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Particulate organic matter (POM) characteristics and variability have been widely studied along the land-ocean aquatic continuum, yet, gaps remain in quantifying its source composition, fluxes, and dynamics at the river-estuary interface. POM in rivers consists of a complex mixture of sources, derived both from locally produced (i.e. phytoplankton) and from adjacent ecosystems (e.g. terrestrial POM). Each source differ in its trophic and biogeochemical characteristics, hence impacting its integration into local food webs, its transfer to estuaries and sea, and its contribution to biogeochemical processes. In this study, we use a robust approach based on in situ POM to characterize river POM end-members, to quantify POM composition and dynamics, and to identify the related key drivers. This study was performed at the River-Estuary interface of one of the main rivers in Western Europe (the Loire River, France). For 3 years, we conducted bimonthly measurements of carbon and nitrogen isotopic (δ13C, δ15N) and elemental (C/N) ratios to quantify the contribution of two sources (phytoplankton and terrestrial POM) to the POM mixture and calculated annual fluxes of particulate organic carbon (POC) and nitrogen (PN) sources. Throughout the year, POM consisted of ~65% phytoplankton and 35% terrestrial POM. The mean annual export fluxes were 40.6 tPOC/year and 2.45 tPN/year over the studied period, with half of it originating from phytoplankton (53 and 55% for POC and PN, respectively). We observed a clear seasonal pattern in POM composition: phytoplankton predominated from March to October, in relation to high primary production, while terrestrial contributions were the highest from November to February, driven by greater autumn-winter hydrodynamics. Our study illustrate the interest of such an approach to quantify POM composition in aquatic system and estimate source fluxes, and provide fundamental results for estimating seasonal baselines in food webs, establishing biogeochemical budgets, and quantifying POM exports to estuarine and marine environments. Applying this methodology across a broad spectrum of aquatic systems should enhance our understanding of biogeochemical processes and organic matter transformation along the land-ocean continuum and illustrates the contribution of these ecosystems to global biogeochemical cycles.
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1 Introduction

The Land-Ocean Aquatic Continuum (LOAC), which refers to the integrated network of rivers, estuaries, and coastal waters, facilitates the transfer of water, nutrients, and organic material from terrestrial to marine environments. It forms a dynamic zone of intense matter and energy exchanges that support food webs and overall aquatic ecosystems functioning. Along the LOAC, rivers and estuaries act as producers of organic matter, but also receive terrestrial material from watersheds, that is transformed (Middelburg and Herman, 2007; Dürr et al., 2011) and transported toward coastal oceans, supporting the productivity of coastal shelves (Dagg et al., 2004). If budget estimations of LOAC ecosystems export to continental shelf exists (Bianchi and Bauer, 2011), a key challenge remains in precisely quantifying exact amounts and fluxes of river and estuaries POM sources (i.e. end-members), their seasonal dynamics and drivers along the LOAC.

Among all material in transition within the LOAC ecosystems, POM is a key compartment because of its overall biogeochemical reactivity and its availability to food webs. POM, non-mineral living or once-living particles, is composed of a mixture of autochthonous and allochthonous material (Dalu et al., 2016; Liénart et al., 2017). Autochthonous POM generally originates from in situ pelagic (e.g. phytoplankton) and benthic (e.g. microphytobenthos, macrophytes) primary producers (Tunēns et al., 2022), while allochthonous POM is primarily derived from terrestrial sources and is transported via upstream systems, runoffs, or artificial outlets (e.g. terrestrial litter and soil particles, Sun et al., 2021; Zhang et al., 2021). According to its origin and composition, the chemical characteristics and reactivity of POM varies and subsequently influence its transformation and fate in the ecosystem (Etcheber et al., 2007). For instance, phytoplankton, as a highly labile resource, is rapidly degraded and readily bioavailable to food webs, whereas terrestrial-derived is usually mostly refractory, already largely degraded, and of low nutritional value (David et al., 2006; Brett et al., 2017).

Throughout its transit along the LOAC, POM is produced and transformed through physical and chemical (e.g. adsorption/desorption, photodegradation; Sanchez-Vidal et al., 2013; Higueras et al., 2014), and biological processes (e.g. bacterial degradation and remineralization Hou et al., 2021; Marshall et al., 2021). These processes result in varying contribution from different sources to the POM mixture (Pradhan et al., 2014; Liénart et al., 2017). Each source of POM also exhibits its own spatial and temporal variability linked with environmental drivers from physical, chemical, hydrological or climatic origins. Seasonal production of phytoplankton, for example, varies over an annual cycle in relation to water temperature, light, and nutrient availability (Falkowski et al., 1998; Field et al., 1998), while terrestrial POM inputs increase with river flows and rainfalls (Goñi et al., 2009; Lebreton et al., 2016). Spatially, POM composition fluctuates along the LOAC with parameters such as salinity, turbidity or nutrient availability (Bonin et al., 2019), and differs greatly depending on the type of system, e.g. dominated by refractory material in turbid estuaries (Savoye et al., 2012) vs. more productive and less turbid systems dominated by fresh primary production (Golubkov et al., 2020). Additionally, watershed properties (e.g. land use, river infrastructure) and climate (e.g. precipitation) impact POM fluxes and biogeochemical quality (Palinkas et al., 2019; Kelso and Baker, 2020; Pradhan et al., 2020). The transformation and fate of river POM along the LOAC and in the oceanic shelves are thus largely influenced by POM composition and dynamics. Therefore, quantifying POM composition and characterizing its dynamics in the upper systems of the LOAC, in the river part, is essential to understand the role of river ecosystems as suppliers of organic material and as contributors to the global biogeochemical cycles.

