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Understanding how living organisms—and vegetation in particular—influence the mobilization and export of nutrients is a key challenge in Critical Zone research. Yet one question remains largely open: is there a chemical signature of life in stream waters?  

Flood dynamics provide a particularly relevant framework to explore this question. During such events, as the amount of water flowing through the catchment increases together with stream discharge, the origin of contributing waters shifts toward increasingly shallow layers (Benettin et al., 2022; Golla et al., 2024). The progressive activation of these flow paths traversing the root zone carries specific information regarding nutrient uptake and release (Druhan and Bouchez, 2024).

This investigation will be conducted through a comparative study of four small catchments within the Mt-Lozère Critical Zone Observatory (CZO) (part of the National Research Infrastructure OZCAR “Observatoires de la Zone Critique : Applications et Recherche“; SNO OHM-CV “Observatoire Hydro-Météorologique Cévennes-Vivarais“), which has benefited from continuous hydrological and hydrochemical monitoring for nearly forty years (Dupraz, 1984; Hanchi, 1994). Although these catchments share similar geological and climatic characteristics, they differ in vegetation cover (a mature beech coppice, a managed mixed forest, a forest undergoing natural regeneration after a pest outbreak, and a mid-altitude grassland). The analysis will focus on a range of weathering-derived elements, from nutrients involved in biological cycles (Ca, K, Mg, Sr, Si) to elements that are only weakly recycled by ecosystems (Na, Li) (Bouchez et al., 2013; Charbonnier, 2019; López-Urzúa et al., 2025). The combined analysis of their concentrations and isotopic compositions in streams during storms will make it possible to explore how vegetation modulates the elemental fluxes exported to rivers.

This thesis aims to propose a renewed interpretation of so-called “river concentration–discharge relationships“ (C-Q) observed during storm events. The originality of the approach lies in considering that the intrinsic dynamics of such events make it possible to decipher the nutrient demands of ecosystems and their role in shaping the catchment-scale chemical composition of waters present in the rooting zone. For example, solutes strongly involved in biological cycles, such as potassium, generally exhibit positive C–Q relationships during flood events (Floury et al., 2024; Knapp et al., 2020; Wang et al., 2024). Beyond classical dilution or chemostatic frameworks, this release of nutrients is most often interpreted as the simple consequence of leaching from surface horizons. This project proposes to leverage this dynamic, using the ability of rivers to “scan” the vertical structure of the vadose zone and thereby selectively mobilize solutes originating from different depths. Through the study of a wide range of flood events covering different antecedent hydrological conditions, this approach aims to document the relationship between the chemistry of the rooting zone and that of the river, and to better understand the influence of living organisms on exported elemental fluxes. The combined analysis of nutrients and ecosystem-excluded elements, whose isotopes are fractionated by distinct processes (root uptake and/or secondary mineral formation), will provide insights into how dynamic water storage within hillslopes mobilizes and flushes reactive solutes during floods.  

In this perspective, the river is viewed as an integrator of the geochemical structure of hillslopes, its chemistry at the event scale reflecting the vertical heterogeneity of the subsurface. By successively “sampling“ different compartments of the landscape and revealing their specificities, floods capture discrete but essential processes that animate the Critical Zone, briefly unfolding its intricate structure and revealing, through their chemical signal, the imprint of the ecosystems they drain.

Main objectives of the project
(1) Establish multi-year elemental budgets for the four catchments of the Mt-Lozère CZO: quantify catchment-scale inputs (atmospheric deposition, rock weathering) and outputs (river export, vegetation recycling) (Bouchez and Von Blanckenburg, 2021) ;

(2) Characterize event-scale variability of elemental and isotopic signals: produce “C–isotope–Q” records (Ca, K, Mg, Si, Li, Sr) during flood events spanning a range of hydrodynamic conditions (Druhan and Benettin, 2023);

(3) Link river chemical signals to internal catchment functioning using statistical approaches (e.g., PCA) to identify the number of hydrogeochemical reservoirs contributing to flow. Metal stable isotopes will serve as tracers of processes occurring in the rooting zone and help identify vegetation-specific signatures (Fernandez et al., 2022; Golla et al., 2024);

(4) Establish a forward, process-based model (reactive transport modeling accounting for water and nutrient uptake by roots) yielding as output the chemistry of water in the rooting zone as a function of depth. For one catchment, the proposed hypotheses will be tested against data from a Vadose Monitoring System (VMS) installed in 2024, which provides biweekly time series of water chemistry along a ~10 m vertical profile in the rooting zone. The parameters of the model will be constrained using results of objective (1).

(5) Infer a catchment-scale depth-structure of solute signatures in the rooting zone using storm hydrochemical data, including isotope data obtained through objective (2) (Zhi and Li, 2020; Golla et al., 2024). This essentially inverse modeling will be guided by the results of the stastistical analysis of objective (3).

(6) Retrieve catchment-scale, quantitative estimates of parameters describing the role of life on elemental cycle (uptake recycling, litter decomposition) based on the model framework developed in objective (4) and the synthetic depth-structure of solutes obtained through objective (5).
Required skills
This interdisciplinary project, at the interface between hydrology, geochemistry, and ecology, requires a broad skill set. Proficiency in Python and/or Matlab is required for mass balance calculations, data processing, and the use of reactive transport models. The analytical component requires strong laboratory skills (clean lab work, ion-exchange chromatography) and the ability to acquire high-precision isotopic data using mass spectrometry (MC-ICPMS and CC-MC-ICPMS). Finally, a strong interest in fieldwork is essential for contributing to site monitoring and sampling (river water, groundwater, soils, vegetation).
Context of Research
The PhD project will benefit from technical and logistical support by staff at IPGP (PARI platform) and UMR ESPACE (St-Christol-les-Alès), as well as from the financial support from the national projects TerraForma and Carbonium (PEPR FairCarboN). A vibrant scientific environment will be provided through the participation of three already-present PhD students (IPGP and UIUC, USA) working on the same field sites. The project involves the participation of  two foreign research groups (UIUC and UNIL) and four research units in France (IPGP, ESPACE, METIS-Sorbonne U, Géosciences Rennes), and benefits from funding from from a CNRS-EC2CO grant (“TREE-NUTZ“).
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