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1. Introduction 

 

Forests cover about 30% of the earth’s surface and play a central role in the functioning of the biosphere. 

Beyond their direct economic value as a source of wood and non-wood products, forests provide a wide 

range of ecosystem services that are essential to both environmental sustainability and human wellbeing. 

These services include carbon sequestration, regulation of hydrological processes, biodiversity 

conservation, soil protection and recreational benefits (André et al., 2025; Farooqi et al., 2020; Harrison 

et al., 2014; Nolander & Lundmark, 2024). Their role in the global carbon cycle is particularly crucial. 

The global forest carbon sink, which has remained stable at around 3.5 to 3.6 Pg C per year over the last 

three decades, compensates for nearly half of current emissions from fossil fuels, making forests an 

indispensable buffer against climate change (Pan et al., 2024). In Wallonia, forests cover about 560,000 

hectares, nearly one third of the territory, and constitute an economic and ecological heritage whose 

sustainability depends on the ability of forest managers to adapt to constantly changing conditions. 

However, this capacity for adaptation is severely tested by the acceleration of climate change. Over the 

past four decades, Europe has warmed at more than twice the global average rate, with summer 

temperatures rising particularly sharply (Douville et al., 2025). This warming is accompanied by an 

increase in the frequency and intensity of extreme events like heatwaves, prolonged droughts, and 

combined hot-dry episodes, which are already leaving visible traces on European forest ecosystems. The 

droughts of 2003, 2018 and 2022 illustrated the extent of the damage that trees can suffer when exposed 

simultaneously to high temperatures and severe water deficits (Tijerín-Triviño et al., 2025). More 

broadly, increasing rates of tree mortality, canopy dieback and productivity decline have been 

documented across European forests over recent decades, with canopy mortality having approximately 

doubled since the 1980s (Senf et al., 2018, 2020). For example, in Wallonia, spruce stands, which 

represent about a quarter of the regional forest, have already suffered massive die-offs following the 

combined effects of drought, storms, and bark beetle infestations (André et al., 2025). These recent 

episodes are therefore not isolated incidents but rather early signals of a trajectory that projections 

suggest will intensify considerably over the coming decades. Faced with these challenges, forest 

managers must make long-term decisions about species composition, stand structure and silvicultural 

practices, whose consequences will only be visible decades later and whose effectiveness depends 

heavily on accurate projections of future climatic conditions.  

Yet, despite growing evidence of climate impacts on forests at the European scale, the precise 

quantification of these effects at the scale of individual Walloon stands remains insufficiently 

documented. Broad-scale studies do not fully capture species-specific responses, stand structural 

heterogeneity, local soil properties or the specific climatic trajectory of the region.  

To assess future forest vulnerability, climate projections are commonly used as inputs for forest impact 

models. These models simulate tree growth, mortality, regeneration and ecosystem functioning under 

future climatic conditions. Their outputs are therefore strongly dependent on the quality of the climate 

data used as forcing. Even relatively small biases in temperature or precipitation can propagate through 

models and influence projections of forest productivity, drought stress or species suitability. However, 

these projections are themselves subject to systematic biases that can lead to an underestimation of future 

warming and the severity of droughts, which raises important questions about the reliability of the 

resulting impact projections. 
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State of the art 

1.1 Climate change in Europe: observations, drivers and modelling 

challenges 

1.1.1 Global temperature and precipitation trends 

Since the pre-industrial era, the Earth’s climate system has undergone unprecedented changes, mainly 

attributable to anthropogenic greenhouse gas emissions. According to the IPCC’s Sixth Assessment 

Report (AR6), average global surface temperature increased by 1.1°C (± 0.1°C) between the 1850-1900 

period and the 2011-2020 decade (IPCC, 2021). Each of the last four decades has been hotter than the 

previous one, and the rate of warming since 1970 has reached 0.18 °C per decade (Hansen et al., 2023). 

This warming is not spatially uniform, with stronger increases over land than over oceans, which is 

consistent with differences in heat capacity, evaporative cooling, and land-atmosphere feedbacks (IPCC, 

2021). The Arctic is experiencing the most significant warming, with an increase of up to +3 °C since 

the 1980s (Rantanen et al., 2022), while the tropics and the Southern hemisphere are warming more 

slowly. Europe and the Northern hemisphere mid-latitudes show warming rates above the global average 

(Douville et al., 2025; Yin et al., 2024) 

Global rainfall is also affected. On average, it increases by between 1 and 3% per degree Celsius of 

global warming (IPCC, 2021), but the trends vary greatly between regions. An increase in rainfall has 

been observed at middle and high latitudes in the Northern hemisphere since the mid-20th century, while 

several subtropical regions like the Mediterranean basin, Southern Africa and parts of South America 

are recording a decline (IPCC, 2021). These contrasts are partly explained by the global hydrological 

cycle. A warmer atmosphere can retain more moisture (about 7% per degree Celsius, in accordance with 

the Clausius-Clapeyron relationship), which intensifies the water cycle and tends to accentuate the 

existing contrasts between humid and dry regions (Held & Soden, 2006). Extreme precipitation events 

have also most likely intensified over the majority of land areas (IPCC, 2021). 

 

1.1.2 Increased frequency of droughts and climate extremes 

Global warming is accompanied by a marked change in the frequency and intensity of extreme weather 

events. The frequency and severity of agricultural and ecological droughts have increased across Europe 

over recent decades, particularly in Southern and Western regions, a trend observed since the mid-20th 

century and especially pronounced during summer months (Hanel et al., 2018; Spinoni et al., 2018). 

Long-term reconstructions reveal unprecedented drying trends in soil moisture, largely associated with 

rising temperatures and enhanced evaporative demand (Hanel et al., 2018). These trends are expected 

to intensify in the future, with projections indicating up to a 40% increase in drought-affected area under 

a +3°C warming scenario compared to 1.5°C warming (Samaniego et al., 2018). Moreover, the 

probability of compound events combining long drought duration and extreme heat has significantly 

increased across Europe over the period 1950-2013, with rising temperatures identified as the main 

driver (Manning et al., 2019). Recent events such as the droughts of 2003, 2018 and 2022 are among 

the most intense in the last five centuries, with seasonal temperatures exceeding historical averages by 

3°C to 5°C (Schumacher et al., 2024). The summer of 2022 was particularly extreme, with 63% of 

European territory on drought alert and historically low soil moisture levels (River Discharge | 

Copernicus, 2022). These episodes illustrate the convergence between heat and water deficit, whose 

combined effects on forest ecosystems are of particular concern. Marchi et al. (2024) show that the 
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probability of having a hot day during drought increases with the duration of the drought, and that 

Walloon forests are particularly vulnerable when they are simultaneously confronted with a heat wave 

and a water deficit. 

Future projections indicate that these observed trends will continue and intensify further. In Europe, 

drought intensity is projected to be 2.8 times higher by 2061-2100 under the high-emission SSP585 

scenario compared to the historical period, placing the region, along with the Amazon basin, among 

those facing the highest risk of future drought (Li et al., 2021). Spinoni et al. (2017) also project a 

significant increase in the frequency and severity of droughts in Southern and central Europe during the 

21st century, regardless of season. As shown in Figure 1, these projected increases are particularly 

pronounced in Southern Europe and the Mediterranean basin under both scenarios (RCP4.5 and 

RCP8.5), with extreme drought frequency and severity intensifying substantially under RCP8.5. The 

contrast between the two scenarios highlights the strong dependence of future drought risk on the 

magnitude of greenhouse gas emissions. Furthermore, temperature and precipitation extremes are 

expected to intensify across the entire European continent, with marked regional contrasts (Cardell et 

al., 2020). Mediterranean regions would be particularly exposed to more frequent heat waves and 

reduced summer rainfall, while Northern regions could experience increased winter precipitation. 

 

Figure 1. Projected changes in drought frequency (DRF; number of drought events per decade, top panels), extreme drought 

frequency (ExDRF; number of extreme drought events per decade, middle panels), and drought severity (DRS; average severity 

of drought events, bottom panels) between the near future (2041-2070) and the recent past (1981-2010), averaged over 11 

climate model simulations at the 12-month accumulation scale. Left panels show results under RCP4.5 and right panels under 

RCP8.5. Positive values indicate an increase relative to the reference period. Adapted from Spinoni et al. (2018). 

 

1.1.3 Accelerated warming in Europe : observations and spatial heterogeneity 

Among the world's regions, Europe stands out for its particularly rapid warming, which consistently 

exceeds the global mean across multiple indicators. European surface air temperatures have warmed at 

around three times the global mean rate over the period 1979-2022, in both winter and summer (Dong 

& Sutton, 2025; Figure 2). This acceleration has been particularly pronounced in recent decades: since 
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the mid-1990s, European temperatures have risen by approximately 0.56°C per decade, more than 

double the global average rate of 0.27°C per decade over the same period (C3S/ECMWF & WMO, 

2026). The intensification of heat extremes follows a similar pattern, with heatwave frequency 

increasing at more than twice the global rate (Yin et al., 2024). 

 

Figure 2. Linear trends in surface air temperature (SAT, °C per decade) over the period 1979-2022 based on ERA5 reanalysis. 

Panels (a) and (b) show absolute SAT trends in winter (DJF) and summer (JJA), respectively. Panels (c) and (d) show the ratio 

of local SAT trends to the global mean trend for the same seasons. The black rectangle delimits the European region used for 

averaging. Dots indicate trends significantly different from zero at the 10% level (Mann-Kendall test). Adapted from Dong & 

Sutton (2025). 

Despite this overall warming signal, important regional differences exist across Europe. The strongest 

summer warming trends are observed in Southern and central Europe, whereas north-Eastern Europe 

experiences the most pronounced warming during winter and spring (Twardosz et al., 2021). 

Precipitation trends also display a marked north-south contrast, with decreasing rainfall observed in 

Southern and Western Europe and increasing precipitation in Northern regions (Caloiero et al., 2018). 

These spatial differences contribute to substantial regional disparities in drought exposure and climate 

vulnerability. 

1.1.4 Drivers of accelerated warming in Europe 

The accelerated warming observed in Europe results from the combined influence of external forcings 

and internal climate variability, which interact through several physical mechanisms. 

Greenhouse gases are the main driver of Europe’s long-term warming. The large ensemble simulations 

analysed by Deser & Phillips (2023) show that anthropogenic forcing accounts for most of the 

temperature increase in Europe, while internal variability modulates this trend at ±0.5°C over periods of 

30 to 50 years. The decline in anthropogenic aerosol emissions since the 1980s is a second important 

factor, especially during summer. The reduction in aerosol optical thickness of about 50% in Central and 

Eastern Europe during the summer half-year (April-September), comparing the 1980s to the 2010s, led 

to an increase in incident solar radiation at the surface that could contribute up to about 1°C of additional 

warming in this region (Glantz et al., 2022). Dong & Sutton (2025) point out that aerosols are the main 

contributor to the thermodynamic component of excessive European warming in summer, while 

greenhouse gases dominate in winter. However, these radiative drivers alone do not fully explain the 

observed spatial and seasonal structure of European warming. 
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Atmospheric dynamics also play a major role in amplifying the warming observed in Western Europe. 