In the classical set of tools available to determine the origin of POM and quantify its composition (i.e. the contribution of each source to the POM pool), measurements such as suspended particulate matter (SPM), particulate organic carbon (POC) and nitrogen (PN) concentrations provide a comprehensive overview of the bulk POM mixture, and quantify it without being able to distinguish its origin. Additional indicators such as chlorophyll a and phaeopigments concentrations serve as markers of photo-autotrophs biomass and its degradation state. Ratios of some of these descriptors help in characterizing POM quality and origin, by partly discriminating between the different sources. For instance, the POC/chl a ratio is typically used to distinguish living phytoplankton (~50–150 g/g) or phytoplankton-dominated POM (< 200 g/g) from other material (>200 g/g; Savoye et al., 2003 and references therein). The POC/PN ratio discriminates phytoplankton (~6–7 mol/mol) from terrestrial material (>12 mol/mol). Finally, carbon and nitrogen stable isotopic ratios (δ13C, δ15N) are widely employed to determine the origin (terrestrial vs. marine reservoirs) and fate of POM, and to study its role in C and N cycles and food web structure and (Bauer et al., 2013; Glibert et al., 2019). Usually, δ13C values discriminate POM origin (e.g. terrestrial matter < -29‰ vs. phytoplankton >-28‰ in temperate rivers, Gawade et al., 2018), while δ15N values strongly vary depending on the studied ecosystem (Sato et al., 2006; Middelburg and Herman, 2007). Nevertheless, the combination of C/N, δ13C and δ15N is largely used to characterize POM origin, as well as to quantify POM composition in mixing models, especially in coastal zones (Liénart et al., 2017; Kelso and Baker, 2020; St. Pierre et al., 2022).

Although POM composition and dynamics has been studied in a variety of temperate (Liénart et al., 2017; García-Martín et al., 2023) and tropical coastal ecosystems (Pradhan et al., 2014; Pelage et al., 2022), focusing primarily on continental vs. marine end-members as sources of the POM mixture, there is a lack of studies specifically quantifying the composition and dynamics of POM sources in the upper LOAC ecosystems. In this study, we focus on POM composition from the freshwater side of the river-estuary interface, aiming at (1) quantifying the contribution of each source to the river POM mixture, (2) characterizing the seasonal dynamics of the river POM composition, (3) identifying its drivers, and (4) calculating the fluxes of the POM sources at the river-estuary interface. For this study, we use a 3-years POM monitoring at the river-estuary interface of the Loire River, one of the main rivers of the Western Europe. The Loire River serves as a textbook case to illustrate our approach for determining and quantifying POM sources and for highlighting the drivers to their dynamics. With this study, we would like to bring to light processes and sources contributing to the POM at the river-estuary interface of the LOAC in order to better refine POM nature and fluxes for future studies on organic material budgets in estuaries and toward the sea.



2 Materials and methods


2.1 Study area

The Loire River (Figure 1), one of the main river in Western Europe, has the largest watershed (117,356 km2, ~20% of continental France) and length (1,006 km) of the French rivers. The mean river flow is 931 m3/s, with a 5-year return period floods of 4,300 m3/s and a 5-year low-waters of 134 m3/s, which can exceptionally reach a 20-year flood of 5,900 m3/s (Hydroportail, https://www.hydro.eaufrance.fr/sitehydro/M5300010/synthese, last visit 10/23/2023). The pluvio-nival regime results in patterns of high flows in fall, reinforced by snow melt on Spring, then low levels in Summer. Compared with other large rivers of Western Europe, the Loire watershed is little affected by human activities; it is characterized by a large proportion of natural landscapes (62%), a low occupation of agriculture (35%) and especially of artificial spaces (3%; Corine Land cover data, https://www.statistiques.developpement-durable.gouv.fr/corine-land-cover-0, last visit 10/27/2022). The Loire hydrodynamics is only slightly altered by anthropogenic constructions; the only dams are at the headwaters, 600 km upstream from the study site, and the banks are sparsely developed, only in the vicinity of cities. The river course is naturally braided and characterized by a wide bed. The Loire River was still considered as eutrophic (Descy et al., 2012), even if phytoplankton biomass has drastically decreased since the 90s (Minaudo et al., 2015, 2021).


[image: Figure 1]
FIGURE 1
 Localization of the Loire river (deep blue) and the study site of Montjean-sur-Loire (black star) in France, and the land use in the Loire watershed.




