarding the core parameters (C/N ratio, §!3C, §'°N, wa-
ter temperature, SPM, POC, PN, chl a), most of the data sets
come from published studies (Canton et al., 2012; Cathalot
et al.,, 2013; Dubois et al., 2012; Ferchiche et al., 2024;
Harmelin-Vivien et al., 2010; Higueras et al., 2014; Lié-
nart et al., 2016, 2017, 2018; Polsenaere et al., 2013), while
most of additional parameters come from national databases
(Table Al). When not available in the cited studies, con-
centrations of SPM, NOS_ R NHI and POi_, pH and wa-
ter temperature were retrieved from the Naiades database
(https://naiades.eaufrance.ft/, last access: 7 October 2023).
Note that these parameters were not necessarily measured
or sampled exactly at the same location or date for Naiades
as in the cited studies. In that case, the location was cho-
sen as close as possible to the study location and data val-
ues were time-interpolated to match the study date. Mete-
orological variables (air temperature, zonal and meridional
wind, irradiance; used to qualify photosynthetic favourable
conditions or wind-induced resuspension) come from Météo
France, the French meteorological service. Wind data were
received originally as direction and speed. To remove the
angular bias, they were combined using scalar products to
get zonal and meridional wind speeds, which range be-
tween minus and plus infinity (see Lheureux et al., 2022,
for more details). River flows (used to qualify the hydro-
dynamics driver) were retrieved from the Banque Hydro
database (https://www.hydro.eaufrance.fr/, last access: 7 Oc-
tober 2023) or from Polsenaere et al. (2013) for the small
streams.

Catchment properties were retrieved when available
for the 23 rivers. Land use proportions originate from the
Corine Land Cover database (https://www.statistiques.
developpement-durable.gouv.fr/corine-land-cover-0,
last access: 10 January 2024). Soil organic car-
bon data originate from the SoilTrEC database
(https://esdac.jrc.ec.europa.eu/content/predicted-
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distribution-soc-content-europe-based-lucas-biosoil-and-
czo-context-eu-funded-1, last access: 10 January 2024).
Net erosion soil data originate from the WaTEM/SEDEM
database  (https://esdac.jrc.ec.europa.eu/content/estimate-
net-erosion-and-sediment-transport-using-watemsedem-
european-union, last access: 10 January 2024). Strahler
numbers originate from the CARTHAGE database
(https://www.sandre.eaufrance.fr/atlas/srv/api/records/
¢1d89cc3-¢530-4b0d-b0ae-06f5ebf7997d, last access: 15
August 2025). Useful water reserve values come from
the GSF database (Le Bas, 2025). Bedrock, soil types,
granulometry and slope come from the GISSOL database
(gathered by great bedrock and soil types according to
the provided legend; INRA, 2025). Wastewater treatment
capacities originate from the Eau France WES services
(https://services.sandre.eaufrance.fr/geo/odp?REQUEST=
getCapabilities&service=sWFS& VERSION=2.0.0sourcesa:
SysTraitementEauxUsees, last access: 15 August 2025). All
these catchment data were pre-processed on a Geographical
Information System to extract information for each catch-
ment surface, then averaged or weighted (depending on
continuous or semi-quantitative data) to characterise each
system with a value.

It should be noted that a complete study was already ded-
icated to the Loire River and reported as a companion arti-
cle (Ferchiche et al., 2024). Consequently, the results are not
reported in the present study but are used for multi-system
comparisons (Figs. 5 and 7, and corresponding text).

2.3 Determination of sources signatures

To run mixing models for quantifying POM composition, it is
previously needed to (1) determine sources of POM, and (2)
associate elemental and isotopic signatures to these sources.
In riverine systems, autochthonous (mainly phytoplankton)
and allochthonous (resuspended sediment, terrestrial fresh
litter or rock-derived soil) are the main sources that are usu-
ally considered as fuelling the POM (e.g., Ferchiche et al.,
2024; Pradhan et al., 2016; Sarma et al., 2014). Nevertheless,
sewage POM may also contribute (Higueras et al., 2014).
Consequently, phytoplankton, labile and refractory terrestrial
POM and sewage POM were considered as potential sources
in this study.

Phytoplankton cannot be easily picked up from bulk parti-
cles to measure its elemental and isotopic ratios. Therefore,
the method developed and used by Savoye et al. (2012), Lié-
nart et al. (2017) and Ferchiche et al. (2024) was applied
here. It consists of determining the elemental and isotopic ra-
tios from a subset of the bulk dataset. Briefly, phytoplankton-
dominated POM is characterised by a low POC/chl a ratio
(<200 or even<100g g_l; Savoye et al., 2003 and refer-
ences therein). Thus, elemental and isotopic ratios of sam-
ples exhibiting a low POC/chl a ratio can be considered as
good estimates of phytoplankton elemental and isotopic ra-
tios. When the POC/chl a ratio is not available, samples ex-
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Table 1. Overview of river samplings and characteristics. Values are given as annual mean over the study period for river flow, temperature, suspended particulate matter (SPM) and
chlorophyll a (chl @). Id: identification number; Number: number of sampling dates. River types were defined within the scope of the present study (see Sect. 3.4). NA: not available.
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River Id River Sampled Sampling Number Latitude Longitude Riverlength Catchmentarea River flow  Water temperature SPM Chla References
type  period Periodicity (km) km?)  (m3s (0 (mgL™h) (ugL™hH
Seine 1 IV 06/2014 to 06/2015 monthly 13 49.31 1.24 774 79 000 496 15.0 21 2.8 Liénartetal. (2017, 2018)
Orne 2 I 06/2014 to 06/2015 monthly 13 49.18 —0.35 169 2932 16 14.5 11 1.8 Liénart et al. (2017, 2018)
Rance 3 IV 06/2014 to 05/2015 monthly 12 48.49 —2.00 103 1195 1.37 15.1 21 57.1 Liénartetal. (2017, 2018)
Elorn 4 IV 01/2014 to 06/2015 monthly 17 48.45 —4.25 56 385 6 12.3 16 3.0 Liénartetal. (2017, 2018)
Aulne 5 IV 01/2014 to 06/2015 monthly 17 48.21 —4.09 144 1875 30 14.4 7 3.3 Liénartetal. (2017, 2018)
Loire 6 IV 10/2009 to 07/2012 bi-monthly 67 47.39 —0.86 1006 117356 630 14.1 19 18.7  Ferchiche et al. (2024)
Sevre niortaise 7 IV 03/2014 to 03/2015 monthly 13 46.32 —1.00 158 3650 3.72 15.7 13 3.8 Liénartetal. (2017, 2018)
Charente 8 I 03/2014 to 03/2015 monthly 13 45.87 —0.71 381 9855 68 15.1 13 1.3 Liénart et al. (2017, 2018)
Seudre 9 1 03/2014 to 09/2015 monthly 15 45.67 —-0.93 68 855 1.81 14.3 17 0.5 Liénartetal. (2017, 2018)
Porge 10 11 01/2008 to 02/2009 monthly 14 44.79 —1.16 57 222 3.48 133 12 5.0 Polsenaere et al. (2013)
Cires 11 1 02/2008 to 02/2009 monthly 13 4476 —1.11 12 45 0.58 12.2 5 0.4  Polsenaere et al. (2013)
Renet 12 1 02/2008 to 02/2009 bi-monthly 23 4471 —1.04 3 18 0.56 12.9 10 0.6  Polsenaere et al. (2013)
Lanton 13 1 02/2008 to 02/2009 monthly 13 44.70 —1.02 15 36 0.26 12.5 11 1.2 Polsenaere et al. (2013)
Milieu 14 1 02/2008 to 02/2009 monthly 13 44.70 —1.02 7 21 0.58 12.7 7 0.4 Polsenaere et al. (2013)
Tagon 15 1 02/2008 to 02/2009 bi-monthly 26 44.66 —0.99 10 30 0.64 12.6 13 1.3 Polsenaere et al. (2013)
Leyre 16 I 01/2008 to 03/2010 bi-monthly or 59 44.63 —1.00 116 1700 17 13.0 11 0.9  Dubois et al. (2012)/
and 02/2014 to 02/2015  monthly Polsenaere et al. (2013)/
Liénart et al. (2017, 2018)
Landes 17 1II 02/2008 to 02/2009 monthly 12 44.62 —1.11 14 117 0.49 14.1 3 1.1  Polsenaere et al. (2013)
Adour 18 1II 04/2013 to 06/2014 monthly 24 43.50 —1.29 308 16912 516 14.0 48 2.4  Liénartet al. (2016)/
and 05/2017 to 05/2018 Deborde (2019)
Tét 19 I 01/2006 to 05/2010 monthly 52 42.71 2.99 115 1369 23 15.7 8 NA  Higueras et al. (2014)
Hérault 20 I 01/2006 to 05/2010 monthly 52 43.36 3.44 148 2582 53 16.0 7 NA  Higueras et al. (2014)
Orb 21 I 01/2006 to 05/2010 monthly 52 43.29 3.28 136 1585 23 15.7 8 NA  Higueras et al. (2014)
Aude 22 11 01/2006 to 05/2010 monthly 52 43.24 3.15 223 5327 40 14.2 31 NA  Higueras et al. (2014)
Rhone 23 11 12/2003 to 01/2011 monthly 105 43.68 4.62 812 95590 1572 15.9 41 1.9  Harmelin-Vivien et al. (2010)/