Recent studies show that persistent changes in atmospheric circulation, notably an increase in the 

frequency of meridional flows from the south, account for a significant proportion of the intensification 

of summer heatwaves and may help to explain why climate models underestimate the observed trends 

(Vautard et al., 2023). These circulation anomalies result in more frequent and persistent anticyclonic 

conditions, favouring subsidence, a reduction in cloud cover and an increase in solar radiation reaching 

the surface in Western Europe. Dong & Sutton (2025) estimate that approximately 29 ± 10 per cent of 

the amplification in European summer warming is attributable to these changes in circulation, while Yin 

et al. (2024) estimate this contribution at around 38 per cent for the trend in summer maximum 

temperatures. Using a different methodological approach based on the identification of time regimes, 

Carvalho-Oliveira et al. (2026) estimate that the increase in the frequency of southerly flows accounts 

for around 70 per cent of the excess summer warming (a metric that isolates regional deviation from 

global warming rather than the full warming trend) observed in Western Europe compared with the 

global average. These estimates, while consistent in identifying atmospheric circulation as a major 

contributor, vary substantially depending on the methodological approach used, highlighting the 

ongoing uncertainty in precisely quantifying this contribution.  

One of the mechanisms proposed to explain these changes in circulation is the slowing of the Eurasian 

subtropical jet stream in summer.  Dong et al. (2022) show that the summer slowdown of the Eurasian 

subtropical jet stream, which is largely attributed to the reduction in anthropogenic aerosol emissions, 

has altered meridional temperature gradients and favoured the establishment of circulation patterns 

conducive to summer warming.  

Ocean variability, in particular the Atlantic Multi-Decadal Variability (AMV), also modulates European 

warming at the decadal scale. Deser et al. (2023) show that positive phases of the AMV tend to reinforce 

summer warming in Europe, and Yin et al. (2024) document the role of AMV-type sea surface 

temperature anomalies in amplifying summer temperatures and heatwaves through dynamic processes. 

Overall, the literature converges towards the idea that these different mechanisms do not act 

independently. Atmospheric circulation changes and regional feedbacks are not mutually exclusive 

explanations for the amplified summer warming in Western Europe (Douville et al., 2025). This 

complexity has direct consequences for climate modelling. If current models fail to capture the full 

interplay between these mechanisms, they may systematically underestimate the observed warming. 

 

1.1.5 Discrepancy between climate models and observations, and implications 

for projections 

Current climate models tend to underestimate the amplification of warming observed in Western Europe 

over recent decades (since the early 1980s). Douville et al. (2025) show that CMIP6 models reproduce 

the average global warming relatively well, but systematically underestimate the intensity of summer 

warming in Western Europe, despite correctly simulating the global trend. This discrepancy is illustrated 

in Figure 3, where the observations and reanalyses (ERA5 and E-OBS) lie above almost all CORDEX 

(Coordinate Regional Climate Downscaling Experiment) and CMIP6 (Coupled Model Intercomparison 

Project Phase 6) simulations, particularly for the summer season and across central and Western Europe. 
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Figure 3. Observed and simulated summer warming over Western and central Europe (1980-2022). (a) Observed change in 

mean summer temperature (ERA5). (b) Difference between the CORDEX model median and ERA5, showing the 

underestimation of summer warming by regional climate models. (c, d) Time series of cumulative summer warming in Western 

and central Europe for CORDEX (n=49) and CMIP6 (n=43) ensembles compared to ERA5 observations; the model median, 

5th-95th percentile range, and hottest realization are shown. (e) Total warming trends (°C per decade) for all seasons and 

annual mean; observed values (ERA5 and E-OBS) consistently exceed both CORDEX and CMIP6 model distributions. 

(Schumacher et al., 2024). 

More specifically, Dong & Sutton (2025) quantify this bias by showing that although the total average 

warming over Europe may appear to be correctly reproduced in the ensemble average, this results from 

a balancing of errors between global warming that is sometimes overestimated and regional 

amplification that is underrepresented. Expressed in terms of European warming relative to global 

warming, the CMIP6 models underestimate this amplification by approximately 16 per cent in summer 

and 43 per cent in winter. Although the absolute discrepancy appears most visible in summer, this larger 

relative winter underestimate reflects the greater contribution of atmospheric circulation changes to 

excess warming in winter (40 ± 39%) compared to summer (29 ± 10%), a dynamical component that 

CMIP6 models consistently fail to capture in either season. Yin et al. (2024) obtain consistent results, 

showing that the observed increase in the frequency of heatwaves in Europe consistently exceeds that 

simulated by the CMIP6 models. 

Several structural mechanisms may explain these discrepancies. Firstly, the representation of aerosols is 

a major source of uncertainty. Many models fail to accurately reproduce the observed decline in aerosol 

concentrations since the 1980s, leading to an underestimation of the increase in solar radiation at the 

surface (Nabat et al., 2025). Soil-atmosphere interactions also play an important role, with models 

generally underestimating soil drying and thus the strengthening of the positive feedback on summer 

temperatures (Douville et al., 2025). 
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Atmospheric circulation biases provide another important explanation for this discrepancy. Douville et 

al. (2025) show that standard climate models fail to accurately reproduce the observed summer trends 

in sea-level pressure over Europe, while atmospheric simulations constrained by reanalyses reproduce 

changes in circulation, as well as the associated surface warming, much more accurately. However, these 

simulations assimilate atmospheric observations and therefore do not constitute an independent 

validation of the models, but rather a tool for isolating the role of atmospheric circulation in the observed 

warming 

Dong & Sutton (2025) also show that the circulation trends observed in both summer and winter lie 

outside the range of variability simulated by the CMIP6 ensemble, suggesting either an underestimation 

of the forced response of the circulation, an underestimation of low-frequency internal variability, or 

both. 

Finally, several authors suggest that current models may also underestimate the response of atmospheric 

circulation to greenhouse gas forcing. If this is the case, the model-observation discrepancy would not 

necessarily disappear as aerosol forcing stabilizes but could persist, implying that future projections of 

European summer warming may be conservative (Vautard et al., 2023). 

These limitations have direct implications for forest impact studies, where projections of summer 

temperature and water availability strongly influence simulations of tree growth, water stress and 

mortality. They also highlight the importance of properly characterising the biases and uncertainties in 

climate projections before using them as input data in forest models. Indeed, whether the biases relate 

to the representation of aerosols, soil-atmosphere feedback or atmospheric circulation, their 

consequences for future projections can vary considerably. Forest impact studies must therefore be 

interpreted in the light of these uncertainties, which can propagate throughout the modelling chain and 

influence the robustness of the resulting projections (Lindner et al., 2014). 

 

1.2 Impacts of climate change on forests 

1.2.1 Physiological responses of trees to climate change 

Climate change affects tree functioning through changes in both mean climatic conditions and the 

increasing frequency of extreme events. Rising atmospheric CO₂, higher temperatures and more frequent 

droughts alter tree physiology, growth and survival through multiple interacting mechanisms. 

Rising temperatures directly modify the phenology of trees. At the European level, spring phases have 

advanced and autumn senescence has been delayed, leading to a lengthening of the growing season by 

about 0.26 days per year over the 1951-2018 period, which is strongly attributable to winter and spring 

warming (Menzel et al., 2020). When enough water is available, this elongation promotes carbon 

assimilation and growth. The increase in atmospheric CO₂ concentrations also has a fertilising effect on 

forest productivity, a phenomenon that has been extensively documented in the literature. Higher CO₂ 

concentrations stimulate photosynthesis and primary production, though the magnitude of this response 

depends on ecosystem type and environmental conditions (Norby, 2025; Xu et al., 2025; Zhan et al., 

2024). In his recent review, Norby (2025) synthesizes four decades of Free-Air CO₂ Enrichment (FACE) 

experiments and estimates that a CO₂ enrichment of 41% (approximately 550 ppm, expected around 

2050 under SSP3-7.0) stimulates forest net primary productivity (NPP) by 21.8% on average, mainly 

through improved light-use efficiency. Independent evidence from eddy covariance observations across 

38 extratropical forest sites corroborates this effect using a different methodological approach, with GPP 

stimulation rates of 16.4 ± 4.2% per 100 ppm CO₂ increase (Zhan et al., 2024). 
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This positive response is, however, not systematic. Xu et al. (2025) propose an integrated framework 

showing that the net fertilisation effect is constrained by a hierarchy of factors. Photosynthetic 

acclimation acts as a first limitation at the plant level, while nutrient availability (primarily nitrogen in 

temperate systems) emerges as the dominant long-term barrier, alongside interactions with the water 

cycle. Under conditions of prolonged drought or on poor soils, productivity gains may therefore be 

significantly reduced or even negated (Lévesque et al., 2014; Norby, 2025; Penuelas et al., 2011). The 

potential benefit associated with increased atmospheric CO₂ cannot therefore be considered in isolation 

from water constraints. 

The potentially positive effects are increasingly being offset by the negative effects of global warming. 

Higher temperatures increase the atmosphere’s evaporative demand and the vapour pressure deficit 

(VPD), which intensifies the risk of water stress, particularly during dry periods. In response to water 

stress, stomatal closure limits carbon assimilation while maintaining high temperature-related 

respiratory costs, leading to a decrease in net productivity. When stress is severe or prolonged, the risk 

of xylem embolism increases, which can cause the crown to dry out, lead to the death of twigs, or even 

result in the death of the tree following repeated episodes (Marchi et al., 2024). At the European level, 

the combined effect of heat and drought has become one of the main factors reducing tree growth and 

increasing tree mortality (Tijerín-Triviño et al., 2025). 

Thus, the fertilising effect of CO₂ does not constitute a uniform response by forests to climate change, 

but depends heavily on interactions with water, nutritional and physiological constraints that determine 

trees’ ability to convert this potential into actual growth (Xu et al., 2025). 

 

1.2.2 Observed impacts on European forest productivity 

The physiological mechanisms described above are now resulting in observable changes in the 

productivity of European forests. Numerous studies show that climate change is now altering forest 

growth across the continent, gradually reducing their capacity to continue increasing carbon 

sequestration. While rising temperatures and increased atmospheric CO₂ concentrations have 

contributed to increased growth in some regions, particularly Northern Europe, these positive effects are 

increasingly counterbalanced by droughts, disturbances and changing climatic variability (Lindner et 

al., 2010, 2014; Tijerín-Triviño et al., 2025). Based on more than 13,900 plots from the Spanish and 

Swedish national forest inventories, Tijerín-Triviño et al. (2025) show that the effect of temperature 

anomalies on forest productivity, initially positive in the Mediterranean and boreal regions, became 

increasingly negative over time across all four studied regions. This shift coincides with a significant 

decline in forest productivity in every region, ranging from −1.6% to −3.6%. 