2.2 Sampling strategy

The study site is located at Montjean-sur-Loire (N 47.392174, W −0.860421; Figure 1), about 130 km from the river mouth, and upstream of the upper limit of the tidal propagation. Hence, this site is considered at the interface between the riverine and estuarine parts of the Loire River in a tidal definition. The sampling location is exempt of salinity and tidal effect (i.e. freshwater at all times), and the river flow is only directed downstream. Sampling was performed bimonthly from October 2009 to November 2012. The sampling frequency and 3-year duration allowed sampling of a range of river flows, including flood peaks (Figure 2A). Seven parameters were measured on water POM samples: suspended particulate matter (SPM), carbon and nitrogen stable isotopic (δ13C, δ15N) and elemental (C/N) ratios, particulate organic carbon (POC), particulate nitrogen (PN), chlorophyll a (chl a) and phaeopigments (phaeo). Secondary parameters used to determine the isotopic and elemental signatures of POM sources and/or used as environmental drivers to explain POM dynamics were also measured (nitrate, nitrite, ammonium, water temperature), or retrieved from databases (river flow and meteorological parameters, see Section 2.5).


[image: Figure 2]
FIGURE 2
 Temporal variation of the Loire River (A) daily river flow (blue line) and sampling dates (red diamonds), and (B) suspended particulate matter concentrations (SPM; brown line) and water temperature (blue dotted line) during the study period (October 2009–December 2012).




2.3 Sampling, processing and storage

Surface water of the river was manually sampled from a pontoon located on the left bank of the Loire River, using a telescopic arm and cleaned bottles (previously rinsed three times with water from the site), then poured in a clean tank. Water temperature was measured in situ using a TetraCon96® probe (PROFILINE, WTW). Samples were immediately filtered onsite through GF/F filters to measure all particulate parameters. Pre-combusted (6 h, 500°C) filters were used for SPM, POC, PN, δ13C and δ15N, then dried (50°C, overnight), and stored in the dark at room temperature. Filters for chlorophyll a and phaeopigments where directly stored after filtration in a freezer at −80°C. For nutrient measurements, samples were filtered onsite through 0.20 μm cellulose acetate syringe filters and stored in polypropylene tubes in darkness at −18°C before analyses.



2.4 Sample chemical analyses

SPM concentration was determined gravimetrically. After SPM measurement, SPM filters were acidified with HCl 2N to remove carbonate and dried at 60°C for 24 h for later POC analyses using a LECO CS 125 analyzer. Filters for PN were analyzed without any pre-treatment using a Flash Elemental Analyser Series 1112 (ThermoFinnigan®). Chlorophyll a and phaeopigments were extracted from filters using 90% acetone and fluorescence was measured using a Turner Designs trilogy fluorimeter (Yentsch and Menzel, 1963; Strickland and Parsons, 1972). δ13C, δ15N, and C/N ratio were measured on a same filter that was decarbonated according to Lorrain et al. (2003) before analyses. Isotope analyses were performed using an Elemental Analyzer (NC2500, CarloErba) connected to an Isotope Ratio Mass Spectrometer (Isoprime, GV Instruments). Isotopic ratios are expressed in the conventional δ notation (Coplen, 2011). Analysis uncertainty was equal to or better than 0.2‰ for δ13C and δ15N, and better than 0.2 mol/mol for C/N ratio. Samples for nitrate, nitrite, and ammonium were analyzed spectrophotometrically (Wood et al., 1967; Koroleff, 1969; Strickland and Parsons, 1972).



2.5 Environmental databases

Daily river-flow data were downloaded from Hydroportail public service website (https://www.hydro.eaufrance.fr/; station Montjean-sur-Loire). Daily values of meteorological data (rainfall, rainfall duration, mean air temperature, radiation, wind direction, and wind speed) were retrieved from Météo France data archives (https://meteo.data.gouv.fr/, Beaucouzé station, label 49020001). Wind data, initially given as direction and speed, were combined using scalar product to get zonal and meridional wind speed, which range between minus and plus infinity (see Lheureux et al., 2022 for details).



2.6 Source signature determination and mixing models

In biogeochemistry, mixing models are used to determine proportions of sources in a mixture (e.g. POM: Liénart et al., 2017). Here, we use a Bayesian framework for isotopic mixing models that gives proportions (percentages) as probabilities of contribution of each source to the mixture of POM. In order to run the mixing models, plausible sources of POM composing the mixture must be identified, and the elemental and isotopic signatures of these sources estimated. In environmental water such as river or lakes, the sources of POM identified are either autochthonous sources such as phytoplankton, microphytobenthos or macrophytes, or allochthonous sources such as terrestrial and anthropogenic POM (e.g. Savoye et al., 2012; Liénart et al., 2017). At the study site of Montjean-sur-Loire, phytoplankton and terrestrial POM were considered as the two sources of POM. Indeed, (1) at our study site and in its vicinity, the intertidal sediment was mainly sandy and microphytobenthos was likely absent since it needs mudflats to grow, (2) there was no wastewater treatment plant in the upstream vicinity of the study site, and (3) the macrophyte biomass was low year-round probably because of the sandy sediment that is not favorable to macrophyte growth (Jones et al., 2012). Consequently, microphytobenthos, anthropogenic POM and macrophytes were considered as negligible sources of POM at the study site of Montjean-sur-Loire. Nevertheless, one cannot completely discard the presence of highly degraded macrophytic detritus coming from far upstream the sampling area and transported by the river flow and that aquatic macrophyte detritus may lightly contributes to the pool that we define as terrestrial POM. In a previous study Minaudo et al. (2016) considered that POC in the Loire River can be distinguished as “detrital” and “algal” POC, “detrital” POC corresponding to terrestrial POC, and “algal” POC being partly composed of phytoplankton. Our assumption is very similar as we consider that “algal” POC is total-phytoplankton POC.

