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Climate changes induce an increase in frequency and intensity of phenomena exerting pressure on
ecosystems (Easterling et al., 2000; IPCC, 2021). Thus, in Europe, as well as in lots of other parts of the
globe, more intense and repeated drought events are expected in the coming decades (Easterling et
al., 2000; Sanchez et al., 2004; Cook, Ault and Smerdon, 2015; IPCC, 2021). In recent years, Europe
already recorded important drought events during spring and summer (Ciais et al., 2005; Hansel et al.,
2019; Scharnweber et al., 2020). Considering the many services provided by forests for economy,
biodiversity, mitigation of greenhouse gas emission through carbon storage or even soil stability, it is
of high importance to understand the impacts of drought on these ecosystems.

Currently, thanks to the numerous studies already carried out, drought effects are relatively well
understood for various processes such as tree growth, mortality causes or carbon storage (Orwig and
Abrams, 1997; Bréda et al., 2006; McDowell et al., 2008; Piao et al., 2019). However, biogeochemical
cycles and particularly nutrient circulation in drought conditions still suffer from a lack of knowledge
(Kreuzwieser and Gessler, 2010; Schlesinger et al., 2016; Gessler, Schaub and McDowell, 2017). Forest
ecosystems in Europe are generally developed on nutrient-poor and unfertilized soil (Badeau,
Dambrine and Walter, 1999), involving that tree nutrition is mainly ensured by recycling strategies such
as organic matter mineralization within soil or nutrient internal recycling within trees. Moreover, it is
known that an efficient nutrient circulation and a sufficient nutrient input are essential to the health
of forest ecosystems, and are also water dependant (Marschner, 1995; Cakmak, 2005; Wieder et al.,
2015). Therefore, nutrient cycling can be expected to be negatively impacted during drought
conditions through nutrient deficiencies which could contribute to forest dieback. The objectives of
this work were to determine the effects of drought on the nutrient biogeochemical cycles, the specific
mechanisms impacted and the consequences on tree nutrition.

To answer these objectives, in situ monitoring of biogeochemical cycles was carried out on the
experimental site of Montiers-sur-Saulx, (Meuse, France). This site, implemented in 2012, is part of the
AnaEE France research network and corresponds to a 143 ha forest developed on a soil sequence from
deep acidic soil (Dystric Cambisol) to more or less shallow calcic soils (Eutric Cambisol and Rendzic
Leptosol). The dominant species is the European beech (Fagus sylvatica), one of the most abundant
deciduous trees in European temperate forests. Moreover, considering its drought sensitivity, beech
sustainability could be threatened under future climate conditions(Leuschner, 2020; Scharnweber et
al., 2020). The soil is an Eutric Cambisol, representative of the region. On this site, the impact of various
degrees of drought (Low — L, Medium — M and High — H) on the biogeochemical cycles was studied.
Nutrient stocks and fluxes were calculated thanks to highly instrumented experiments allowing the
monitoring of tree biomass, water volumes and nutrient concentrations in various compartments of



the ecosystem (i.e., perennial biomass, green leaves, litterfall, soil, fine roots, atmospheric deposition,
throughfall, stemflow and soil solution). In addition to field measurements, the water cycle was
modelized daily thanks to a water model considering stand and soil characteristics. The L degree was
assessed through the observation of natural droughts (2015, 2018 and 2019) on three plots of 2 500
m? each and operating since 2012 (Touche et al., 2024). The M and H degrees were respectively
assessed thanks to two rainfall exclusion experiments called REEs (Touche et al., 2022) and REEw ,
operating since 2015 and 2020, respectively. Thus, for the REEm and REEy, a roof underneath canopy
allowed exclusion of about 100% of the rainfall for a specific duration during the growing season. The
rainfall exclusion duration was of 2.5 months and over 3 consecutive years for the REEm and of 3.5
months and over 5 consecutive years for the REE4. The plots subjected to these artificial droughts were
compared to control plots subjected to unmodified natural precipitation regime.

The effects directly linked to the water deficit, measured in solution fluxes after 3 years of drought (M)
are limited. The nutrient fluxes in soil solutions decrease, or even stop, during periods of drought,
without necessarily modifying the total annual nutrient fluxes, thanks to a compensatory effect of the
post-drought precipitations. Indeed, the release of nutrients by the holorganic layer is stimulated by
of the post-drought precipitations. This work shows that the disruption of biogeochemical cycles by
droughts is mainly indirectly induced by the evolution of the biomass production. The annual
increment of the perennial aboveground biomass decreases, i.e., between -35% and -65% for M and H
degrees, respectively. Leaf production decreases for M degree (-26%) leading to a drop in the leaf area
index. Conversely, the production of fine roots greatly increases, i.e., between 35% and 115% for M
and H degrees respectively. These responses could partly correspond to an adaptation of the stand to
mitigate the water stress and ensure its resilience. However, these changes in biomass are achieved
without a reduction in nutrient uptake, thus suggesting constant nutrient needs while a decrease in
leaf biomass production induces lower resorption fluxes. In addition, the resorption efficiency of
potassium (K) sharply decreases with the degree of drought, from 44% in the absence of drought event,
to 31% for the L degree and 17% for the M degree. The H degree also induces a K deficiency in the
production of green leaves. A decrease of K in the humus layer and in the superficial soil is also
measured in the H degree as well as a mortality rate of 33% of the trees. Potassium deficiency may
then be the direct consequence of maintaining the K need for biomass production associated with
insufficient resorption efficiency and low-K availability in the soil. The high mortality rate at the end of
the H degree experiment could therefore be the consequence of a double water and nutrient stress
induced by 5 years of successive droughts.

This work, pioneer in the study of the consequences of droughts on nutrient cycles and tree nutrition,
provides preliminary elements of responses. These conclusions must be confirmed and enriched by
continuing the rain exclusion experiments on the Montiers site, but also on a larger scale, by taking
into account the diversity of forest ecosystems (i.e. soil types and tree species) in France and Europe.
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