Cathalot et al. (2013)/
Higueras et al. (2014)
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Figure 1. Studied rivers (thick blue lines), sampling locations (black stars) and watersheds (thin black lines), including the main land uses
(red, yellow and green colours). 1: Seine; 2: Orne; 3: Rance; 4: Elorn; 5: Aulne; 6: Loire; 7: Sévre niortaise; 8: Charente; 9: Seudre; 10:
Canal du Porge; 11: Cires; 12: Renet; 13: Lanton; 14: Milieu; 15: Tagon; 16: Leyre; 17: Canal des Landes; 18: Adour; 19: Tét; 20: Aude; 21:

Orb; 22: Hérault; 23: Rhone. Background: ESRI Ocean.

hibiting a high PN/SPM ratio can be used. Additional con-
straints may be used to minimise potential overlap between
phytoplankton and terrestrial elemental and isotopic signa-
tures. Phytoplankton elemental and especially isotopic ratios
may vary deeply over time and space depending on primary
production intensity and potential limiting factors, nutrient
origin, etc. (e.g., Miller et al., 2013; Savoye et al., 2003).
When existing, this variability has to be taken into account
to avoid using elemental and isotopic signatures that are not
valid at the time or location of the sampling. This could be
performed by using regressions between elemental and/or
isotopic ratios and environmental variables (see Ferchiche et
al., 2024; Liénart et al., 2017; Savoye et al., 2012). At last,
when no samples exhibit a low POC/chl a ratio, samples ex-
hibiting the lowest (even if high) POC/chl a ratios can be
used, but the data should first be corrected for the contribu-

https://doi.org/10.5194/bg-22-7363-2025

tion of the terrestrial POM using Eqs. (1)—(3).

13 13
87 Crixture = ([Poc]phytoplankton x 8 Cphytoplankton

+ [POClierrestrial X & 13Cterrestrial) / [POC]sample (1)
[Poc]phytoplankton = [chla]sampie x (POC/chla)mean 2
[POClerrestrial = [POC]sample x (POC) phytoplankton (3)

where (POC/chl a)mean is the mean POC/chl a ratio of the
samples used to determine phytoplankton signatures. Similar
equations are used for the N/C ratio, 8'N and C/N ratio, but
using PN instead of POC for §!°N and C/N ratio.

Elemental and isotopic signatures of terrestrial POM can
be estimated by directly measuring elemental and isotopic
ratios in a sample like soil, rocks or vascular plants (e.g.,
Sarma et al., 2014). However, this does not take into account
the reworking of this material within the river system, which
can affect these signatures (Hou et al., 2021). Thus, simi-
larly to phytoplankton, elemental and isotopic signatures of
terrestrial POM can be estimated using subsets of bulk data,

Biogeosciences, 22, 7363-7401, 2025
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following the approach of Savoye et al. (2012), Liénart et
al. (2017) and Ferchiche et al. (2025, 2024). Labile terres-
trial POM is usually characterised by high POC/chl a and
C/N ratios and low POC/SPM ratios (Etcheber et al., 2007;
Savoye et al., 2003 and references therein). However, dur-
ing its decay in aquatic systems, terrestrial POM is colonised
by bacteria (low C/N ratio), resulting in a consortium terres-
trial POM + bacteria of lower C/N ratio than the original
terrestrial POM (Etcheber et al., 2007; Savoye et al., 2012).
Finally, one can discriminate two kinds of terrestrial POM:
refractory terrestrial POM, characterised by high POC/chl a
and C/N ratios and very low POC/SPM ratio, and quite la-
bile terrestrial POM characterised by high POC/chl a ratio,
intermediate C/N ratios and low POC/SPM ratio (Etcheber
et al., 2007; Savoye et al., 2012). Thus, subsets of high
POC/chl a ratio can be selected to determine the elemen-
tal and isotopic signatures of terrestrial POM. The C/N ratio
can be used to discriminate labile from refractory terrestrial
POM. When no samples exhibit a high POC/chl a ratio, sam-
ples exhibiting the highest (even if quite low) POC/chl g ra-
tio can be used, but the data should first be corrected for the
contribution of the phytoplankton POM using Egs. (1)-(3).

Elemental and isotopic ratios of riverine POM can exhibit
a departure from a simple phytoplankton-terrestrial POM
mixing. In the present study, this was the case in only two
rivers. For the Tét River, the elemental and isotopic signa-
ture of anthropogenic POM was available in Higueras et
al. (2014). It consisted of analyses of POM sampled in the
wastewater treatment plant (WWTP) closest to the sampling
site. For the Orb River, the signatures were estimated us-
ing the sample exhibiting the lowest 89N, typical of anthro-
pogenic POM (Ke et al., 2019).

The estimation of POM-source signatures was performed
independently for each river, except for some of the trib-
utaries of the Arcachon Lagoon (rivers 11 to 15), where
data sets were gathered, thanks to very similar characteris-
tics (same $13C of dissolved inorganic carbon; Polsenaere et
al., 2013), to get a larger subset of data for estimating ele-
mental and isotopic signatures more accurately. All criteria
used for defining the above-described subsets are reported in
Table 2.