Terrestrial isotopic signatures are usually relatively stable over time (Savoye et al., 2012; Godin et al., 2017), hence we considered a constant value over time (see Section 3.3). On the contrary, phytoplankton isotopic signatures can vary up to a few permil within an annual cycle due to the variability in environmental conditions (Savoye et al., 2003; Sigman et al., 2009; Miller et al., 2013; Lowe et al., 2014; Liénart et al., 2017, 2018) and cannot be considered as constant over time. Hence, phytoplankton isotopic signatures were estimated from linear equations including a combination of significant environmental variables (e.g. chlorophyll a concentration, nitrate; see Section 3.3). The best fit was found using the add-in program Solver implemented in Microsoft Office Excel (2016).

In order to calculate POM composition, “simmr” bayesian mixing model was chosen (“simmr” R package, version 0.4.5, Parnell, 2021). This model solves mixing equations based on bulk POM elemental and isotopic values and source signatures as inputs for each sampling date. Two mixing models were run: one for carbon, using δ13C and N/C ratio (Equation 1), and one for nitrogen, using δ15N and C/N ratio (Equation 2). Note that N/C and C/N ratios provide information on the mixing of carbon and nitrogen, respectively (Perdue and Koprivnjak, 2007). The two models were:

Carbon mixing model

[image: image]

Nitrogen mixing model

[image: image]

The models were set with no prior information on sources contributions to the mixture [uninformative prior (1, 1)], and followed the Dirichlet distribution, considering that all the sources have an equal probability to contribute to the mixture at each date (Phillips et al., 2014). Following the recommendations of Phillips et al. (2014), Markov MonteCarlo chains (MCMC) were set as “very long” (iter = 1,000,000, burn = 500,000, thin = 500, n.chain = 4). Models outputs were approved with Gelman diagnostics to check for models convergence, and by checking the posterior predictive distributions to ensure the good fit of the models to the observed data. Models outputs are given as medians. Absolute uncertainties are of about 11 and 9% for carbon and nitrogen models respectively.



2.7 Flux calculations

Annual fluxes of phytoplankton and terrestrial POC and PN were calculated from daily river flows, and bimonthly SPM concentrations, and phytoplankton and terrestrial POC and PN concentrations as following Equation 3:

[image: image]

where: [image: image]: annual average weighted-concentration expressed in mg/L; Qa: annual river flow, Qi: daily river flow corresponding for each sampling date; [Xi]: daily phytoplankton and terrestrial POC and PN concentration estimates.



2.8 Statistical analyses

To investigate the drivers of POM composition dynamics, redundancy analyses (RDA) were performed (Borcard et al., 2011; “ade 4” R package, version 1.7-19). An RDA uses a set of explanatory variables, in our case environmental parameters (i.e. the drivers) that are direct or indirect proxies of POM sources processes (e.g. phytoplankton production, horizontal advection), with the aim to explain a set of response variables, in our case POM composition (proportions of sources from mixing models outputs for each date as in Liénart et al., 2018). To run the RDAs of the Loire POM composition, 13 explanatory variables were selected: meteorological parameters, water temperature, river flow, nutrients, SPM, chlorophyll a, phaeopigments, POC proportion in SPM.




3 Results and discussion


3.1 Temporal variability of environmental characteristics

The daily Loire River flows ranged between 126 and 2,480 m3/s and followed a classic seasonal pattern with high and low flows occurring roughly in winter-spring and summer-fall, respectively (Figure 2A). However, the last winter-spring period (2011–2012) exhibited a somewhat different pattern compared to the previous ones: a short low-flow period separated two high-flow sub-periods. No extreme event occurred during the study period when considering the 5-year floods of 4,300 m3/s in the Loire River. The range of daily river flow recorded during the sampling days of our study covers 94.6% of the range of all daily flow recorded over the period 2000–2023 (Figure 2A). Water temperature ranged from ~3 to 25°C with the lowest and highest values recorded in December–January and July–August, respectively. SPM concentration ranged from ~3 to 86 mg/L during the study period (Figure 2B). SPM concentration was mostly lower than 40 mg/L with the highest values occurring systematically during the increasing phase of high flows (Figure 2B). Overall, these results and the dynamics of these parameters are very usual for temperate rivers and especially for the Loire River (Grosbois et al., 2001; Latapie et al., 2014).