The impacts of climate change on forest productivity are not uniform across Europe, as the limiting 

factors vary greatly depending on climatic conditions and ecosystem characteristics. In Mediterranean 

regions, the increase in the frequency and intensity of droughts, combined with a higher risk of wildfires 

and mortality linked to water stress, is already leading to a decline in forest growth and biomass 

accumulation (Lindner et al., 2010). In contrast, Northern forests have historically benefited from 

favourable effects linked to warming, notably through a longer growing season and a potential increase 

in productivity. However, these gains are gradually being limited by the emergence of new constraints 

such as droughts, biotic disturbances and extreme events (Lindner et al., 2010). Thus, the effects of 

climate change result from a balance between favourable factors, such as rising temperatures in cold 

regions, and unfavourable factors, mainly linked to water shortages and climatic disturbances, whose 
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impacts are expected to increase in many European regions (Knutzen et al., 2025; Tijerín-Triviño et al., 

2025). 

The effects of climate change on forest productivity also vary significantly between species, depending 

on their physiological traits, their climatic requirements and their ability to adapt to new environmental 

conditions. Projections carried out at European level show that certain tree species adapted to cold 

climates, such as the Norway spruce (Picea abies) or the Scots pine (Pinus sylvestris), could maintain or 

even increase their productivity in certain Northern and central regions thanks to the lengthening of the 

growing season (Reyer et al., 2014). In contrast, species that are more sensitive to increased water stress, 

such as the common beech (Fagus sylvatica) or certain Mediterranean tree species, are expected to 

experience significant reductions in growth in regions where conditions are becoming warmer and drier 

(Reyer et al., 2014). This variability between species highlights the importance of considering the 

specific ecological characteristics of each tree species when assessing the future impacts of climate 

change.  

 

Figure 4. Projected relative changes in European beech (Fagus sylvatica) basal area increment (BAI, in %) compared to the 

1986-2016 reference period, under SSP1-2.6 (a-c) and SSP5-8.5 (d-f) CMIP6 climate scenarios for three future periods: 2020-

2050 (a, d), 2040-2070 (b, e), and 2060-2090 (c, f). Negative values (red) indicate growth decline. The most severe declines 

are projected towards the Southern distribution limit of the species under the high-emission scenario. From Martinez del 

Castillo et al. (2022). 

 

Among these contrasting responses, European beech provides a particularly illustrative example of the 

vulnerability of certain temperate species to climate change. Based on 5,800 beech trees from 324 sites 

covering the entire geographical area of the species, Martinez del Castillo et al. (2022) document growth 

declines of Fagus sylvatica across large parts of its distribution area over the past decades. They further 

project severe productivity losses ranging from -20% to more than -50% by 2090 under the CMIP6 
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SSP1-2.6 and SSP5-8.5 scenarios, with the most pronounced declines occurring towards the Southern 

distribution limit of the range of the species, where persisting high-pressure systems are expected to 

increase drought severity. Figure 4 illustrates the spatial pattern and temporal progression of these 

projected declines. 

 

1.2.3 Specific vulnerability of Walloon forests 

Walloon forests are among the European forest ecosystems exposed to the effects of climate change. 

Located in the temperate oceanic zone, they have benefited for a long time from conditions favourable 

to growth, but the increasing frequency of droughts, heatwaves and biotic disturbances is gradually 

undermining this dynamic (Campioli et al., 2017). The extreme heat and drought events observed since 

2018 have led to a marked decline in the vitality of forest stands, illustrating the growing sensitivity of 

Walloon forests to new climatic conditions (Knutzen et al., 2025). Climate projections further indicate 

that prolonged droughts substantially increase the probability of concurrent heat stress, reinforcing the 

vulnerability of Walloon forests to compound heat-drought events (Marchi et al., 2024). 

The Norway spruce (Picea abies), which represented nearly a third of Wallonia’s forest area, has suffered 

significant mortality as a result of successive droughts, storms and bark beetle infestations. These 

droughts have led to infestations on an unprecedented scale, resulting in massive sanitary felling and the 

need to regenerate vast areas of forest (Knutzen et al., 2025). These events illustrate the role of droughts 

as a trigger for major biotic disturbances, now regarded as one of the main threats to Wallonia’s 

coniferous forests (Saintonge et al., 2021) 

Deciduous stands are also affected, although their vulnerability varies greatly depending on the species. 

The beech (Fagus sylvatica), the dominant species in many Walloon beech forests, is recognised as being 

particularly sensitive to droughts. At a European level, a decline in its growth has already been observed 

across much of its range. As shown in the previous section, projections indicate that productivity losses 

could exceed 50 per cent by the end of the century in the most vulnerable regions (Martinez del Castillo 

et al., 2022). Conversely, the sessile oak (Quercus petraea), with which it frequently coexists, exhibits 

greater hydraulic resistance to water deficit (Aranda et al., 2005). This difference is particularly 

significant in Wallonia, where the beech’s strong competitiveness under current conditions could 

become a disadvantage in a warmer and drier climate, reinforcing the case for silvicultural strategies 

that promote greater species diversification (André et al., 2025). 

When faced with these vulnerabilities, quantifying the future effects of climate change on growth, water 

stress and the productivity of Walloon forests is a key challenge in guiding adaptation strategies. 

Mechanistic forest models provide a particularly effective framework for this analysis, as they allow the 

physiological responses of trees to future climatic conditions to be simulated explicitly. 

 

1.3 Process-based forest modelling for climate impact assessment 

1.3.1 The need for forest models in a context of climate changes 

Forests are ecosystems with a long lifespan, and their responses to environmental changes can only be 

observed over several decades, or even several centuries. In this context, experimentation alone is not 

sufficient to anticipate the consequences of climate change or to evaluate potential adaptation strategies 

within a timeframe compatible with the needs of forest management. Modelling is therefore an 

indispensable tool for exploring these various possible trajectories, given the wide range of site 
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conditions, climate scenarios and management practices that cannot realistically be tested through field 

experiments alone (Jonard et al., 2020; Bosela et al., 2021). 

By simulating the functioning and evolution of stands under different climatic and silvicultural 

scenarios, models make it possible to assess the potential consequences of various management 

strategies, identify the factors that control the response of forests to environmental changes, and inform 

management decisions despite the high levels of uncertainty associated with climate projections (Jonard 

et al., 2020; Bosela et al., 2021). Models are not intended to predict the future state of forests with 

precision, but rather to explore plausible scenarios and compare the relative effects of different 

management options in a constantly changing environment (Bugmann & Seidl, 2022). 

 

1.3.2 The main approaches to modelling forest growth 

Forest growth models differ in terms of their level of complexity and the ecological processes they 

integrate, going from simplified representations of forest dynamics to approaches explicitly based on 

ecophysiological processes (Bosela et al., 2022; Gilson et al., 2025). Empirical models are based on 

statistical relationships derived from observations of growth and explanatory variables such as age, stand 

density or site characteristics. Easy to parameterise and often highly effective under the environmental 

conditions for which they have been calibrated, they have long been widely used tools in forest 

management. However, their ability to predict stand dynamics in the context of climate change is limited, 

as they generally assume that relationships observed in the past will remain valid under different future 

conditions (Gilson et al., 2025; Jonard et al., 2020). 

In contrast, process-based models aim to explicitly represent the ecophysiological processes that control 

tree growth, such as photosynthesis, respiration, carbon allocation and water exchange between the soil 

and vegetation. By simulating the mechanisms underlying growth rather than directly relating past 

observations to environmental conditions, these models enable to explore how forests respond to new 

climatic conditions and to complex interactions between different stress factors (Gilson et al., 2025; 

Jonard et al., 2020). They therefore constitute a particularly well-suited approach for studying the 

impacts of climate change, for which relationships established on the basis of historical observations 

may no longer remain valid under future environmental conditions. However, the explicit representation 

of ecological processes involves a higher level of complexity, requiring simplification choices in order 

to find a balance between biological realism and computational feasibility (Bugmann & Seidl, 2022). 

The first process-based models of forest dynamics were primarily developed to represent pure, even-

aged stands, simplifying the spatial structure of forests in order to limit the complexity of the calculations 

(Jonard et al., 2020). However, growing interest in mixed and uneven-aged stands has highlighted the 

need for approaches capable of representing a more complex forest structure. Beyond the distinction 

between empirical and process-based approaches, forest growth models can also be distinguished 

according to the spatial scale and level of detail at which they represent stand dynamics (Porté & 

Bartelink, 2002). Stand-scale models describe the forest as a relatively homogeneous entity, while cohort 

models allow the differentiation of groups of trees with similar characteristics, particularly in terms of 

age or size. Although these approaches provide a more detailed representation of forest structure, they 

remain limited in their ability to describe the spatial heterogeneity of complex stands. At a finer level of 

representation, individual tree-scale models allow the explicit simulation of the growth of each tree, as 

well as interactions between neighbouring individuals. 

Among these various approaches, spatially explicit models at the individual-tree level appear 

particularly well suited for studying the dynamics of mixed and structurally complex stands, as they 
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enable the representation of local interactions between trees and competition for resources. This 

approach is relevant for Walloon forests, where adaptation strategies increasingly rely on species 

diversification and the transition from even-aged stands towards more heterogeneous structures (André 

et al., 2025). In this context, HETEROFOR was specifically developed to simulate these interactions at 

the individual-tree level.



13 

 

1.4 Objectives 

Walloon forests are facing an intensification of climatic stress whose future consequences on their 

productivity, water stress and vitality remain insufficiently quantified at the stand scale. Given this, the 

main objective of this Master thesis is to assess how climate change will affect forest productivity, water 

stress and defoliation in Walloon forests by 2100 using the HETEROFOR process-based model, and to 

identify the physiological mechanisms, species characteristics and site conditions governing these 

responses. Productivity, water stress and defoliation were selected because they jointly characterize 

forest functioning, tree vitality and the capacity of stands to cope with increasing climatic stress. 

The study focuses on five Walloon plots distributed across three sites dominated by common beech 

(Fagus sylvatica) and sessile oak (Quercus petraea), two species with contrasting hydraulic strategies. 

The selected sites, which are situated at Baileux, Chimay and Louvain-la-Neuve, are considered to be 

representative of the pedo-climatic diversity of the Walloon forests. The simulations are primarily forced 

by observed IRM climate data over the historical period (1961-2024) and by climate projections from a 

global climate model (GFDL-ESM4) under the SSP3-7.0 scenario over the future period (2025-2100). 

An additional set of simulations using GFDL-ESM4 data over the historical period was also run to assess 

the extent to which biases in the climate model propagate to HETEROFOR outputs. Eight simulation 

configurations, described in the Methodology section, have been designed to assess the impact of climate 

change on forest indicators, and to isolate the additional contribution of atmospheric CO₂ fertilization 

on the one hand, and of hydraulic failure by xylem embolism on the other. 