2.4 Quantification of POM composition

POM composition was quantified using a Bayesian mixing
model (“simmr” R package version 0.4.5, Govan and Parnell,
2024), which solves the equations system based on bulk and
source POM elemental and isotopic signatures. Mixing mod-
els were computed for each sampling date of each river (Ta-
ble 1), using carbon (§'3C and N/C ratio, Eqgs. 4, 7, 8), nitro-
gen (815N and C/N ratio, Egs. 5, 6, 8), and/or a combination
of three (813C, 815N and N/C ratio, Egs. 4, 5, 7, 8) tracers.
From the three mixing models performed for each sampling
date and river (carbon, nitrogen or mixed), one model was
selected as the best estimation of bulk POM data. It should
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be noted that N/C and C/N ratios give information on the
mixing of C and N, respectively (Perdue and Koprivnjak,
2007). We used at least the same number of equations as un-
knowns (sources) to avoid running underdetermined models
that result in large uncertainty in model outputs (Phillips et
al., 2014). Equations of the models were:

13 13 13
8 Chixture = X160~ Csourcel + X260~ Csource2

+ x38"3 Coources + x48" Cyources 4
8" Nmixture = x18" Nyource1 + 28" Nsource2

+ x38"° Nsource + %48"*Niourced 5)
C/Nmixture = *1C/Nsource1 + %2C/Nsource2

+ x3C/Nsource3 + X4C/Nsource4 (6)
N/Chixture = *1N/Csource1 + *2N/Csource2

+ x3N/Csource3 + X4N/Csourced @)
X1 +x3 +x3+x4 =1 (8)

As there was no a priori knowledge of sources contribu-
tions to the POM mixture, the models were set with an un-
informative prior (1, 1, 1, 1) following a Dirichlet distribu-
tion (all sources have an equal probability to contribute to
the mix; Phillips et al., 2014). Model runs were set follow-
ing the recommendations of Phillips et al. (2014). Models
outputs were evaluated with Gelman-Rubin diagnostic (veri-
fication of chain convergence) and predictive distributions to
ensure the good fit of the models to the observed data. Mod-
els outputs are given as medians. Absolute uncertainties for
the models varied from 1 % to 18 % (range of average for
each river) with an overall average of 8 % (all models).

2.5 Drivers at local and multi-system scales

Environmental drivers to the POM composition were de-
termined using redundancy analysis (RDA; “dudi.pca” and
“pcaiv” functions; R package {ade4} version 1.7-19). RDA
summarises multiple linear regressions between the response
variable (POM composition: mixing model outputs) and a
set of explanatory variables (environmental drivers) to as-
sess causality links (Legendre et al., 2011). RDAs were
performed at single-river and multi-river scales. Regarding
the multi-river scale, the annual mean POM composition of
each river was used to determine the drivers of spatial (i.e.,
between-rivers) variations of POM composition.

The proxies of the environmental drivers were chosen to
directly or indirectly reflect the drivers that affect the pro-
cesses occurring in the river and the adjacent ecosystems
and influencing POM source inputs. To homogenise the data
sets for running the single-river RDAs, the same combina-
tion of twelve parameters (see Table A2) was used for each
river. They are linked to primary production (chlorophyll a,
phaeopigments, temperature, pH, ammonium, nitrate, phos-
phate, irradiance), upstream and lateral, natural and/or an-
thropogenic inputs (river flow, rain, SPM, ammonium, ni-
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Table 2. Continued.
River Phytoplankton 7 WWTP’s POM
si3¢ + equations 7 m_m2+on=w:c:m 7 C/N N/C + equations 7 sBc sBN /N N/C
Seine —32.8 8.4 74 0.136
+1.1 +1.7 +0.7 +0.012
Orne -31.4 43 6.6 0.141
+0.8 +0.8 +13 +0.010
Rance [—31.4; —25;6] 5.7 x 1074 x [chl a +w:wmo_w [4.7;11.4] —0.28 x 6.2 0.161
+1.7 —0.04 x [chl a + phaeo] — 30.6 +0.7 [NO3]+12.7 +04 +0.010
Elorn —27.4 6.9 10.0 0.101
+0.3 +0.5 +0.9 +0.007
Aulne —28.1 8.6 8.2 0.122
+0.2 +0.2 +0.2 +0.003
Loire [—30.6:—25.0] 5 x 10™# x [chl a + phaeo]? [3.0;104] 4.2 x 1074 x [chla]? — 72 0.140
+0.9 —0.02 x [chl a + phaeo] — 0.39 x [chl a/phaeo] — 27.9 +1.2 0.08 x [chla]+ 8.2 +0.6 +0.011
Sevre [—35.7;—29.2] —258 x exp([chl a+ @rmoo_w\ [0.106;0.145] 2.9 x 1073
Niortaise +1.0 16055)—0.15 x [temp] + 229 +0.006  x [chl a+phaeo] + 0.1
Charente -30.8 75 6.6 0.152
+0.03 +1.6 +03 +0.006
Seudre —-333
+0.1
Porge —33.6 0.128
+04 +0.008
Cires/Renet/ —349 0.133
Milieu/Lanton/Tagon +0.4 +0.006
Leyre —30.1 0.140
+0.3 +0.016
Landes —-29.9 0.112
+0.3 +0.010
Adour —28.2 0.111
+0.6 +0.010
Tét [-29.7;—27.8] —5.2x 1073 x [temp]? [5.3;13.3] 5.53x 5.6 0.181 —-263 —07 6.3 0.160
+0.6 +0.08 x [temp]—27.5 +1.8 [temp]—5.5 +0.7 +0.021 +0.1 £0.1 £03 =+£0.017
Aude [—32.6;—27.8] —0.21 x [5.2;10.6] —1.13xs!3C 5.0 0.205
+0.6 [temp]—26.5 +1.6 —262 +0.8 +0.033
Orb [—30.7,—23.4] —0.19 x [temp] [4.9;8.4] 8.44—(3.63 x 4.8 0.213 —27.1 1.9 3.7 0.270
+0.6 —26.0 +0.6  (conduc-505))/(conduc-111) +0.9 +0.039 +04 £19 +£37 +£0270
Hérault [—31.5;—27.5] —0.19 x [temp] [6.3;10:9] 3.6 x 1072 x 5.0 0.203
+1.0 —-26.0 +1.3 :mBEm — 1.15 x [temp]+ 14.6 | £0.7 +0.031
Rhone —27.8 5.6 5.5 0.180
+1.2 +0.8 +0.8 +0.030
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trate, phosphate), and resuspension (SPM, zonal and merid-
ional wind energy). For the multi-river RDA, environmental
proxies were selected to reflect processes occurring at large
spatial scales and in the river basin. Forty parameters (See
Fig. A6) were used. They are linked to water quality (conduc-
tivity, nitrates), climate setting (river flow, latitude, longitude,
air temperature, precipitation, zonal, meridional and total
wind energy), geomorphology (river length and flow, basin
surface area and slope, Strahler number), land use coverage
(agricultural areas, artificial surfaces, forest and seminatural
areas, wetlands and water bodies), catchment soil properties
(organic carbon content, net erosion, granulometry, useful
water reserves!), soil type (acidic, brown, organic and hy-
dromorphic soil), bedrock type (alluvial/unconsolidated de-
posits, calcareous and marl rocks, clayey materials, detrital
formations, sandy materials, loess, crystalline and metamor-
phic rocks, volcanic rocks and other/organic materials), and
urban pressure (WWTP capacities, WWTP capacities to river
flow ratio). From this initial list of proxies, some were re-
moved to limit the auto-correlation (use of the Variance Infla-
tion Factor, Borcard et al., 2011) and to improve the adjusted
R? of each RDA analysis (Table A2 and Fig. A6).