3.2 Dynamics of bulk POM

Concentration in POC and PN ranged from 0.3 to 5 mg/L (average ± standard deviation: 1.6 ± 1.1 mg/L) and from 49 to 657 μg/L (242 ± 161 μg/L), respectively. The temporal patterns of POC and PN (Figure 3A) are highly similar with the pattern of SPM concentrations during the increasing phase of high flow, and with the pattern of chlorophyll a concentration (Figure 3B) during spring and summer. Concentration in chlorophyll a varied between 1 and 103 μg/L (15 ± 19 μg/L), the highest values occurring between April and September. Concentration in phaeopigments (not shown) ranged from 1.8 to 27 μg/l (7.2 ± 5.6 μg/L) and showed a clear seasonal pattern, similar to the SPM one. The POC/ chl a ratio ranged from 39 to 685 (210 ± 167). The seasonal pattern of POC/chl a is the reverse of that of chlorophyll a (Figure 3B). Especially, the ratios lower than 100, characteristic of living phytoplankton cells, largely occurred during spring and summer. The δ13C (Figure 3C) and δ15N (Figure 3D) are comprised between −31.0 and −25.1‰ (−28.4 ± 1.1‰) and between 2.7 and 9.8‰ (6.9 ± 1.6‰), respectively. Isotopic ratios exhibited no clear temporal pattern. The C/N ratio ranged between 6.2 and 10.1 (7.9 ± 0.8 mol/mol) and showed a clear seasonal pattern with the highest values occurring during the high-flow and low- chlorophyll a period and the lowest values occurring during the low-flow and high- chl a period. The N/C ratio being the mathematical inverse of the C/N ratio, its temporal pattern is the reverse of the C/N one.
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FIGURE 3
 Temporal variation of (A) POC (green full line) and PN (brown dotted line), (B) chl a (green full line) and POC/chl a ratio (brown dotted line), (C) δ13C (green full line) and PN/POC (N/C; brown dotted line), (D) δ15N (green full line) and POC/PN (C/N; brown dotted line) during the study period (October 2009–to December 2012). Gray shaded areas represent the summer-like period.


To summarize, most of the above POM parameters mainly pointed out two contrasted seasons: one winter-like season characterized by high river flow, SPM concentration, and POC/chl a and C/N ratios associated with low chlorophyll a concentration on the one hand, and one summer-like season characterized by low river flow, SPM concentration, and POC/chl a and C/N ratios associated with high chlorophyll a concentration on the other hand. Note that POC and PN concentrations peaked during both seasons. The range of concentrations measured for the particulate parameters during the study period is consistent with previous studies of the Loire River for SPM, POC (Meybeck, 1988), and chlorophyll a (Minaudo et al., 2015). Most of the POM descriptors followed a seasonal pattern discriminating two main seasons each year. Specifically, the summer-like season (from March to September) is characterized by low POC/chl a (99 ± 59) and C/N ratios (7.4 ± 0.7 mol/mol), values that are characteristic of phytoplankton-dominated POM (Savoye et al., 2003 and references therein). In contrast, the winter-like season (from October to February) is characterized by higher POC/chl a (314 ± 169) and C/N ratios (8.4 ± 0.7 mol/mol). These values indicate that POM was less phytoplankton-dominated. Allochthonous POM, likely terrestrial POM, brought during the high river flow may also contribute to the POM pool. Nevertheless, these ratios are still not very high, indicating that the proportion of phytoplankton within POM was not negligible even during the winter-like season. Such seasonal patterns are consistent with previous studies of the Loire River (Meybeck, 1988; Minaudo et al., 2016).



3.3 Determining elemental and isotopic signatures of POM sources

In order to quantify POM composition with mixing models, one has to determine elemental and isotopic signatures of the sources, in our case phytoplankton and terrestrial POM (see Section 2.6). Both sources cannot be sampled directly as it is technically impossible to isolate phytoplankton cells or terrestrial particles from the whole particle pool in the water. However, it is possible to estimate these signatures using a numerical approach based on bulk POM elemental and isotopic values, following the methods developed by Savoye et al. (2012) and Liénart et al. (2017) for the estuarine and coastal systems. This approach has the great advantage (1) to take into account the temporal variability of the δ13C and δ15N signatures of phytoplankton due to growth conditions and (2) to take into account the effect of POM reworking within the river to elemental and isotopic signatures of terrestrial POM compared to direct measurement of e.g. terrestrial litter.

Living phytoplankton usually exhibits POC/chl a values comprised between 20 and 140 and consequently it is usually considered that POM with a POC/chl a ratio lower than 100 is mainly composed of living phytoplankton (Savoye et al., 2003 and references therein). In the present study, such a low ratio was measured for 24 of the 70 samples dates. This subset of samples has a δ13C of −28.8 ± 1.5‰, a δ15N of 6.2 ± 1.7‰ and a C/N ratio of 7.2 ± 0.6 mol/mol, which could be considered as the signatures of phytoplankton dominated POM at the study site. The standard deviation of the C/N ratio was quite low, hence we considered that phytoplankton C/N ratio was constant over time (7.2 ± 0.6 mol/mol). Similarly, phytoplankton N/C ratio was considered constant over time (0.140 ± 0.011 mol/mol). In contrast, standard deviations of phytoplankton δ13C and δ15N were rather large (1.5 and 1.7‰ respectively), and thus we considered this signature as varying over time and with environmental conditions. It is largely documented that phytoplankton δ13C and δ15N vary with, e.g. dissolved inorganic carbon-δ13C or dissolved inorganic nitrogen-δ15N, growth rate, nutrient utilization (Fry, 1996; Savoye et al., 2003; Sigman et al., 2009; Miller et al., 2013; Lowe et al., 2014; Liénart et al., 2017; Yan et al., 2022). Thus, similarly to Liénart et al. (2017), empirical models were performed for phytoplankton δ13C and δ15N signatures using environmental parameters explaining the variability of phytoplankton isotopic signal (Equations 4, 5).