This work also pursues three complementary objectives. First, to evaluate the performance of the 

HETEROFOR model to simulate soil water dynamics and radial tree growth in Walloon conditions, in 

order to establish the reliability of future projections. Second, to examine to what extent explicitly 

accounting for CO₂ fertilization and hydraulic failure modifies the projected trajectories of productivity, 

water stress and defoliation, and assess whether these processes are necessary to accurately simulate 

forest responses to climate change. Third, to quantify the extent to which climate model biases propagate 

to HETEROFOR outputs, in order to contextualize the obtained results and their uncertainties. Overall, 

these objectives aim to provide a scientifically grounded basis for the development of adaptation 

strategies for Walloon forests in the context of ongoing climate change. 
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2.  Material and methods 

2.1. Study sites and stands 

The study covers five forest plots spread across three sites in Wallonia (Figure 5). Two of these are in 

Baileux (beech and oak plots), two others are in Louvain-la-Neuve (beech and oak plots), and the fifth 

is in Chimay (oak plot). The three sites belong to distinct bioclimatic zones. Baileux (50.02°N, 4.40°E, 

~300 m above sea level) receives an average of 1,075 mm of annual rainfall and has an average 

temperature of 9.8°C. Chimay (50.06°N, 4.27°E, ~260 m) receives 940 mm/year with an average 

temperature of 9.7°C. Louvain-la-Neuve (50.68°N, 4.60°E, ~130 m) is the driest and warmest site with 

818 mm/year and 11.0°C. 

 

Figure 5. Location of the five study stands across three sites in Wallonia, Belgium, and their respective bioclimatic zones (Van 

der Perre et al., 2015) 

Soil types also vary between sites. At Baileux and Chimay, the soil is a cambisol, whereas at Louvain-

la-Neuve it is an abruptic luvisol characterised by a significantly higher extractable water reserve (450 

mm compared with 178mm at Baileux and 205mm at Chimay). To isolate species effects from soil 

variability, the same soil profile was used for the two plots at each site. Thus, for Baileux and Louvain-

la-Neuve, the soil from the beech forest was selected for both plots. 

The stands differ markedly in their structure and management history. The Baileux stands originated 

from a major regeneration event around 1880. The sessile oak-dominated stand therefore presents the 

typical characteristics of an even-aged forest, whereas the beech-dominated stand has progressively 

developed towards a more uneven-aged structure with multiple diameter classes. In contrast, the 

Louvain-la-Neuve stands correspond to mature beech and oak-dominated forests with large trees and a 

more developed stand structure. The Chimay stand is an ancient coppice-with-standards dominated by 

mature sessile oak with a dense hornbeam understorey, resulting in a substantially higher stem density 

than the other stands. (Table 1) (de Wergifosse et al., 2020). Together, these sites include a broad range 

of climatic and edaphic conditions representative of Walloon temperate forests, making them suitable 

for assessing the influence of climate and site conditions on forest responses. 
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Table 1. Main stand characteristics at the start of the simulations (1961), based on field inventories conducted between 1999 

and 2001. The same inventory file was used to initialise both the historical (1961-2024) and future (2025-2100) simulations. 

Stand Total density 

(stems/ha) 

Total basal area (m²/ha) Species composition (% BA) 

Baileux 

beech 

302 23.1 Fagus 73%, Quercus 27% 

Baileux oak 480 22.1 Quercus 80.5%, Fagus 19.5%, 

Carpinus 6% 

Chimay oak 717 19.5 Quercus 72.5%, Carpinus 27.3% 

LLN beech 115 30.5 Fagus 84.8%, Quercus 15.2% 

LLN oak 184 26.5 Quercus 89%, other species 11% 

 

Each plot was initialised in HETEROFOR using a detailed inventory with, for each tree, the spatial 

position, circumference, total height, base height of the crown and crown radius in the four cardinal 

directions. It should be noted that the historical (1961-2024) and future (2025-2100) simulations are 

independent runs sharing the same initial inventory file. Since both simulation periods were initialised 

independently, from the same inventory, structural biomass was reset to identical initial conditions at the 

beginning of each simulation rather than being carried over from the historical to the future period. As 

a consequence, this design introduces discontinuities visible in certain time series at the transition point 

between the two periods, most notably in leaf area index dynamics. 

 

2.2 HETEROFOR model 

HETEROFOR is a spatially explicit forest growth model based on ecophysiological processes, 

developed within the CAPSIS (Computer-Aided Projection for Strategies in Silviculture) modelling 

platform (Jonard et al., 2020; de Wergifosse et al., 2020). Unlike models that treat a stand as a 

homogeneous entity, HETEROFOR represents each tree individually and simulates its growth based on 

its spatial position, structural characteristics and ability to access available resources (light, water and 

nutrients). This approach enables the representation of local interactions between trees and the effects 

of stand structure on forest dynamics, making the model particularly well-suited to mixed and uneven-

aged stands. 

The model operates through the interaction of several modules describing the main processes involved 

in tree growth and trees’ response to environmental variations. The dimensional growth of trees is 

simulated at an annual time step, while some physiological processes, notably water exchange and 

photosynthesis, are calculated at a finer temporal resolution in order to represent the intra-annual 

variability of climatic conditions. 

 

2.2.1 Modules 

The water module simulates water flows between the atmosphere, vegetation and soil at the individual 

tree level. It models precipitation interception by the canopy, water infiltration into different soil layers, 
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root water uptake, individual transpiration and deep drainage. Water flows in the soil are calculated 

using Darcy’s approach, which allows for the representation of water gradients between the different 

layers of the soil profile. Individual transpiration is estimated using the Penman-Monteith equation and 

depends, in particular, on stomatal conductance, which varies according to soil water availability, vapour 

pressure deficit and the specific characteristics of each tree. This module thus enables the onset and 

intensity of water stress to be modelled according to climatic conditions and stand properties (de 

Wergifosse et al., 2020). 

The carbon module describes the processes governing carbon uptake and utilisation by trees. 

Photosynthesis is simulated using Farquhar’s biochemical model, coupled with the approach developed 

by Ball et al. (1987) for stomatal regulation, via the CASTANEA library integrated into CAPSIS. The 

carbon fixed through photosynthesis corresponds to gross primary production (GPP). After accounting 

for losses due to respiration, net primary production (NPP) is calculated and then allocated amongst the 

tree’s various compartments (leaves, fine roots, fruits and woody structures). This carbon allocation then 

determines the trees’ dimensional growth (Jonard et al., 2020). 

The phenological module simulates the main stages of the annual cycle of trees, including budburst, leaf 

development, leaf yellowing and leaf fall. The dates of these events are predicted for each species based 

on hourly weather conditions. The duration of the growing season directly influences the period during 

which photosynthesis and transpiration can take place. In HETEROFOR, defoliation is simulated when 

net carbon production becomes insufficient to sustain normal foliage development. Tree mortality is 

triggered when the defoliation level reaches 90 per cent (de Wergifosse et al., 2020). 

The SamsaraLight module simulates radiative transfer within the forest canopy using a ray-tracing 

approach (André et al., 2021; Courbaud et al., 2003). Unlike simplified approaches that assume a 

homogeneous canopy, this module takes into account the spatial position and geometry of each tree’s 

crown in order to estimate the amount of radiation intercepted by each individual tree. This 

representation makes it possible to simulate competition for light between neighbouring trees and its 

influence on individual growth. 

Finally, by default, HETEROFOR simulates transpiration and photosynthesis in a fully reversible 

manner. Stomatal conductance decreases in the event of high evaporative demand or low soil water 

potential, but it recovers fully as soon as conditions become favourable again. This approach does not 

adequately represent the long-term effects of extreme events, such as heatwaves combined with 

droughts, on the tree’s water balance. To overcome this limitation, an optional cavitation module has 

been implemented (André et al., 2025), based on the approach by Couvreur et al. (2018), which 

explicitly models hydraulic failure associated with xylem embolism. This module iteratively solves the 

vertical profile of water potential and xylem conductivity, based on a plausible transpiration flux and 

the water potential at the base of the trunk. The resulting loss of hydraulic conductivity, calculated at the 

tree top and at the base of the crown, is used to predict temporary defoliation and crown dieback, the 

latter affecting the level of defoliation in the following year. A recovery process is also incorporated: 

each year, the tree regains a part of its foliage proportional to its relative basal area growth. When the 

cavitation module is activated, total defoliation therefore results from the combination of competition-

driven defoliation (described above) and hydraulic-driven defoliation. This module has been 

parameterised using values derived from the literature on stem hydraulic conductivity, xylem 

vulnerability (P50), the Huber ratio, and the relationship between loss of conductivity and defoliation 

and crown dieback (André et al., 2025).  
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2.2.2. Parametrization 

The physical and hydraulic properties of the soil were provided in the form of soil horizons characterised 

by their texture, bulk density, stoniness, water content at field capacity and wilting point, pH, and 

proportion of fine roots. Hydraulic properties that had not been measured were estimated using the soil 

transfer functions developed by Weynants et al. (2009). 

The physiological parameters for the species come from two files: the HETEROFOR parameter file 

(allometric relationships, height and diameter growth parameters, xylem hydraulic conductance) and the 

CASTANEA parameter file (biochemical parameters relating to photosynthesis, respiration and 

phenology). These parameters are those calibrated for the European beech (Fagus sylvatica) and the 

sessile oak (Quercus petraea) in the original studies by Jonard et al. (2020) and de Wergifosse et al. 

(2020), without further calibration. 

Silvicultural interventions were applied in the same way across all plots and scenarios, in order to isolate 

the effect of climate from that of management. Thinning was carried out every 12 years with a maximum 

intensity of 25% of the basal area, following species-specific silvicultural guidelines: Vannière’s 

production tables (1984) for beech, and Sardin’s recommendations (2008) for sessile oak. This choice 

constitutes a simplification compared to actual forest management, which would likely be adapted in 

response to the projected changes. Its implications as a limitation of the study are discussed in Section 

4.6. 

 

2.3. Climate data 

The historical simulations (1961-2024) were forced with interpolated daily climate data from the Royal 

Meteorological Institute of Belgium (IRM), downloaded from the opendata.meteo.be platform. Using 

observational data for the historical period ensures that the simulated forest dynamics are driven by the 

most realistic possible representation of actual climate conditions. Each site was assigned to its 

representative IRM pixel based on Wallonia's bioclimatic zone map (Walonmap) with pixel 196 

(Winenne, 50.097°N, 4.869°E) for Baileux, pixel 150 (Daverdisse, 50.007°N, 5.078°E) for Chimay, and 

pixel 545 (Jurbise, 50.545°N, 3.881°E) for LLN. Wind data were sourced from the IRM synoptic 

network, with different reference stations depending on the site. 

The future simulations (2025-2100) were produced using daily output from the GFDL-ESM4 global 

climate model, part of the ISIMIP (Inter-Sectoral Impact Model Intercomparison Project), under the 

SSP3-7.0 emissions scenario. The SSP3-7.0 scenario was selected as it represents an intermediate-to-

high forcing pathway consistent with current global emission trajectories (IPCC, 2021), corresponding 

to a projected warming of approximately 3.6°C in Belgium by 2100 relative to the 1976-2014 reference 

period (André et al., 2025). The GFDL-ESM4 data cover the period 1850-2100, combining the model's 

own CMIP6 historical experiment (up to 2014) with the SSP3-7.0 scenario run (from 2015 onward) into 

a single continuous series. These data were bias-corrected according to the ISIMIP3 protocol (Lange, 

2019), which applies a trend-preserving parametric quantile mapping, calibrated over the period 1976-

2014 using gridded IRM observations at a resolution of 5 km. This correction adjusts biases across the 

entire distribution of the variables and not just the mean, while preserving long-term trends in each 

quantile. It was applied independently for each variable, each site and each month. The corrected 

variables are air temperature, minimum temperature, precipitation, relative humidity, solar radiation and 

wind speed. Although the ISIMIP3 correction adjusts the statistical distribution of climate variables, it 

does not alter the temporal dynamics of the warming simulated by the model. In particular, it cannot 

correct for a potential underestimation of the rate of recent warming by GFDL-ESM4.  