2.6 Typology of river dynamics

Rivers were classified based on POM composition and their
temporal dynamics by performing a regionalisation analysis
as in Liénart et al. (2018) (Fig. Al). This method, based on
multivariate cluster analysis (Souissi et al., 2000), allows to
consider the temporal (seasonal) variations specific to each
river in addition to the spatial (between-rivers) component.
The regionalisation analysis was based on POM composition
data (i.e., proportions of sources) computed for each river
and each month. When the sampling was fortnightly, aver-
ages were performed to get one value per month. When more
than one year was sampled, a standard year was chosen. Nev-
ertheless, to check if the choice of one year over the other
ones would modify the typology, another regionalisation was
performed using all available years for all rivers. This region-
alisation also allowed to check if a river can shift from one
type to another type depending on year and associated en-
vironmental conditions (inter-annual variability of type be-
longing). Also, in order to check if the over-representation of
the small rivers and streams fuelling the Arcachon Bay would
bias the typology, a third regionalisation was performed, re-
ducing the numbers of these rivers from 8 to 3 (and especially
from 6 to 1 regarding rivers of Type I). The results (Figs. 5,
A7) are very similar, indicating the robustness of the method.

A contingency matrix (rivers, sources, months) was cre-
ated from monthly values of source contributions (i.e., mix-
ing model outputs). For each month, a dendrogram was per-
formed, and ten cut-off levels were considered. Then, for

1Useful water reserve corresponds to the water retained by the
soil and that is useful for plants. It is calculated from soil thickness
and granulometry (Le Bas, 2025).
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each cut-off level, similarities between stations were iden-
tified within the twelve-monthly dendrograms. Ultimately,
global similarities between rivers were computed using a
fuzzy cluster that returns probabilities of membership of each
river to each cluster type. The best number of river types,
i.e., river dynamics typology, was determined considering
the best Dunn coefficient (Dunn, 1974) and Silhouette score
(Rousseeuw, 1987).

3 Results

Hereafter, four rivers (Rance, Charente, Milieu and Hérault
Rivers) were selected and considered as representative of
each type of studied river (see Sect. 3.4). Thus, most of the
results are illustrated using these four rivers. Graphs of all
the other rivers are reported in the Supplement.

3.1 Contrasting seasonalities in river characteristics

As stated in Sect. 2.1, the 23 studied rivers encompassed
large gradients of environmental characteristics, as illustrated
by the lowest and highest annual means of river flow (0.3
and 1572m3s~!; Lanton and Rhone Rivers), water tem-
perature (12.3 to 17.1 °C; Cires and Tét Rivers), SPM (2.7
and 40.9 mg L~!; Cirés and Rhone River), POC (0.3 and
5.1 mg L~'; Hérault and Loire Rivers) and chlorophyll a (0.4
to 57.1ugL~"; Cires and Rance Rivers) concentrations as
well as POC/chl a (199 and 6444 gg~!; Loire and Leyre
Rivers) and C/N (5.9 and 20.3 mol mol~!; Tét and Lanton
Rivers) ratios; this was less contrasting among rivers for
813C (—=30.2 %0 and —26.2 %o; Sevre and Tét Rivers) and es-
pecially 8N (4.0%o and 8.0%o; Leyre and Rance Rivers)
(Figs. 2, A2).

As generally observed in rivers from mid-latitude, the
studied rivers exhibited clear seasonal patterns in water tem-
perature with lower and higher values in winter and summer,
respectively. However, such clear seasonal patterns were not
always recorded for all the parameters, as there were con-
trasting patterns of seasonal variability among rivers. Indeed,
the seasonal variability of river flow was quite smooth (e.g.,
the Rance and Charente Rivers) with a higher flow in win-
ter/spring and lower flow in summer/fall for some rivers,
whereas it was highly pulsed for some others with constant
low levels marked by short and strong floods (e.g., 53 m>s~!
in mean but 1169 m3 s~! in flood time for the Hérault River)
(Fig. 2). Overall, one can distinguish rivers that are charac-
terized by high concentrations of chlorophyll a and clear sea-
sonal patterns of most parameters (e.g., 53 ug L~! of chloro-
phyll @ in mean ranging from 3 to 135ugL~" in the Rance
River) from rivers characterized by low concentrations of
chlorophyll a, high POC/chl a and low seasonal variabil-
ity for most of the parameters (e.g., 1.1 ugL~! of chloro-
phyll a in mean ranging from 0.7 to 1.7 ugL~" in the Mi-
lieu River) and from rivers that are characterized by high

Biogeosciences, 22, 7363-7401, 2025
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Figure 2. Temporal variations of matter characteristics for representative rivers along the studied periods for §13C (left axis; black dotted
line) and sISN (right axis; blue line) (first column); C/N (left axis; black dotted line) and POC/chl a (right axis; blue line) ratios (second

column); SPM(left axis; black dotted line), POC (right axis; blue line) and chl a (right axis; blue dotted line) concentrations (third column)

and river flow (left axis; black dotted line) and temperature (right axis; blue line) (fourth column).
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seasonal variability of most parameters but without a clear
seasonal pattern (e.g., Hérault River). Other rivers exhib-
ited intermediate behaviour (e.g., Charente River) (Figs. 2,
A2). Usually, Rance-like rivers exhibited high concentra-
tions of chlorophyll a in spring/summer associated with
POC/chl a ratio lower than 200 g g~!, C/N ratio lower than
8molmol~! and low §13C (down to —31%o0 or —33 %eo;
e.g., Seine River, Fig. A2). In contrast, Milieu-like rivers
exhibited high POC/chl a (>~700gg~!) and C/N ra-
tio (> 15molmol~!) and quite constant s13¢ (~—=29 %o to
—28 %o) all year round (e.g., Cires and Renet Rivers). These
rivers are tributaries of the Arcachon Lagoon. Hérault-like
rivers flowing into the Mediterranean Sea exhibited highly
and suddenly variable C/N ratios (4—17 molmol~!), §13C
(~—=33%0 to —26%0) and 8N (~ 2 %12 %) (e.g., Aude
and Orb Rivers; Fig. A2).

3.2 Elemental and isotopic signatures of POM sources

Elemental and isotopic signatures of phytoplankton were es-
timated for each of the twenty-three rivers (Table 2, Figs. 3
and A3). Most of them (all of them for the C/N ratio) were
found to be constant over time. Their annual mean values var-
ied between —34.9 %o (some tributaries of the Arcachon La-
goon) and —27.4 %o (Elorn River) for §'3C, between 4.3 %o
(Elorn River) and 8.6 %o (Aulne River) for !N and between
4.8 mol mol~! (Orb River) and 10.0 mol mol~! (Elorn River)
for the C/N ratio. Some of them varied over time along
with pigment concentration and ratio or with temperature for
813C, and with pigment concentration (chlorophyll a and/or
phaeopigments), nitrate concentration, temperature, §'>C or
conductivity for 8N (Table 2). The range of temporal vari-
ability was usually 4 %6 %o for §'3C and §'N. Overall,
phytoplankton signatures are comprised between —35.6 %o
and —23.8 %o for the 8'3C and between 3.0 %o and 13.2 %o
for the §19N.