The best fits between empirical models and data sets were obtained with the following equations that includes chlorophyll a and phaeopigments concentrations (chl a+phaeo: R2 = 0.47)(chl a/phaeo: R2 = 0.44):
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The uncertainty associated to each model was estimated as the standard deviation of the difference between model and measured values. They were 0.9‰ for δ13C and 1.2‰ for δ15N, which is better than the initial 1.5 and 1.7‰ reported above.

Chlorophyll a and phaeopigments are proxies of living-phytoplankton biomass and decayed-phytoplankton biomass, respectively. Thus, their sum and their ratio are proxies of total (i.e. living and decayed) phytoplankton biomass and “freshness” of the phytoplankton population, respectively. Such relationships between phytoplankton biomass and/or “freshness” and phytoplankton δ13C and/or δ15N have already been reported in multiple studies (e.g. Savoye et al., 2003; Miller et al., 2013; Lowe et al., 2014; Liénart et al., 2017) and indicate that phytoplankton isotopes increase with increasing phytoplankton biomass, and that phytoplankton δ13C increases with phytoplankton decay. These relationships were found using the subset of 24 samples that cover the months ranging from February to October. Despite the fact that few months were not represented in the subset, we hypothesized that these two equations were valid year-round. Using these equations, the isotopic signatures of phytoplankton were calculated for each sampling date. The estimated signatures ranged from −30.6 to −25.0‰ for δ13Cphytoplankton and from 3.0 to 10.4‰ for δ15Nphytoplankton (Figure 4). These values are in agreement with those found, e.g. for the phytoplankton-dominated POM of Texan rivers (δ13C = −31.4‰; Lebreton et al., 2016) for phytoplankton of Indian rivers (δ13C = −30.6 ± 1.7‰, δ15N = 7.0 ± 2.3‰; Gawade et al., 2018), and for the freshwater phytoplankton of the Gironde Estuary (δ13C = −34.5‰; Savoye et al., 2012).


[image: Figure 4]
FIGURE 4
 Biplot of POM bulk data (blue crosses) and estimated sources signatures for phytoplankton (green boxplot, variable signature over time estimated from models) and terrestrial POM (brown circle, constant value), and their uncertainties (black lines). (A) N/C ratio as a function of δ13C. (B) C/N ratio as a function of δ15N.


Elemental and isotopic signatures of terrestrial POM were also estimated from the bulk δ13C, δ15N and C/N ratio, and environmental parameters. Samples exhibiting the highest POC/chl a ratio (>600), i.e. containing the lowest proportions of phytoplankton, and the highest C/N ratio were selected and considered as terrestrial-dominated POM (see Savoye et al., 2003 and references therein). Two samples (the ones from December and January) corresponded to these criteria. Since these samples contained chlorophyll a (2.4 and 4.3 μg/L), they could not be considered as pure terrestrial POM. Thus, terrestrial POM signatures were calculated by removing the phytoplankton interference (Equations 6–8). This calculation was performed using the following equations for δ13C:
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where POC/chl amean is the mean POC/ chl a ratio of the samples used to determine phytoplankton signatures. Similar equations were used to estimate terrestrial δ15N and C/N ratio. The final estimated signatures of terrestrial POM were: δ13C = −28.1 ± 0.06‰, δ15N = 5.9 ± 0.3‰, C/N = 10.3 ± 0.2 mol/mol and N/C = 0.097 ± 0.022 mol/mol.

Terrestrial δ13C values are similar to values found in temperate rivers, e.g. in the USA (Jordan River and the Mill Creek River; δ13C = −27.2 ± 1.2‰, Kelso and Baker, 2020), in France (Gironde Estuary, δ13C = −28.7 ± 0.9‰; Savoye et al., 2012). Such values are also similar to the ones of C3 plants directly collected on land (−28.0 ± 1.3‰, Dubois et al., 2012; −29.2 ≤ δ13C ≤ −26.8‰, Lebreton et al., 2016; −26.5 ± 1.6‰, Lu et al., 2016; δ13C = −26.5 ± 1.6‰, Gawade et al., 2018). δ15N values of terrestrial POM are highly variable in the literature (e.g. 4.5 ≤ δ15N ≤ 10.0‰, Lebreton et al., 2016; 0.8 ± 2.9‰, Dubois et al., 2012). Nevertheless the isotopic values of this study are similar to those of Kelso and Baker (2020) (δ15N = 5.8 ± 3.1‰). At last, the values of C/N ratio found here are lower than the usual ones (e.g. >12, Bordovskiy, 1965; 40 ± 26 mol/mol, Dubois et al., 2012; 19.7 ± 5.1 mol/mol, Gawade et al., 2018). The main difference between the literature and the present values is that literature values result from direct measurement of terrestrial material, whereas we estimated terrestrial POM values from the pool of particles present in the water (as explained above). This approach is of high interest since it takes into account possible reworking of terrestrial POM within the water column (Thornton and McManus, 1994; Bianchi and Bauer, 2011; Savoye et al., 2012; Liénart et al., 2020).