18 

 

To assess the magnitude of this bias propagation, a set of historical simulations was run using GFDL-

ESM4 data over the 1961-2024 period and compared with the results obtained from IRM forcing 

(Section 3.4). 

As HETEROFOR operates on an hourly time step, both IRM and GFDL-ESM4 daily data were 

disaggregated into hourly data using empirical coefficients calibrated as part of the REGE+ project 

(André et al., 2025), based on hourly reference climate time series from the IRM's automatic stations. 

The disaggregation covers radiation (monthly hour-by-hour coefficients), precipitation (seasonal hourly 

distribution), temperature (cosine formula), wind speed (separate day/night formulas) and relative 

humidity (via dew point temperature). 

Two CO₂ scenarios were used. In the reference scenario, used for the vast majority of analyses, the CO₂ 

concentration is held constant at 317.8 ppm, a value corresponding to the concentration in 1961 

according to the SSP3-7.0 trajectory (Meinshausen et al., 2020). This choice allows the effect of climate 

change alone to be isolated, without the fertilising effect of CO₂. A second scenario uses the variable 

trajectory of SSP3-7.0, where the concentration rises from around 318 ppm in 1961 to around 872 ppm 

in 2100, used only to quantify the carbon fertilisation effect 

Table 2. Overview of all datasets used in this study, including their source, temporal coverage, resolution and purpose. Daily 

climate data were disaggregated to hourly resolution using empirical coefficients calibrated as part of the REGE+ project 

(André et al., 2025). 

Data type Source Period Resolution Use in this study 

Historical climate 
IRM gridded data 

(opendata.meteo.be) 

1961-

2024 
Daily to hourly 

Historical 

simulations (all 

scenarios) 

Future climate 
GFDL-ESM4 / ISIMIP 

(SSP3-7.0) 

2025-

2100 
Daily to hourly 

Future 

simulations (all 

scenarios) 

Additional historical 

climate 

GFDL-ESM4 / ISIMIP 

(SSP3-7.0) 

1961-

2024 
Daily to hourly 

Climate model 

bias assessment 

(Section 3.4) 

Atmospheric CO₂ 
SSP3-7.0 (Meinshausen et 

al., 2020) 

1961-

2100 
Annual 

Variable CO₂ 

scenarios 

Forest inventory Field measurements 
1999-

2001 
Plot-level 

HETEROFOR 

initialisation 

Soil data Field measurements 
1999 - 

2001 
Horizon-level 

HETEROFOR 

initialisation 

Soil water content TDR measurements 
2006-

2020 
Hourly Model evaluation 

Circumference 

increment 
Dendrometric surveys 

2001-

2019 
Annual Model evaluation 
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2.4. Simulation design  

Eight simulation designs were designed to disentangle the effects of climate change, CO₂ fertilisation 

and hydraulic failure on forest indicators (Table 3).  

Table 3. Overview of the eight simulation designs used in this study. 

 

A first group of four experiments combines two time periods (historical 1961-2024 and future 2025-

2100) with two CO₂ trajectories (constant at 317.8 ppm and variable according to SSP3-7.0), without a 

cavitation module. These experiments enable the quantification of the carbon fertilisation effect by 

comparing, over the same time period, the results obtained with constant CO₂ and variable CO₂. 

A second set of four experiments, all assuming a constant CO₂ level (317.8 ppm), compares simulations 

with and without a cavitation module for both periods. These simulation designs enable an assessment 

of the extent to which explicitly accounting for hydraulic embolism alters projections of water stress, 

defoliation and productivity. 

For the remainder of the analysis, only the experiment with constant CO₂ levels and no cavitation module 

is used as the main reference. This choice is justified by the fact that no single configuration consistently 

outperforms the other across all sites and indicators (see Section 2.5), and that the cavitation module 

was only recently added to the model, compared to the other modules that form its core. 

For each simulation, the following indicators were extracted annually at the plot scale: net primary 

productivity (NPP, in gC/m²/year), water stress (number of days per year with a REW below 0.32), 

defoliation (%), standing volume (m³/ha) and basal area (m²/ha). The critical REW thresholds reported 

in the literature vary according to species and measurement method. Granier et al. (1999) report values 

going from 0.3 to 0.4 , while Paligi et al. (2025) report values of up to 0.6 under different experimental 

conditions. The threshold of 0.32 adopted here was calculated proportionally to the reported value of 

0.4 (Granier et al., 1999), scaled down to account for the fact that simulated REW values in this study 

Experiment 

name 
Period CO₂ 

Cavitation 

module 
Purpose 

Historical CO₂cst 1961-2024 
Constant (317.8 

ppm) 
No 

Reference 

historical 

Historical CO₂var 1961-2024 
Variable (SSP3-

7.0) 
No 

CO₂ fertilisation 

effect 

Future CO₂cst 2025-2100 
Constant (317.8 

ppm) 
No 

Main scenario - 

climate change 

effect 

Future CO₂var 2025-2100 
Variable (SSP3-

7.0) 
No 

CO₂ fertilisation 

effect 

Historical CO₂cst 

+ cavit 
1961-2024 

Constant (317.8 

ppm) 
Yes Cavitation effect 

Historical CO₂cst 

no cavit 
1961-2024 

Constant (317.8 

ppm) 
No 

Cavitation 

reference 

Future CO₂cst + 

cavit 
2025-2100 

Constant (317.8 

ppm) 
Yes Cavitation effect 

Future CO₂cst no 

cavit 
2025-2100 

Constant (317.8 

ppm) 
No 

Cavitation 

reference 
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rarely exceeded 0.8 (0.4 × 0.8 = 0.32). This value thus falls at the lower end of the range reported in the 

literature. 

Beyond the threshold itself, there is no consensus on the universal superiority of any single type of water 

stress indicator. Indices that account for atmospheric evaporative demand generally perform better than 

those based only on precipitation (Speich, 2019), but comparisons between indices carried out in 

different studies show considerable divergence, without it being possible to identify a single indicator 

that is consistently superior (Speich, 2019). In order to contextualise the choice of REW as the indicator, 

an assessment of its robustness is presented in section 3.1.2. It consists of a comparison with an 

alternative indicator based on relative transpiration deficit, which inherently reflects both soil water 

availability and atmospheric demand, and a validation against field observations. 

 

2.5. Model evaluation 

The evaluation of HETEROFOR was carried out with and without the cavitation module for the Chimay 

and Baileux sites. It focuses on two types of variables: soil water dynamics, assessed using relative 

extractable water (REW) measured by TDR (2006-2017 in Baileux, 2015-2020 in Chimay), and tree 

growth, assessed via increment in circumference (2001 and 2019 in Baileux, 1999 and 2014 in Chimay). 

Performance was quantified using Pearson’s correlation coefficient (r), the bias and the RMSE. 

It should be noted that the evaluation of tree growth is based on only two measurement dates per site, 

which limits the statistical robustness of the performance assessment. This limitation is discussed in 

Section 4.6. 

 

2.6. Statistical analyses 

Before carrying out any statistical comparisons, the normality of the distributions of each indicator was 

checked visually using quantile-quantile plots (QQ-plots) for each indicator and each configuration. The 

distributions were judged to be sufficiently close to normal to justify the use of parametric tests, with 

the exception of certain defoliation and water stress scenarios which showed more pronounced 

deviations. 

The temporal independence of the residuals was verified visually by examining the autocorrelation 

functions (ACF) at lags of 1 to 5 years. The results show weak autocorrelation for NPP, water stress and 

defoliation (coefficients below 0.2 for most configurations), and more pronounced autocorrelation for 

basal area (coefficients between 0.35 and 0.53), which is to be expected for a structural variable that 

changes slowly. Comparison tests were nevertheless applied to all indicators, but the results concerning 

basal area should be interpreted with caution. 

Comparisons between configurations were carried out using Tukey’s HSD (Honestly Significant 

Difference) test, with a significance threshold set at p < 0.05. The statistical unit is the annual average 

value per plot, yielding approximately 320 values per historical experiment (5 plots × 64 years) and 380 

values per future experiment (5 plots × 76 years). 

The relationships between continuous variables, such as those between water stress and NPP, between 

summer temperature and NPP, and between climatic variables and forest indicators, were quantified 

using Spearman’s correlation coefficient (ρ). This non-parametric coefficient was preferred to Pearson’s 

correlation coefficient due to the presence of extreme values, for which it is more suitable. 
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To see whether the annual bias between GFDL-ESM4 simulations and IRM observations exhibits a 

temporal trend, a Mann-Kendall test was applied to the annual bias time series for each site. This non-

parametric method has been widely used for detecting trends in hydrometeorological time series, 

including temperature and precipitation, and does not require assumptions about the distribution of the 

data (Wang et al., 2020). The test statistic tau ranges from -1 to +1, where negative values indicate a 

decreasing trend. The associated Sen slope, defined as the median of all pairwise slopes between data 

points, provides a robust estimate of the rate of change that is insensitive to outliers.  

To test the water stress indicator against field observations, the agreement between the observed and 

simulated classification of each day as a stress day was calculated using Cohen’s kappa (Landis & Koch 

1977), a statistic that measures agreement beyond that expected by chance alone. 

To disentangle the combined and interacting effects of temperature and water stress on NPP, a multiple 

linear regression model (NPP ~ Temperature + Stress + Temperature×Stress) was fitted separately for 

each species and period, using standardised (centred and scaled) predictors to allow comparison of 

coefficients. 

In addition to the Mann-Kendall and Sen slope analysis applied to the entire time series, three other 

approaches were used to investigate the propagation of climate trend biases in HETEROFOR 

simulations: simple linear regression fitted in consecutive 20-year blocks to identify divergences 

concentrated in a sub-period rather than visible in the overall trend, and a sensitivity ratio, calculated as 

ratio of slopes between each indicator and summer temperature, to test whether the indicator's response 

to warming is proportional to the rate of warming of the forcing used. To verify the robustness of the 

trends obtained from the Sen slope, a supplementary method of regression on decadal averages was also 

used. 

All statistical analyses and visualisations were carried out in Python, using the scipy, statsmodels, 

pandas, matplotlib and seaborn libraries. 
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3. Results 

The results are organized into four sections. The first section (3.1) outlines forest responses to climate 

change and evaluates the model’s performance, in order to provide the necessary context for the analyses 

that follow. The second section (3.2) examines the mechanisms that explain why forests respond 

differently depending on the site, species and time period, by analysing the relationships between climate 

variables, tree, water stress and productivity. The third section (3.3) focuses on the evolution of climate 

extremes and their impacts on forest productivity, complementing the analysis of average trends 

conducted in 3.2. Finally, the fourth section (3.4) addresses the question: to what extent does the 

underestimation of European warming by climate models, discussed in the introduction, results in biases 

in HETEROFOR’s forest projections? 