All other signatures were found to be constant over time
(Tables 2 and A2, Figs. 3 and A3) but may differ between
rivers. Signatures mean annual values of labile terrestrial
POM were comprised between —29.1 %0 and —26.0 %o for
the §13C, between 3.7 %o and 6.6 %o for the §'°N and be-
tween 8.8 and 17.0 mol mol~! for the C/N ratio. Signatures
mean annual values of refractory terrestrial POM were com-
prised between —28.0%o0 and —25.9 %o for the $13C, be-
tween 3.1 %o and 6.7 %o for the 8'N and between 5.8 and
8.8 mol mol~! for the C/N ratio. Signatures mean annual val-
ues of sewage POM were —27.1 %o and —26.3 %o for §'3C,
1.9 %0 and —0.7 %o for §'>N and 3.7 and 6.3 molmol~! for
C/N ratio for Orb and Tét Rivers, respectively.

3.3 Dynamics of particulate organic matter
composition

Particulate organic matter composition resulting from mix-
ing models outputs is presented hereafter, for each river, as

https://doi.org/10.5194/bg-22-7363-2025
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the relative contribution of each source to the POM pool
(Fig. 4). Among rivers whose POM is composed of only
two sources (terrestrial POM and phytoplankton), one can
distinguish rivers with terrestrial-dominated POM (e.g., Mi-
lieu River: terrestrial POM accounted for 94 +3 % of the
mixture) to rivers of intermediate POM composition (e.g.,
Charente and Rance Rivers where phytoplankton accounted
for 34 + 10 % and 62 £ 10 % of the mixture, respectively).
All these rivers flow into the English Channel and the At-
lantic Ocean. The rivers whose POM is composed of three
or four sources flow into the Mediterranean Sea. In these
rivers, terrestrial POM is present as refractory and labile
materials. The contribution of labile terrestrial POM ranged
between 16 + 15 % (Tét River) and 46 =21 % (Orb River),
and of refractory terrestrial POM between 21 £9 % (Rhone
River) and 39+ 15% (Aude River). The contribution of
phytoplankton ranged between 34 £ 15 % (Aude River) and
51 £ 30 % (Hérault River) for the Mediterranean rivers. The
fourth source of POM was the WWTP’s POM. It was iden-
tified as a source in the Orb and Tét Rivers and accounted
for 154+ 6% and 10 £7 % in these two rivers, respectively.
Regarding temporal variations of POM composition, some
rivers exhibited clear seasonal patterns, whereas others re-
vealed a homogeneous composition over the annual cycle
(Fig. 4). The rivers where POM was highly dominated by ter-
restrial POM (Seudre, Cires, Renet, Lanton, Milieu, Tagon,
Leyre Rivers) showed almost no seasonal variability. In con-
trast, some rivers like the Rance, the Elorn or the Aulne
River showed a clear seasonal pattern with the dominance
of terrestrial material in winter and phytoplankton in sum-
mer. At last, other rivers exhibited less clear (e.g., Landes,
Porge, Charente Rivers) or even no clear seasonal pattern
but a quite stochastic variability over the annual cycle (e.g.,
Sevre, Adour, Aude, Orb).

It should be noted that the above is valid for carbon and
mixed as well as nitrogen models (cf. Table 2; Figs. 4 and
A4).

3.4 Typology of river dynamics

Four types of river dynamics were determined by the re-
gionalisation analysis based on river POM compositions and
their temporal dynamics (Fig. 5). The seven rivers (Renet,
Cires, Lanton, Milieu, Seudre, Tagon and Leyre River),
mainly belonging to Type I, were characterised by terrestrial-
dominated POM and no/low seasonality. Six of them are
small streams/rivers flowing to the Arcachon Lagoon. The
five rivers (Aude, Hérault, Tét, Rhone and Orb River),
mainly belonging to Type II, were characterised by the co-
occurrence of labile and refractory terrestrial POM and large
temporal variability, but, except for the Hérault River, with-
out a clear seasonal pattern. They all flow to the Mediter-
ranean Sea. The five rivers (Porge, Adour, Charente, Orne
and Landes River), mainly belonging to Type III, were com-
posed of phytoplankton and terrestrial POM, and exhibited

Biogeosciences, 22, 7363-7401, 2025
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time (see Table 2). This colored area corresponds to the dispersion of the values, including their uncertainties.

moderate seasonality. Type III is clearly an intermediary be-
tween Type I and Type IV. These five rivers flow to the At-
lantic Ocean or the English Channel. Among the seven rivers
flowing to the Arcachon Lagoon, the two that mainly belong
to Type III are man-managed streams and flow through lakes,
contrary to the six other ones, which mainly belong to Type
I and are natural streams that do not flow through lakes. Fi-
nally, the six rivers (Rance, Elorn, Aulne, Loire, Seine and
Sevre River) mainly belonging to Type IV were composed of
phytoplankton and terrestrial POM, and exhibited high sea-
sonality. These six rivers flow to the Atlantic Ocean or the
English Channel. It should be noted that the regionalisations
performed using all sampled years for all rivers (Fig. A7) re-
sulted in the same typology and in the same type for each
river, whatever the sampling year. The only exception is the
Leyre River, which switched from Type III in 2008 to Type 1
in 2009.

Biogeosciences, 22, 7363-7401, 2025

3.5 Environmental drivers to the POM composition

One redundancy analysis was performed for each river to
relate environmental parameters, considered as proxies of
drivers, to the POM composition, i.e., to assess the drivers of
the temporal variability of POM composition for each river
(Figs. 6 and AS). It should be kept in mind that the POC or
PN concentration of each source was used for these analyses
and not the relative proportion of the sources. In type-I rivers,
i.e., rivers characterised by terrestrial-dominated POM and
no/low seasonality, terrestrial POM is usually linked to river
flow and/or SPM concentration (e.g., Milieu River on Fig. 6,
Leyre and Tagon Rivers in Fig. AS). However, this feature
is not always clear since the POM of these rivers is always
dominated by terrestrial material, regardless of the environ-
mental conditions. In type-II rivers, i.e., rivers characterised
by the co-occurrence of labile and refractory terrestrial POM
and large temporal variability, phytoplankton POM is usually
positively linked to temperature and negatively linked to river
flow, whereas labile and refractory terrestrial POM are both
positively linked to SPM and/or river flow. Precisely, labile
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Figure 4. Temporal dynamic (rectangle graphs) and (inter-)annual mean (pie charts) of POC source proportions. Sources are phytoplankton
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terrestrial POM is usually better linked to river flow and re-
fractory terrestrial POM to SPM (e.g., Hérault River in Fig. 6
and Rhone River in Fig. AS). In the Tét River, anthropogenic
POM was linked to nitrate concentration (Fig. AS). In rivers
characterised by phytoplankton and terrestrial-POM compo-

Biogeosciences, 22, 7363-7401, 2025

sition with moderate (Type III) or high (Type IV) seasonality,
terrestrial POM was almost always positively linked to river
flow and/or SPM concentration, while phytoplankton was
usually linked with chlorophyll a concentration (e.g., Char-
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Figure 5. Typology of river dynamics following a hierarchical clus-
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ente and Rance Rivers on Fig. 6, Landes and Seine Rivers on
Fig. AS).