The comparison of the isotopic and elemental values between bulk POM and the sources indicates that, taking into account the analytical uncertainty and the variability of sources signatures over time, most of the bulk POM values are bracketed by sources signatures (Figure 4). This is an essential validation step to further perform mixing models.



3.4 POM composition and its seasonal dynamics

Mixing models outputs show highly similar results for carbon and nitrogen models (Figure 5). Over the study period, phytoplankton accounts for 64 ± 19% of POC and 66 ± 19% of PN composition and terrestrial POM accounts for 36 ± 19% of POC and 34 ± 19% of PN composition (Figure 5). Results also show a large variability of each source contribution over time. Phytoplankton contribution to POC and PN concentrations ranged from 7 to 94% and from 9 to 100%, respectively, and terrestrial contribution to POC and PN compositions ranged from 6 to 93% and from 0 to 91%, respectively. A clear seasonal pattern appears with two main periods, one from March to October, dominated by phytoplankton (75 ± 13%), another from November to February where proportions of terrestrial material are larger than the rest of the year (57 ± 15%). An episodic terrestrial input is observed in May 2012 during a springtime flood (Figures 2A, 5).
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FIGURE 5
 Temporal dynamics of (A) POC (black line) and (B) PN (black line) concentrations of terrestrial (brown) and phytoplankton (green) origin over time. Pie charts correspond to the relative contribution of each source to POC and PN averaged over the study period (October 2009–December 2012).


The seasonal variability of POM composition in the Loire river is very similar to that reported by Minaudo et al. (2016). However, these authors estimated that “algal” POC accounted for 44% of POC for the period November 2011 to November 2013, while the present study estimates that phytoplankton POC accounted for 64% of POC for the period October 2009 to September 2013 at the same site. Since both POM composition estimates were performed at the same site and since the interannual variability was not that high, the difference in estimated values (20%) is likely due to the different approach used to estimate POM source in each study. Minaudo et al. (2016) used the POC/pigments ratio determined during high pigments concentration to convert pigments (chlorophyll a + pheopigments) concentration at each date into algal POC. Then, detrital POC was subtracted from total and algal POC. Since pigments decay more quickly than the whole POC at the death of algal cells, the lowest POC/pigments ratio (i.e. POC/pigments ratio determined during high pigments concentration) converts pigments into living and recently-dead algae. Thus, in the study of Minaudo et al. (2016), algal POC is the POC of living and recently-dead algae, and detrital POC is terrestrial POC + detrital algae POC. Consequently, our estimates cannot be directly compared with their study.

To our knowledge, our study is one of the only three studies quantifying suspended POM composition in rivers using an isotope-based Bayesian mixing model, with those of Dalu et al. (2016) and Kelso and Baker (2020). However, direct comparison or our results with these studies is difficult since none of them did considered phytoplankton for running the mixing models, either because authors could not measure nor estimate isotopic signatures of phytoplankton (Dalu et al., 2016) or because phytoplankton has not been considered as a potential source of POM (Kelso and Baker, 2020). Also, the study of Kelso and Baker (2020) was performed in an urban river system (Jordan river and Mill creek, USA). In this latter study, the contribution of natural terrestrial OM to river POM increased from July (~10%) to December (~50%), in contrast to the contribution of lake POM and benthic organic matter sources, whereas anthropogenic POM peaked in November. In the Kowie river (South Africa; Dalu et al., 2016), terrestrial POM never dominates river POM except in winter and in after-flood spring time at the station located right upstream the tidal influence.

Hydrological processes are usual drivers of POM dynamics and its composition in natural as well as human-controlled systems. More specifically, the contribution of terrestrial POM to river POM is driven by natural flood (e.g. Ye et al., 2017), by lock-gate opening, or by water release (e.g., David et al., 2020; Kelso and Baker, 2020). The temporal variability of POC and PN composition in the Loire River is typically what is expected in temperate rivers, which makes this study a clear textbook case: terrestrial material is brought to the system during high river flow and phytoplankton dominates the POM composition during the rest of the year. Indeed, in the Loire River, terrestrial POC and PN are highly correlated to river flow, whereas phytoplankton POM and PN are correlated to pigment concentration (Figure 6). Interestingly, SPM is also tightly correlated to river flow and terrestrial POM, indicating similar dynamics and origin between terrestrial POM and SPM, and reflecting terrestrial erosion and soil leaching. These results are very similar to those of Hounshell et al. (2022) in the Neuse River (USA). Our results illustrate the role of river flow and flood events in structuring environmental processes that occur in rivers and especially the export of terrestrial inorganic and organic particles along the LOAC (Dalzell et al., 2007). These results also validate the approach we used to determine the signature of the sources, run the mixing models, and also validate the quantification of each source contribution to the POM mixture.
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FIGURE 6
 Redundancy analysis (correlation circle) of POM sources contributions (black arrows) and environmental parameters (red arrows) for (A) POC and (B) PN. SPM, suspended particulate material; Chl a, chlorophyll a; Phaeo, phaeopigments; NH4+, ammonium; NO[image: image], nitrite; NO[image: image], nitrate; Irrad., irradiance; Lat. Wind, latitudinal wind; long. wind, longitudinal wind.