 

3.1 General responses to climate change 

3.1.1 Model evaluation 

A model evaluation was carried out with and without the cavitation module for the Chimay site and the 

two plots in Baileux. This evaluation focuses on the soil’s hydraulic properties as well as tree growth, 

measured by increment in circumference. The measurements used for soil water properties cover the 

period 2006-2017 for Baileux and 2015-2020 for Chimay. For circumferential growth, the assessment 

covers the period 2001-2019 in Baileux and 1999-2014 in Chimay.  

 

Figure 6. HETEROFOR model evaluation for (a) soil water dynamics (relative extractable water, REW) and (b) circumference 

increment. Each point represents one site × configuration combination (filled circles = no cavitation module, open triangles = 

cavitation module). Colours indicate the site (green = Baileux beech, purple = Baileux oak, orange = Chimay). The x-axis 

shows the mean bias (simulated − observed) and the y-axis the root mean square error (RMSE). Points closer to the origin 

indicate better model performance. Detailed metrics by horizon and species are provided in Appendix A . 

For soil water dynamics, assessed using the relative extractable water (REW), the model performs well 

at all sites (Figure 6). A systematic negative bias is observed, indicating that the model underestimates 

REW in all configurations. This bias is more pronounced at Chimay (-0.06 to -0.17) than at Baileux (-

0.03 to -0.10), and the root mean square error (RMSE) is also higher there (0.18-0.26 versus 0.12-0.18). 

Pearson correlations confirm that the model captures the temporal dynamics of REW well despite this 

systematic bias (r = 0.85-0.92, see Appendix A, table A1). 
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The effect of the cavitation module varies between sites: it significantly improves performance for the 

oak plot at Baileux, sharply reducing the bias in soil horizons from +0.10-0.16 to values close to zero 

while also decreasing the overall RMSE (see Appendix A, Figure A1 : REW time series). In contrast, its 

effect is limited or slightly negative for the beech stand at Baileux and for Chimay. 

Regarding the increase in circumference, the model systematically overestimates growth, with a positive 

bias at all sites and for all species, with the exception of oak in the beech stand at Baileux, where a slight 

negative bias is observed. Performance is better at Baileux (RMSE of 0.52-0.53) than at Chimay (RMSE 

of 0.6-0.76). The effect of activating the cavitation module is weak and not very systematic for growth. 

A slight improvement is observed at Baileux beech, but no clear trend emerges across all sites. The 

poorer results from Chimay will be discussed in Section 4 in light of the specific characteristics of this 

stand. 

Overall, HETEROFOR satisfactorily reproduces soil water dynamics at all sites, with the cavitation 

module providing an improvement for the Baileux oak forest. Performance in terms of growth is more 

variable, and the cavitation module does not consistently improve the results. However, no single 

configuration consistently outperforms the other across all sites and indicators. For the following 

analyses (from section 3.2 onwards), the configuration without cavitation is used as the main reference. 

This choice is justified by the fact that the cavitation module has been developed recently, making it 

subject to further development. All analyses have nevertheless been reproduced with the cavitation 

module activated, and instances where the two configurations produce significantly different results are 

noted in the text (corresponding figures are presented in Appendix B). 

 

3.1.2 Water stress indicator robustness 

The water stress indicator used throughout this study (the number of days per year with an REW below 

0.32) was assessed in more detail, by comparing it with an alternative indicator and with field 

observations, in order to evaluate its robustness for comparisons between sites and scenarios. 

The observed and simulated REW was compared on a daily basis at Baileux (beech and oak) and at 

Chimay, the only sites where soil moisture was monitored. Only the non-cavitation configuration was 

used, consistent with the reference configuration used throughout this study. For each day on which 

observed values were available during the growing season, the classification of the day as a stress day 

(REW < 0.32) was compared using Cohen's kappa (Landis & Koch, 1977), a statistic that quantifies the 

agreement between two classifications beyond what would be expected by chance alone, and is therefore 

more informative than raw accuracy when one class (here, stress days) is less frequent than the other. 

Agreement was strong at Baileux beech (κ = 0.701) and at Chimay (κ = 0.690), and moderate at Baileux 

oak (κ = 0.591). The direction of the disagreement varied by site (Table 4). The model underestimated 

the number of stress days at Baileux oak (sensitivity = 0.753, specificity = 0.902), while it overestimated 

them at Chimay (sensitivity = 0.945, specificity = 0.759). A complementary comparison of annual stress 

day counts, rather than daily classification, showed a consistent bias in the same direction, with 

simulated values exceeding observed ones by an average of 3.0 days at Baileux beech, 7.5 days at 

Baileux oak, and 19.0 days at Chimay. This annual comparison was significantly correlated with 

observed values at Baileux (ρ = 0.907 for beech and 0.678 for oak), but not at Chimay (ρ = 0.657, p = 

0.156), where the small number of complete years available (n = 6) limits the conclusiveness of this 

specific test. 
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Table 4. Daily agreement between observed (TDR) and simulated relative extractable water (REW) in classifying growing-

season days as water stress days (REW < 0.32), at Baileux (beech, oak) and Chimay, under the reference configuration without 

cavitation. Sensitivity and specificity indicate, respectively, the proportion of observed stress days correctly identified by the 

model and the proportion of observed non-stress days correctly identified. Cohen's kappa quantifies the agreement between the 

two classifications beyond what would be expected by chance alone (Landis & Koch, 1977). 

Site n (days) Accuracy Sensitivity Specificity κ (kappa) 

Baileux beech 2123 0.858 0.846 0.865 0.701 

Baileux oak 2095 0.878 0.753 0.902 0.591 

Chimay 1072 0.843 0.945 0.759 0.690 

 

The water stress indicator was also compared with an indicator of relative transpiration deficit (the ratio 

of transpiration deficit to potential transpiration, calculated from annual fluxes), under the same 

reference scenario. At plot level, the two indicators are strongly to moderately correlated (Spearman’s ρ 

= 0.899 at Baileux beech, 0.830 at Baileux oak, 0.896 at Chimay, 0.588 at LLN beech and 0.600 at LLN 

oak). The agreement is thus consistently stronger at Baileux and Chimay than at LLN (Figure 7), a 

contrast examined in more detail in Section 4. Although calculated here on an annual scale, this indicator 

yields equally consistent results when calculated on a daily scale (ρ = 0.979 between the two 

approaches). This indicator captures the combined effect of soil water availability and atmospheric 

demand on tree transpiration, since stomatal conductance in HETEROFOR is modelled as a function of 

both soil water potential and vapour pressure deficit (de Wergifosse et al., 2020). 

 

 

Figure 7. Relationship between water stress, expressed as the number of days per year with REW below 0.32, and the relative 

transpiration deficit (ratio of transpiration deficit to potential transpiration), for all plot-years under the constant-CO₂ 

scenarios. Colour indicates site (Baileux, Chimay, LLN); marker shape indicates species (circle = beech, cross = oak). 
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3.1.3 Effect of atmospheric CO₂ concentration 

HETEROFOR simulations reveal contrasting responses to climate change depending on the indicator 

considered. Water stress and net primary productivity show the strongest responses, while structural 

indicators such as stand volume and basal area evolve more slowly (Figure 8). 

Using a constant value for atmospheric CO₂ concentration (that of 1961, 318 ppm), net primary 

productivity (NPP) increases between the historical (1961-2024) and future (2025-2100) periods, with 

median annual values rising from 662 to 708 gC/m²/year across all stands. This difference is statistically 

significant. When the CO₂ concentration follows the SSP3-7.0 trajectory, future NPP reaches a median 

of 966 gC/m²/year, representing a 42% increase compared to the historical period under the variable 

CO₂ concentration. For each stand, the differences between the results obtained for the future period 

with variable CO₂ are significant compared with all other scenarios. In contrast, the differences between 

the two scenarios for the historical period are not significant, suggesting that the CO₂ fertilisation effect 

only becomes apparent in the future period. 

 

Figure 8. Distributions of NPP (a), water stress (b), stand volume (c) and basal area (d) under two CO₂ scenarios across all 

stands, in historical and future period. Box limits represent the 25th and 75th percentiles (interquartile range), the horizontal 

line indicates the median, whiskers extend to 1.5× the interquartile range, and points beyond whiskers are individual outliers. 

Different letters above boxplots indicate significant differences between scenarios (Tukey HSD, p < 0.05). Without the 

cavitation module. 

The median volume remains relatively stable between the historical and future periods at constant CO₂ 

levels (rising from 399 to 420 m³/ha overall), the comparisons between these two scenarios is 

statistically significant. A similar pattern was observed for basal area, with median values of 27.3 m²/ha 

in the historical period and 27.9 m²/ha in the future period under constant CO2. In contrast, the future 

scenario with variable CO₂ shows an increase in volume of 110 m³/ha (rising from 415 to 525 m³/ha) 
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compared to the historical period with variable CO₂ (an increase of 26.5%). However, these differences 

are not significant, reflecting the high inter-stand variability.  

The number of water stress days increases significantly between the historical period and the future 

period under constant CO₂ conditions, with the median rising from 43 to 107 days of stress per year. 

Under variable CO₂ conditions, although the difference between the historical and future periods remains 

significant, it is smaller (from 43 to 74 days per year). The future scenario with variable CO₂ shows a 

lower median stress than the future scenario with constant CO₂ (74 vs 107 days per year), and this 

difference is statistically significant. This result suggests a possible effect of rising CO₂ on water use 

efficiency, which will be analysed in more detail in the discussion section. 

Overall median defoliation shows significant differences between most scenario pairs, with two notable 

exceptions (Figure 9). No significant difference is observed between the two constant CO₂ scenarios 

(historical and future), or between the two variable CO₂ scenarios (historical and future). In particular, 

the future variable CO₂ scenario differs significantly from the historical constant CO₂ scenario, but not 

from the historical variable CO₂ scenario. Median values range from 2.6% (variable future CO₂) to 4.4% 

(constant historical CO₂). These patterns are difficult to interpret in isolation, as these simulations were 

carried out without the HETEROFOR cavitation module: in this configuration, defoliation is primarily 

determined by intra-stand competition dynamics rather than water stress. The results with the cavitation 

module will be presented in the following section. 

 

Figure 9.  Defoliation distributions under the two CO₂ scenarios (constant and variable) across all stands, without the 

cavitation module. 

 

3.1.4 Effect of the cavitation module 

Enabling the cavitation module in HETEROFOR considerably alters certain results, particularly those 

relating to defoliation and water stress. Structural indicators (volume and basal area) remain largely 

unaffected, whereas productivity shows significant differences across the various scenarios. 

Taking cavitation into account has little effect on the trends in volume and basal area, regardless of the 

period considered. The overall medians remain of the same order of magnitude even in the future, going 
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from 420 to 454 m³/ha for volume and from 27.4 to 29.4 m²/ha for basal area. On the other hand, the 

NPP differs significantly between all scenarios involving cavitation and those without cavitation, except 

for the comparison between the two historical scenarios (Figure 10). Overall, cavitation increases the 

median NPP from 662 to 677 gC/m²/year in the historical period, and from 708 to 768 gC/m²/year in the 

future period. Variability is also increased with cavitation, more especially for the future period. 