At last, another RDA was performed, gathering all rivers
to relate environmental parameters to the mean annual POM
composition at the multi-river scale (Fig. 7). As anthro-
pogenic POM was only detected in two rivers (Orb, Tét), it
was not included in the multi-river analysis to avoid analysis
bias. At this scale, phytoplankton is strongly positively cor-
related to agricultural surfaces and conductivity, labile ter-
restrial material to soil organic carbon content and acidic
soil coverage, and refractory terrestrial material to catchment
slope; refractory terrestrial material is also negatively corre-
lated to soil useful water reserves (all correlations are signifi-
cant; Fig. A6). Note that the phytoplankton and labile terres-
trial matter, as well as their related environmental variables,
are negatively correlated.

4 Discussion

4.1 Bulk POM and source signatures in temperate
rivers

Over the 23 studied rivers, §13C, §1°N, and C/N ratios of
bulk POM ranged between —35.2 %o and —24.5 %o, —0.3 %o
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Figure 6. Redundancy analyses (correlation circles) of rivers
standing for each type of river. Black arrows represent explained
variables (concentration of POC sources) and red arrows represent
explaining variables (environmental variables). River types are
recalled (Roman numerals). LTpoc =Labile terrestrial POC;
RTpoc =Refractory terrestrial POC; ¢poc = Phytoplankton
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and 12.6 %o, and 3 and 23.4molmol™!, respectively. This
corresponds to usual values recorded for riverine POM over
temperate systems, except for the lowest C/N ratios (Fer-
chiche et al., 2024; Kendall et al., 2001; Ogrinc et al., 2008).

In the present study, isotopic and elemental signatures of
terrestrial POM and phytoplankton were determined from
subsets of the bulk data sets following the approaches of
Savoye et al. (2012), Liénart et al. (2017) and Ferchiche et
al. (2025, 2024). It has the double advantage of 1) taking into
account the reworking of terrestrial POM within the river and
thus discriminating labile from refractory terrestrial POM,
and 2) taking into account the variability of phytoplankton
signature over time, due to differences in growth conditions
(see below). Labile terrestrial POM mainly appears during
high river flow (Figs. 6 and AS5; Savoye et al., 2012) and
is usually composed of riparian litter (e.g., Veyssy et al.,
1998). In the studied rivers, s13C, 81°N and C/N ratio
of labile terrestrial POM ranged between —28.9 £0.8 %o
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and —26£09%o0, 3.7£0.6%¢ and 6.6+£0.9%0, and
88404 and 17+32molmol~!, respectively. These
values are very similar to values found in other temperate
systems like the Gironde Estuary (§'3C=—28.7 £ 0.9 %o;
Savoye et al., 2012), the Sava River (8'3C=—28 +5%c;
8PN=54+2%0:; C/N=33415molmol~!; Ogrinc et
al., 2008) or Taiwanese rivers (8'3C=—26.6+1.8%o;
C/N=31.1 +234molmol~!; Hilton et al, 2010)
and very similar to direct measurement of C3 plants
(5]3C =—28.1+2.5%0; O’Leary, 1981 and references
therein;  §°C=-28 £13%; §"N=0.8+2.9%c
C/N=39.6£25.7mol mol~!; Dubois et al, 2012;
s13C=-27.940.1 %o; Fernandez et al., 2003). Refrac-
tory terrestrial POM is terrestrial POM that has undergone
large reworking within river water, river sediment or even
the estuarine maximum turbidity zone (e.g., Etcheber
et al,, 2007; Veyssy et al.,, 1998). In the studied rivers
where it was found, § 13C, 8N and C/N ratios of refrac-
tory terrestriall POM ranged between —28+£0.7%o and
—25.9+0.4 %0, 3.2+ 0.8 %0 and 6.7 == 1.4 %o, and 5.8 £ 1.4
and 8.8+3.1molmol~!, respectively. These values are
very similar to the large gradient of refractory POM origins
found in other temperate systems like the Gironde Estuary
(France) (resuspended sediment, § BC=-252+0.3%c

§PN=554+04%0; C/N=8.5+0.8molmol"!; Savoye
et al, 2012), Taiwanese rivers (petrogenic POM,
sBC=-236+1.1%; C/N=65+1.6 molmol!;

Hilton et al., 2010) and in the Pearl River (China) (soil,
813C: between —28.3+0.8%0 and —21.7 +0.7 %, C/N:
between 8.9+1.1 and 17.9+3.6molmol~!; Yu et al.,
2010).
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Isotopic signatures of phytoplankton vary depending on
biogeochemical conditions and processes like nutrient avail-
ability and utilisation, growth rate and limitation (e.g., Fry,
1996; Liénart et al., 2017; Lowe et al., 2014; Miller et al.,
2013; Savoye et al., 2003; Sigman et al., 2009; Yan et al.,
2022) and can be estimated using measured environmental
parameters (Ferchiche et al., 2024, 2025; Liénart et al., 2017;
Savoye et al., 2012). For the seven rivers where phytoplank-
ton isotopic signatures were found variable over time, phy-
toplankton 8'3C or 8N were correlated to: concentrations
and ratio of chlorophyll a and phaeopigments, water tem-
perature, nitrate concentration and/or conductivity (Table 2).
Chlorophyll a and phaeopigments concentrations are direct
proxies of phytoplankton fresh and degraded biomasses and
are related to phytoplankton growth and decay, two pro-
cesses that increase phytoplankton §'3C (Golubkov et al.,
2020; Michener and Kaufman, 2007 and references therein).
Similar processes may explain the phytoplankton-8'3N in-
crease with chlorophyll a increase. An increase in water
temperature accelerates bio-mediated carbon remineralisa-
tion processes, bringing a lower §'3C value than CO, com-
ing from water-atmosphere equilibration and rock-leaching
CO; (Polsenaere et al., 2013 and references therein). Con-
sequently, phytoplankton §'3C decreases as phytoplankton
uses remineralised CO, and thus as water temperature in-
creases. Phytoplankton §'°N depends on N-nutrient origin
and availability (Savoye et al., 2003 and references therein).
Especially, it increases with a nutrient concentration decrease
(Sigman et al., 2009) as reported for the Rance River (Ta-
ble 2). Water conductivity could be considered as a proxy of
water mass and thus of nitrate origin. This may explain the
relationship between phytoplankton §'N and water conduc-
tivity in the Orb River (Table 2).