3.5 Estimating fluxes of phytoplankton and terrestrial POC and PN

The transport of terrestrial material from land to sea through the rivers is an essential process of global biogeochemical cycles (Regnier et al., 2013), highlighting the need to quantify POC and PN riverine export. In the Loire River, the mean annual fluxes for the period October 2009–September 2012 amounted 40.6 103 t/year for POC and 5.65 103 t/year for PN. This is similar to fluxes found at the same site for the period 2011–2013 (53.8 103 tC/year, Minaudo et al., 2016), and in the lower range of the main Western-Europe rivers (e.g. Rhône River, 42.7 103 tC/year; Dordogne River, 46.1 103 tC/year; Po River, 57.3 103 tC/year; Garonne River, 72.5 103 tC/year; Rhine River, 89.7 103 tC/year; Ludwig et al., 1996 and references therein, Schäfer et al., 2002).

Depending on its origin and thus on its lability, POM is differently involved in biogeochemical and ecological fluxes like transport, remineralization or food web fueling (e.g. Etcheber et al., 2007; David et al., 2018), justifying the need to quantify POM fluxes but also fluxes of the different POM sources. In the Loire River the average export flux for the period October 2009–September 2012 was 22.2 103 and 18.4 103 t/year for phytoplankton and terrestrial POC, respectively, and 3.20 103 and 2.45 103 t/year for phytoplankton and terrestrial PN, respectively. Phytoplankton represented 55% and 57% of the total POC and PN fluxes, respectively. For the period 2011–2013 at the same site, Minaudo et al. (2016) estimated algal and detrital POC fluxes at 14.65 103 tC/year and 39.15 103 tC/year respectively. The proportion of algal POC found by these authors is lower than our estimate (27 vs. 55%) likely because of the difference in the approach used in each study [see discussion in Section 3.4; in Minaudo et al. (2016) algal POC is the POC of living and recently-dead algae, and detrital POC is terrestrial POC + detrital algae POC].

In the Loire River, fluxes varied over years with a factor of ~1.5 between the lowest and the highest values recorded during the period October 2010–September 2011 and the period October 2009–September 2010, respectively. Interestingly, the seasonality was different between phytoplankton and terrestrial POC as well as PN fluxes: depending of the year, 45–70% of the annual phytoplankton POC and PN fluxes are exported to the estuary in 20% of the time. These values reached 60–80% for terrestrial POC and PN (Supplementary Figure S1). This illustrates the pulsed nature of terrestrial fluxes in relation to pulsed river flow.




4 Conclusion and perspectives

Our study is one of the only studies quantifying the contribution of phytoplankton and terrestrial POM to riverine POM using equations-based determination of POM sources together with Bayesian mixing models. The originality of the approach described above lie on the equations-based determination of POM end-members that takes into account the temporal variability of phytoplankton signature and the reworking of terrestrial POM. The results highlight a clear seasonal dynamic in POM composition in the Loire River with highly bioavailable material during summer compared to winter, and estimated annual fluxes from the river to the estuary (at the river-estuary interface). Over the year, the Loire River POM was on average mostly composed of phytoplankton (65%) with less terrestrial POM contribution (35%) meaning this system is a producer of fresh organic material. The mean annual flux exported to the estuary for the studied period amounted 40.6 103 t/year for POC and 2.45 103 t/year for PN, with phytoplankton accounting for ~50% of the fluxes. POM composition followed a classic seasonal pattern: phytoplankton dominated during spring-summer (March–October), whereas a high proportion of terrestrial POM was brought in winter (November–February). Such seasonal patterns were explained by specific drivers for each source: high chlorophyll a and phaeopigments concentrations were correlated with high phytoplankton contribution, reflecting a high primary production during summer season, while high suspended particles concentrations and daily river flows were correlated with high terrestrial POM contribution, reflecting the role of hydrodynamics during winter.

Such results represent a significant contribution to the estimation of biogeochemical budgets along the LOAC; it helps to better understand organic matter cycle and degradation locally and provides seasonal baselines for food web studies, and provides essential information on the quantity of material brought from upstream to the estuaries. The lack of such data in the literature calls for more detailed estimations of phytoplankton and terrestrial POC and PN fluxes at the river-estuary interface, along with those of total POC and PN. Understanding precisely these fluxes will improve our knowledge of biogeochemical processes both locally and downstream within estuaries, and elucidate the role of rivers and estuaries as biogeochemical reactors in the land-ocean continuum. This study serves as a textbook case that could guide future research. Specifically, the methodology employed here to determine the isotopic and elemental signatures of POM sources and POM composition and fluxes, is widely applicable across a broad range aquatic systems along the LOAC. Such studies are crucial for refining our knowledge of the contributions made by rivers, estuaries, and coastal zones to the global carbon and nitrogen cycles.
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