 

 

Figure 10. Effect of the cavitation module on water stress (a), NPP (b) and defoliation (c) across all stands. Scenarios with and 

without the cavitation module use a constant CO₂ concentration (317.8 ppm).  

The cavitation module significantly increases water stress in both periods. The overall median rises from 

43 to 77 days per year in the historical period (+79%) and from 107 to 126 days per year (+18%) for the 

future period. The effect is particularly pronounced for the stands in Louvain-la-Neuve, where there 

were no days of stress during the historical period but which reached 28 to 44 days per year with the 

cavitation module. 

Overall, median defoliation rises from 4.1% (without cavitation) to 6.9% (with cavitation), but there are 

significant contrasts between sites and species. At the global level, only the future scenario with 

cavitation activated differs significantly from the other three configurations which do not differ 

significantly from one another. At the stand level, the contrasts are much clearer. The beech stand at 

Baileux shows a median defoliation for the future period rising from 1.7% to 9.5% (with cavitation), 

while Louvain-la-Neuve rises from 2.7% to 7.9% for the historical period. Conversely, Chimay sees its 
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defoliation decrease from 9.8% to 3.3% in the historical period, which is a counter-intuitive result. An 

analysis of the defoliation components reveals that this decrease is entirely attributable to a reduction in 

competition-driven defoliation (from 8.25% to 2.37%), while cavitation-driven defoliation remains zero 

at this site (Appendix C). This will be explored in the Discussion section. These results suggest that the 

effect of the cavitation module on defoliation is strongly regulated by local conditions and species traits.  

Although median defoliation values remain relatively close between configurations, the cavitation 

module generates markedly higher extreme values, suggesting that its main effect on defoliation is to 

produce severe but episodic defoliation events rather than a systematic increase across all years. This 

can be visualised with Figure 11, that shows the cumulative defoliation distributions for the four 

scenarios. The distributions are similar for the two historical scenarios and the future scenario without 

cavitation, with 90th percentiles ranging from 9% to 14%. The future scenario with cavitation stands 

out clearly, with a 90th percentile of 18% and a distribution tail extending up to 43%. 

 

Figure 11. Empirical cumulative distribution functions (ECDF) of defoliation across all plots and years, for four scenarios 

combining period (historical 1961-2024 vs future 2025-2100) and cavitation module (enabled vs disabled), under constant 

CO₂ conditions. Filled circles indicate the 90th percentile of each distribution. 

 

3.2 Mechanisms and drivers of forest responses to climate change 

3.2.1 Site and species effects on water stress and NPP 

The simulations reveal marked and significant differences in water stress between sites, mainly 

associated with differences in local soil characteristics. During the historical period under constant CO₂ 

levels, the median water stress for the beeches at Baileux reached 78 days per year, compared with just 

0 days per year at LLN. This near-absence of stress at LLN is consistent with its higher soil extractable 
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water capacity, which is twice that of Baileux (450 mm for the abruptic luvisol at LLN compared with 

178mm for the cambisol at Baileux). For oaks, Baileux and Chimay show similar historical stress levels 

(~80 days/year), while LLN remains, here too, very low in stress (Figure 12). 

 

Figure 12. Site and species effects on water stress (a-b) and NPP (c-d) under historical and future CO₂ constant scenarios, 

without cavitation. 

In a future period under constant CO₂, stress increases sharply at all sites. Sites that were historically 

more stressed remain so, but the LLN site, which was previously largely unaffected, is no longer spared. 

At Baileux, beech reaches a median of 130 days/year, representing a 67% increase, and at LLN, beech 

rises from 0 to 33 days/year. This difference illustrates how the buffering capacity of the soil at LLN 

mitigates stress in historical periods but does not prevent a sharp increase in stress in the future period. 

For oaks, the pattern is similar: Baileux and Chimay converge towards approximatively 130 days/year 

in the future, while LLN remains significantly less stressed (25 days/year). 

However, no significant differences in water stress were observed between species at the same site (even 

if differences can visually be seen in Figure 10), suggesting that water stress (or at least the indicator 

used in this study) is primarily determined by local soil and climate conditions rather than by the 

functional traits of the species. 

Differences in NPP are also marked and significant between the sites. During the historical period under 

constant CO₂ levels, Baileux recorded the highest NPP for beech and oak, both of which were 

significantly higher than at Chimay and the two stands at Louvain-la-Neuve. These differences reflect a 
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combination of local climatic conditions, notably higher rainfall for Baileux (1075 mm compared with 

940 mm at Chimay and 818 mm at LLN), as well as the initial characteristics of the stands (structure, 

density, biomass, and development stage). The Baileux plots are notably younger than those at LLN and 

Chimay, and productivity tends to decline with age beyond a certain threshold (Ryan et al., 1997). 

There are also clear and significant differences of productivity between species. Oak has a significantly 

higher NPP than beech at sites where both stands are studied. At Baileux, the difference is 56 gC/m²/year 

in the historical scenario and increases to 120 gC/m²/year in the future constant CO₂ scenario. At LLN, 

the pattern is similar, with a difference of 87 gC/m²/year in the historical scenario and 108 gC/m²/year 

in the future scenario. This superior productivity is consistent with the physiological parameters assigned 

to oak in HETEROFOR, which shows a more favourable NPP/GPP ratio as well as better hydraulic 

efficiency, with a xylem hydraulic conductivity of 25 compared to 15 for beech.  

Activating the cavitation module significantly alters water stress and defoliation levels in most plots, 

while leaving the overall ranking across sites and species unchanged (Appendix B, figure B1). For water 

stress, the differences between simulations with and without the cavitation module are significant for all 

plots except Baileux beech. The most marked changes concern LLN, where the median historical stress 

increases from 0 to 29 and 45 days/year depending on the species. At Baileux oak and Chimay oak, the 

module also significantly increases historical stress (from 80 to 104 days/year and from 82 to 116 

days/year respectively). 

For the NPP, the cavitation module leads to significant increases at Baileux oak, LLN oak and LLN 

beech (future period), while Baileux beech remains unaffected in both periods. These results are 

consistent with those documented in section 3.1.4. 

The differences in defoliation between the two scenarios are the most varied. The cavitation module 

significantly increases defoliation at Baileux beech (from 2.5% to 6.9% in the historical scenario, and 

from 1.7% to 9.7% in the future scenario) and at LLN beech (future scenario), from 2.8% to 8.4%. In 

contrast, it reduces it considerably in Chimay oak (from 8.2% to 2.3% in the historical scenario, from 

9.8% to 3.1% in the future scenario). It is a counter-intuitive result already identified in section 3.1.4 

and that will be discussed in section 4. Despite these quantitative differences, the rankings between sites, 

differences between species and the direction of future changes remain consistent between the two 

configurations for stress and NPP. 

 

3.2.2. Climatic drivers of forest indicators 

After characterizing these responses by site, species and the presence of the cavitation module, this 

section examines in greater detail the climatic factors underlying these variations. An analysis of 

Spearman’s correlations between climatic variables and forest indicators reveals a clear hierarchy of 

climatic drivers, which stays true across all sites and species. 

Water stress is primarily governed by summer rainfall and humidity, with strong and significant negative 

correlations across all plots (Figure 13). Historically, summer rainfall shows the strongest correlations 

for Baileux beech (ρ=-0.69) and Baileux oak (ρ=-0.75), while summer humidity dominates at LLN 

beech (ρ=-0.57) and LLN oak (ρ=-0.57). Temperature, both annual and summer, exerts a positive 

influence on stress in all cases, but to a smaller intensity than precipitation. 
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Figure 13. Spearman correlations between climatic variables and forest indicators across all stands, without cavitation. Filled 

symbols indicate significant correlations (p < 0.05). 

In the future, this pattern changes slightly. The correlations with summer rainfall decrease for both plots 

in Baileux and become insignificant, while the correlations with temperature remain stable or increase 

slightly. This result suggests that in the future, when stress is high, its interannual variability is driven 

more by temperature than by summer rainfall. 
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The correlation analysis further reveals that water availability is becoming an increasingly important 

determinant of productivity in the future. Historically, summer rainfall and summer humidity show 

moderate positive correlations with NPP on most plots (ρ between +0.27 and +0.57), but their role 

remains secondary to that of temperature for oaks in the historical period. 

In the future, this role becomes more pronounced. The correlations with summer rainfall and humidity 

become positive and significant across all plots (ρ between +0.32 and +0.62), reflecting the growing 

role of water availability as a limiting factor on productivity in a warmer climate. At the same time, 

annual precipitation becomes significantly correlated with NPP for certain plots (Baileux oak ρ=+0.26, 

LLN beech ρ=+0.28), whereas this signal was absent in the historical period. These results suggest that, 

in the future, forest productivity is jointly constrained by summer temperature and water availability. 

This reveals a shift from the historical period where temperature was the dominant driver of NPP and 

water availability played a more secondary role. 

The results also depend heavily on the species when it comes to defoliation. For the Baileux beech, 

defoliation is strongly negatively correlated with annual temperature in the historical period (ρ=-0.63) 

and even more so in the future (ρ=-0.68). This confirms the anomaly already identified. The warmer is 

the summer, the lower is the defoliation of Baileux beech, regardless of water stress. In contrast, the oak 

trees at Baileux and LLN show strong positive correlations between temperature and defoliation in the 

future (ρ = +0.67 and ρ = +0.76). An analysis of defoliation by species within the Baileux beech plot 

reveals that this negative relationship is not attributable to Fagus sylvatica itself, which represents 74% 

of the stand and shows no significant correlation with temperature (ρ = +0.08, p > 0.05). Rather, it is 

driven primarily by Quercus (24% of the stand, ρ = -0.58, p < 0.001). This suggests that the negative 

temperature-defoliation relationship observed is primarily driven by the oak component of this mixed 

stand, rather than by beech itself. This point will be discussed further in Section 4. 

The climatic drivers of water stress remain generally stable when the cavitation module is activated 

(Appendix B, Figure B3). Summer rainfall and humidity remain the main negative determinants of stress 

across all plots, and temperature maintains its positive influence. The hierarchy of climatic drivers of 

stress is consistent between the two configurations. 

In contrast, the climatic controls of NPP and defoliation change more markedly. At LLN, the activation 

of cavitation introduces strong correlations between temperature and NPP in the historical period 

(ρ=+0.75 for LLN oak) as well as between temperature and defoliation in the future (ρ=+0.79 for LLN 

oak), which are absent without cavitation.  

 

3.2.3. Interacting effects of temperature and water stress on NPP 

This growing overlap between temperature and water as drivers of NPP is examined more formally in 

this section, which explicitly models their combined and interacting effects. 

The analysis of the relationship between water stress and net primary productivity cannot be interpreted 

separately of the role of temperature. Indeed, these two variables are not independent. Part of the 

observed correlation between stress and NPP therefore already incorporates an indirect effect of 

temperature. To disentangle these effects, this section first examines the relationship between stress and 

NPP alone, then analyses how the relationship between temperature and NPP varies according to the 

level of water stress, and finally quantifies the respective contributions of these two factors and their 

interaction to NPP variability using a multiple regression model. 
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During the historical period, no significant correlation was observed between water stress and NPP 

across all plots (Figure 14). The Spearman coefficients were low and not significant, suggesting that 

historical stress levels generally remained below a critical threshold beyond which productivity would 

be affected (at year's scale). It should be noted that for LLN during the historical period, the near absence 

of stress (most years at 0 days) does not allow for a reliable interpretation of the relationship at this site. 