In the studied rivers, phytoplankton 83C, §VN
and C/N ratio ranged between —34.9+0.4%0 and
—23.84+0.6%0, 43+£08%0 and 13.2+£1.8%0, and

48409 and 10+0.9molmol~!, respectively. This is
similar to values reported for the Loire River, another French
river (=30.6< §'3C<—-25.0%: 3.0< 8N <10.4%0;
C/N=7.24+0.6mol mol~!: Ferchiche et al., 2024), but
narrower ranges can be found in the literature. In the
Sava River (Eastern Europe), phytoplankton signature was
—30.4+2.1%0, 5.0+1.5%0 and 6.5+ 1.5molmol~! for
s13¢C, 815N and C/N ratio, respectively (Ogrinc et al.,
2008), similar to that of Indian (8'3C=—30.6+ 1.7 %o,
8N=7.0+23%0; Gawade et al., 2018) and Texan
(813C = —31,4 %o; Lebreton et al., 2016) rivers. Lower §'13C
values (< —32%o) were also found (Finlay et al., 2010;
Hellings et al., 1999; Sato et al., 2006; Savoye et al., 2012).
However, values of elemental and isotopic ratios for riverine
phytoplankton are scarce in the literature. Indeed, it is not
easy to estimate the phytoplankton signature since it cannot
be separated from other particles. Thus, literature estimates
may not be perfectly representative of the variability of
phytoplankton isotopic signatures.
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4.2 Watershed characteristics drive spatial dynamics
of POM composition

At the annual scale, we observed deep variations between
studied rivers regarding the mean POC proportion of the dif-
ferent sources (5 < phytoplankton < 80 %; 17 < labile terres-
trial POC <95 %; 0 < refractory terrestrial POC <39 %).

Interestingly, phytoplankton proportions were highly cor-
related to the proportion of agriculture surface areas and con-
ductivity and in a less extent to river nitrate concentration
(Fig. 7). Such relationship between agriculture surface and
phytoplankton is well-known, as agricultural activities in-
crease nutrient inputs to river bodies (Khan and Mohammad,
2014), leading to better conditions for phytoplankton growth
(Dodds and Smith, 2016; Minaudo et al., 2015).

Also interestingly, the proportions of labile terrestrial mat-
ter were positively correlated to soil organic carbon content,
soil erosion, the acidic soil coverage and sandy material cov-
erage (Figs. 7, A6), indicating a strong relationship between
terrestrial matter in rivers and soil nature with undecomposed
and fresh detrital matter (McCorkle et al., 2016). They are
also negatively correlated to phytoplankton proportions and
their related environmental parameters. Rivers which POM
is dominated by labile terrestrial POM (mainly rivers of type
I) flow through catchments dominated by sandy material in
podzol (an acidic soil type). This kind of soil is subject to soil
erosion and releases large amounts of coloured dissolved or-
ganic carbon, favouring the input of terrestrial material (soil
erosion) and disfavouring phytoplankton growth in the river
water because of the turbidity due to the dissolved organic
carbon (Canton et al., 2012; Polsenaere et al., 2013).

The proportions of refractory terrestrial matter are corre-
lated to the catchment slope and negatively correlated to use-
ful water reserve (Figs. 7, A6). Rivers for which POM is
partly composed of refractory terrestrial POM (most of the
rivers of type II) flow through catchments of mountainous
surfaces, which are associated with shallower, poorer top-
soil and more outcropping bedrock (so a reduced useful wa-
ter reserve of the soil). It favours more reactive and abrupt
transfer of water to the river, leading to enhanced episodes of
sediment resuspension, as well as permitting a rock-derived
POM weathering (Copard et al., 2018; Higueras et al., 2014;
Yaalon, 1997).

4.3 Temporal dynamics of POM composition and
river-dynamics typology

If average quantitative difference between rivers can be
input to differences in the catchment characteristics (see
Sect. 4.2), seasonally, phytoplankton likely appears during
spring and summer in favourable conditions, related to low
discharge, high-temperature conditions and enough nutrients
to support its growth, while in winter, high turbidity and
low-temperature conditions limit its presence (Turner et al.,
2022). Terrestrial material likely appears during winter con-
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ditions, related to floods that transport great amounts of ter-
restrial material (Dalzell et al., 2007). Such a seasonal di-
chotomy between phytoplankton and terrestrial POM was
clearly visible for most of the studied rivers (Fig. 4), espe-
cially for type-IV and type-III rivers, but even for some of
those highly dominated by the labile terrestrial POM (e.g.,
Milieu and Tagon Rivers; Type-I rivers). This was illus-
trated by the relationships between phytoplankton POM and
chlorophyll a concentration and/or temperature (as proxies
of favourable conditions for phytoplankton production) on
the one hand, and between labile terrestrial POM and river
flow and/or SPM concentration on the other hand (Figs. 6 and
AS5). This dichotomy in POM composition was also reported
in other similar studies (e.g., Kelso and Baker, 2020; Lu et al.,
2016). In rivers where refractory terrestrial POM was present
in addition to the labile one (type-II rivers), both terrestrial
sources were linked to river flows and SPM concentrations.
More precisely, it was interesting to see that the refractory
terrestrial POM was more related to SPM concentration than
river flow and inversely for the labile terrestrial POM. This
indicates that labile and refractory terrestrial POM were pref-
erentially associated with direct river input and sediment re-
suspension, respectively. The origin of the refractory terres-
trial POM may be fossil/bedrock/petrogenic OM (e.g., Co-
pard et al., 2022; Hilton et al., 2010; Sun et al., 2021) brought
by river flow (in quantity undetectable in the bulk POM us-
ing our tools), especially in Type-II rivers which watersheds
are characterized by high slopes (Fig. 7). This POM can be
accumulated in downstream sediments and be resuspended
(in quantity calculable in the bulk POM using our tools). Re-
fractory terrestrial POM may also come from labile terres-
trial POM brought by the river flow and then accumulated
and reworked/decayed until refractory POM in the sediment
(e.g., Etcheber et al., 2007; Savoye et al., 2012), which can
be resuspended.

Sewage POM was detected in two of the studied
rivers, but with different associated temporal dynam-
ics. In the Tét River, because the former WWTP
was dysfunctional, a new one replaced it in late 2007
(https://www.assainissement.developpement-durable.gouv.
fr/pages/data/fiche-060966136002, last access: 10 Septem-
ber 2024). This explains the shift in sewage POM between
the two studied periods (20062007 versus 2008-2010 with-
out anthropogenic POM). In the Orb River, sewage POM
was detected throughout the studied periods. The WWTP
is located only a few kilometres upstream of the sampling
site and is large enough (220000 inhabitant equivalent)
compared to the river flow (annual mean: 23 m3 s71) to
make the sewage POM detectable in the bulk POM using
8N. Such a result is quite common for urban rivers (e.g.,
Kelso and Baker, 2020).
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5 Synthesis, originality of the study and perspectives

The present study provides a comprehensive assessment of
POM composition and its spatial and seasonal variability in
temperate rivers. By including twenty-three rivers spanning
a wide range of environmental conditions under a temper-
ate climate, a river-dynamics typology is proposed based on
POM composition and its temporal patterns. In type-I rivers,
POM is dominated by labile terrestrial material throughout
the year. This material is mainly associated with suspended
particulate matter. Phytoplankton makes a slight contribu-
tion, especially during summer. Type-II rivers are charac-
terised by the presence of both labile and refractory terres-
trial material, along with phytoplankton. The variability be-
tween these sources over time is high, but seasonality is not
always evident, although phytoplankton and terrestrial POM
can dominate the POM composition during summer and win-
ter, respectively. Nonetheless, if both terrestrial sources are
primarily linked to river flow and SPM, a better coupling
of refractory terrestrial POM with SPM indicates that this
material is probably stored in sediments and resuspended,
whatever its origin (soil, litter, petrogenic POM). In type-
IIT rivers, POM consists of phytoplankton and labile terres-
trial material. The seasonality of POM composition is not
very pronounced, though the contribution of labile terrestrial
POM is closely related to river flow. Type III is an intermedi-
ate between type I and type IV. In type-1V rivers, POM is also
composed of phytoplankton and labile terrestrial material,
but the seasonality is highly marked, with a clear shift from
high phytoplankton contribution in summer to high terres-
trial contribution in winter. Labile terrestrial POM remains
closely associated with river flow. Beyond this typology, the
main differences in POM composition between the studied
rivers are related to catchment inherent properties. The con-
tribution of phytoplankton is correlated with the proportion
of agricultural coverage, while the contribution of labile ter-
restrial POM is linked to leached OM-rich thick soil features
and the refractory terrestrial POM to thin OM-poor soils with
high rock-derived features.

The originality of the present study lies firstly in its ap-
proach. Even if C and N stable isotopes have been used for
decades to investigate POM origins within river waters, the
quantification of POM composition (i.e., the relative propor-
tion of each source composing the POM) using mixing mod-
els, especially Bayesian mixing models, is not so common.
Most previous studies either use literature data for phyto-
plankton isotopic signature (e.g., Zhang et al., 2021) or use
lake or autochthonous POM as a proxy of phytoplankton
(e.g., Kelso and Baker, 2020). Also, most of these studies use
direct measurements of soil or plants to assess the isotopic
signature of terrestrial POM, although this material may re-
work within the water column or sediment, changing its ele-
mental and isotopic values (e.g., Savoye et al., 2012). These
approaches do not consider the temporal variability of phy-
toplankton and terrestrial material isotopic signatures. In the
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present study, we used the approach developed by Savoye et
al. (2012) in an estuary, Liénart et al. (2017) in coastal sys-
tems, and Ferchiche et al. (2024, 2025) in a river to assess
elemental and isotopic signatures from subsets of bulk POM
and, when needed, empirical equations. This approach has
the advantage of (1) using signatures dedicated to the sam-
pling area and (2) taking into account the potential variabil-
ity of these signatures over time, i.e., depending on environ-
mental conditions for phytoplankton growth and its decay for
phytoplankton and terrestrial POM. Especially, we discrim-
inated labile from refractory terrestrial POM in some rivers,
as Savoye et al. (2012) did in an estuary. Another great origi-
nality of the present study lies in the multi-system approach:
studying 23 rivers in a single study allowed the detection of
four types of river functioning regarding the POM compo-
sition and its temporal dynamics, which has not been per-
formed before. It also highlights the great influence of land
use (agriculture) and characteristics (erosion, organic carbon
content, type of soil) on the POM composition of rivers. At
last, the multi-parameter use of §'3C, §!°N, and C/N ratio
allowed either to perform mixing models with up to four end-
members or to study POC and PN composition separately. It
showed that POC and PN display very similar compositions
and dynamics in rivers. Overall, this study, which focuses on
the River-Estuary Interface, brings meaningful information
for the comprehension of C and N cycles along the LOAC
and especially the behaviour, dynamics and drivers of POM
that leaves the river and enters the estuary.

From a methodological perspective, such a study could
be strengthened by the use of non-exchangeable §°H as an
additional tool to even better distinguish and quantify more
sources in mixing models. This tool has been recently shown
to be powerful for such purposes (Ferchiche et al., 2025).
From a fundamental perspective, aggregating more datasets
from other temperate rivers would allow testing the robust-
ness of this typology and probably detecting additional types,
but also datasets from polar and tropical rivers to perform
an even more comprehensive study at a global climate scale.
Clearly, the approach developed in the present study is trans-
ferable to other regions of the planet and used at broader spa-
tial scales. In addition, a similar study dedicated to the es-
tuarine systems would even increase our comprehensive un-
derstanding of the origin and fate of POM along the Land-
Ocean Aquatic Continuum by complementing the present
study dedicated to the River-Estuary Interface and those of
Liénart et al. (2017, 2018) dedicated to the coastal systems.
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Table A2. Summary of parameters kept (informative) to perform the local seasonal RDAs, opposite to those not considered (because non-
informative, not available, or auto-correlated, see Sect. 2.5).

River SPM Chlorophylla Phacopigments Temperature RWCF‘ flow pH Ammonium Nitrates Phosphates Irradiance ~ Zonalwind ~ Meridional
(mg/l) (/D (ngl) 0 (m/s) (unit) (M) (uM) (uM) (ym?) (m's) wind (m/s)
Seine X X X X X X X - - - -
Ormne - X - X X X - X X - X -
Rance X X - X X - - X - - - -
Elorn - X X - X - X - X - - -
Aulne X X - - X X - X - - - -
Sevre X X X - - X - - -
Charente - X X - X X - - X
Seudre X X X X X - - - - X X X
Porge X X X - - X X
Cirés X X X X X - -
Renet X X X X - - -
Lanton X X X X - R X
Milieu X X X - X - X
Tagon X X X X X - -
Leyre X X X X - X - R . .
Landes X X X - X - X
Adour X - X X X X - - - -
Tét X X X X . X R _ X
Aude X X X - X - X X - -
Orb X X X X - X X - -
Hérault X X X - - = X - - X
Rhéne X - X - - -
X= Kept = No data
-=Non kept = Auto-correlated

Biogeosciences, 22, 7363-7401, 2025 https://doi.org/10.5194/bg-22-7363-2025
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Figure AS. Redundancy analyses (correlation circles) of rivers standing for each type of river. Black arrows represent explained vari-
ables (concentration of POC or PN sources) and red arrows represent explaining variables (environmental variables). River types are re-
called (Roman numerals). LTpocorpn = Labile terrestrial POC or PN; RTpoc = Refractory terrestrial POC; gpocorpn = Phytoplankton
POC or PN; Anth. POC = Anthropogenic POM; SPM = Suspended particulate matter; Chl ¢ = chlorophyll a; Phaeo. = phaeopigments; M.
wind = meridional wind; Z. wind = zonal wind; R. flow = river flow; Temp. = temperature; Irrad. = Irradiance; NHI = ammonium; NO; =

nitrate; POi_ = phosphates; Adj. R2= adjusted RZ.
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Figure A6. Correlogram of multi-system RDA parameters, including source proportions and accompanying parameters. Descriptions of
environmental parameters can be retrieved in Sect. 2.5. Temperature = Water temperature; SPM = Suspended particulate matter; OC in
soil = Organic carbon proportions in soil; WWTP population equivalent = sewage treatment capacities; WWTP ... River flow = sewage
treatment capacities to average river flow ratio. Correlations is not shown (black square) when not significant (p-value > 0.05).
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Figure A7. Typology of river dynamics following a hierarchical cluster analysis on POM source proportions. The percentages of membership
for each type attributed to each river are shown. Left panel: considering all sampling years for all rivers. Right panel: considering only one
stream of type I fuelling the Bay of Arcachon (Milieu River).
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