 

Figure 14. NPP vs water stress for all stands under CO₂ constant scenarios, without cavitation. Colour indicates mean summer 

temperature. Dashed line = linear regression, drawn when the correlation is statistically significant. * p < 0.05.  

In the future, the relationship becomes significantly negative for several plots. The beech at Baileux 

shows a correlation of ρ = -0.45, the oak at Chimay the strongest (ρ = -0.54), and the beech at LLN a 

moderate but significant relationship (ρ = -0.28). These results indicate that, beyond a certain level of 

stress only reached in the future, water deficit becomes a limiting factor for forest productivity. The oaks 

at Baileux and LLN are exceptions, with non-significant future correlations, which is consistent with 

what has already been observed previously for oak at these sites. 

As seen in 3.2.2, during the historical period, the relationship between summer temperature and NPP 

was positive or neutral for the majority of plots. The Baileux oak and the LLN oak show the strongest 

positive correlations (ρ = +0.55 and ρ = +0.52 respectively), indicating that warmer summers were 

associated with higher productivity under past climatic conditions. In the future, this relationship 

reverses or disappears for the majority of plots, with the strongest negative correlations observed for the 

Chimay oak (ρ = -0.76) and the Baileux beech (ρ = -0.63). 
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Figure 15. Relationship between net primary productivity (NPP) and mean summer temperature for each plot, distinguished 

by water stress class (defined by tertiles). Blue = low stress, orange = medium stress, red = high stress. Circles = historical 

period (1961-2024), triangles = future period (2025-2100). Solid lines indicate statistically significant regressions (p < 0.05), 

dashed lines indicate non-significant regressions. Stress tercile thresholds (in days/year) are indicated in the panel titles. All 

simulations use a constant CO₂ concentration. 

A combined analysis of temperature and water stress reveals patterns that are more complex than those 

captured by the stress-NPP and temperature-NPP relationships alone. Figure 15 shows the relationship 

between NPP and mean summer temperature for each plot, distinguishing between three classes of water 

stress defined by tertiles. This separation allows us to visualise how the relationship between 

temperature and NPP changes depending on the level of stress. 
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Under low stress, the temperature-NPP relationship is positive for the majority of plots, which is 

consistent with the positive correlations observed historically. This positive relationship weakens 

progressively as stress increases, until it disappears or reverses under high stress. The clearest pattern is 

observed for the Chimay oak (ρ = -0.51 under high stress) and the Baileux beech (ρ = -0.31 under high 

stress), suggesting that beyond a certain stress threshold, higher summer temperatures no longer 

stimulate photosynthesis but, on the contrary, increase water deficit, forcing stomatal closure and 

reducing productivity. 

In contrast, plots that have historically experienced little stress (particularly LLN) show weaker and less 

consistent relationships between stress classes, which is consistent with the absence of sufficient stress 

to modify the response to temperature. The beech stand at LLN remains the most atypical plot, with 

weak and non-significant correlations regardless of the stress class. The stress tertile thresholds, 

indicated in the title of each panel, differ between plots and illustrate the site effect already documented 

in section 3.2.1. 

In order to quantify the respective contributions of temperature, water stress and their interaction to NPP 

variability, a multiple regression model was fitted separately for each species and each period, 

controlling for the effect of site. The model takes the form NPP ~ Temperature + Stress + 

Temperature×Stress, with standardised (centred and scaled) predictors to allow comparison of 

coefficients both with each other and across periods. The adjusted R² values are satisfactory, ranging 

from 0.41 for beech to 0.75 for oak in the future, indicating that the model captures the interannual 

variability in NPP well. The corresponding figure is presented in Appendix D. 

The results confirm and quantify the patterns observed visually. During the historical period, 

temperature had a significant positive effect on the NPP of oak (+39 gC/m²/year per standard deviation, 

p<0.001), while its effect was negative for beech (-31 gC/m²/year, p<0.05). This can be explained by 

the fact that the beech in Baileux has historically been under stress (~78 days/year), so even in the past, 

the warmest years were already unfavourable for it. In the future, this effect becomes negative for both 

species (beech: -34 gC/m²/year; oak: -35 gC/m²/year), reflecting the regime shift already identified. 

Water stress has a significant negative effect during the historical period for both species, but loses its 

significance in the future. This result can be explained by the fact that stress becomes chronically high 

in the future, reducing its interannual variability and thus its explanatory power. It is then the temperature 

that becomes the main differentiating factor from one year to another. 

The temperature×stress interaction term is negative and significant in both periods and for both species. 

This confirms that the combined effect of heat and stress is consistently unfavorable to productivity, 

regardless of the period. This term increases slightly in the future for beech (-30 for historical, -37 for 

future) and decreases for oak (-36 for historical, -21 for future), suggesting a different sensitivity 

between species to climate intensification. 

These results show that temperature and water stress act together to influence forest productivity, with 

a consistently negative interaction regardless of the period or species considered. Under future climate 

conditions, summer heat ceases to be a stimulating factor and becomes a limiting factor, particularly 

when combined with high water stress. This transition has already begun for beech in the past and will 

extend to oak in the future, demonstrating the increasing vulnerability of both species to projected 

climate intensification. 

The results presented before are generally consistent with those obtained with the cavitation module 

enabled, which reinforces their robustness. The temperature×stress interaction term remains negative 

and significant in both configurations for the majority of cases. However, two notable differences are 
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worth mentioning. Firstly, for the beech in the future, the interaction loses its significance with cavitation 

(p = 0.092 whereas p < 0.01 without cavitation), suggesting that cavitation alters the stress-temperature 

dynamics for this species under future conditions. Secondly, for the oak in the future, the water stress 

coefficient reverses to become strongly positive with cavitation (+53 gC/m²/year, p<0.001). This result 

is specific to the cavitation configuration. While LLN experiences little or no water stress under the 

standard configuration (as documented in section 3.2.1), the cavitation module generates hydraulic stress 

even during historical years at this site, complicating the relationship between annual stress days and 

productivity (this point will be further discussed in section 4). These results suggest that the main 

conclusions are robust, but that the interpretation of the role of water stress alone depends on the 

HETEROFOR configuration. The corresponding figures with the cavitation module are presented in the 

Appendix D. 

 

3.2.4. Relationship between water stress and defoliation 

The relationship between water stress and defoliation varies markedly across plots. At the overall level, 

the correlations are almost zero and not statistically significant, with ρ = +0.06 for the historical period 

and ρ = +0.08 for the future, confirming the absence of a consistent signal across Wallonia without the 

cavitation module activated. 

 

Figure 16. Defoliation vs water stress for all stands under CO₂ constant scenarios, without cavitation. Colour indicates mean 

summer temperature. Dashed line = linear regression, drawn when the correlation is statistically significant. * p < 0.05. 
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At the plot level, two opposing patterns coexist (Figure 16). The Baileux oaks’ plot and the Chimay 

oaks’ plot show positive relationships between stress and defoliation, the intensity of which increases in 

the future. For Chimay, the correlation shifts from non-significant in the historical period (ρ=+0.11, 

p>0.05) to significantly positive in the future (ρ=+0.43, p<0.05). Baileux shows a similar trend but does 

not reach the significance threshold in the future.  

On the other hand, the Baileux beech plot shows a significantly negative relationship between stress and 

defoliation, both in the historical period (ρ = -0.32) and in the future period (ρ = -0.33). This counter-

intuitive result, which persists across both periods, cannot be directly explained by the model parameters 

and will be discussed in section 4. 

The LLN plots show weak and non-significant correlations in both periods (ρ ranging from -0.06 to 

+0.28), which is consistent with the low historical stress levels at this site. In the future period, despite 

the increase in stress at LLN, no significant relationship emerges, suggesting that factors other than 

water stress continue to dominate defoliation dynamics at this site. LLN oak is an exception, showing a 

weakly significant positive correlation in the historical period (ρ=+0.28, p<0.05) that diminish in the 

future, without being significant anymore (ρ=+0.20, p>0.05). 

These results indicate that, in the absence of the cavitation module, when defoliation is only due to 

competition, a detectable stress-defoliation relationship only emerges for oaks at the most stressed sites.  

Activating the cavitation module radically alters the relationship between water stress and defoliation 

(Appendix B, Figure B4). Without cavitation, clear patterns emerge for several plots, with a persistent 

negative correlation for Baileux beech and a significant positive correlation for Chimay oak in the future. 

With cavitation, almost all of these correlations disappear or become insignificant. Only LLN oak shows 

significant correlations with cavitation, and in a positive direction (ρ=+0.38 historically, ρ=+0.46 in the 

future). This justifies the use of the results obtained without the cavitation module as the principal 

reference for this section.  

When considering only the cavitation-driven defoliation component, the relationship with water stress 

becomes consistently positive across nearly all plots (ρ ranging from -0.13 to +0.36), with significant 

correlations observed for Baileux oak (ρ=+0.27 historically, ρ=+0.36 in the future), LLN oak (ρ=+0.27 

and ρ=+0.31) and LLN beech in the future (ρ=+0.27) (Table 5). This confirms that the cavitation module 

generates hydraulic defoliation in a mechanistically consistent manner with respect to water stress, even 

though the signal is partially masked at the total defoliation level by the competition component. 

Table 5. Spearman correlations between water stress (days/year) and cavitation-driven defoliation across all plots, for the 

historical (1961-2024) and future (2025-2100) periods, with the cavitation module activated. * indicates significant correlation 

(p < 0.05); n.s. = non-significative. 

Plot Historical Future 

Baileux beech ρ = +0.18 n.s. ρ = +0.09 n.s. 

Baileux oak ρ = +0.27* ρ = +0.36* 

Chimay oak ρ = -0.13 n.s. ρ = +0.18 n.s. 

LLN beech ρ = -0.01 n.s. ρ = +0.27* 

LLN oak ρ = +0.27* ρ = +0.31* 
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3.3 Evolution of climate extremes 

3.3.1 Changes in distributions 

Climate change not only shifts the central tendency of distributions but also alters their shape and 

variability. The most pronounced change is in water stress (Figure 17). For sites that were initially under 

little stress, the distribution undergoes a radical change (Appendix F). For LLN beech, the historical 

distribution is concentrated at zero (p50=0, p75=0, p90=22 days), whereas the future distribution spans the 

entire range from zero to 100 days (p50=33, p90=81 days). This shift from a highly concentrated 

distribution to a more spread distribution means that years with no stress, which historically were the 

majority, becomes the exception in the future. The same pattern is observed for LLN oak (p50 going from 

0 to 25 days, p90 from 27 to 79 days). For sites that have historically been under stress, the pattern is 

different. In the future period, the distribution is concentrated around high values. At Baileux beech, the 

interquartile range decreases from 51 to 25 days, and at Baileux oak from 52 to 23 days. The interannual 

variability of stress is reduced by half, indicating that stress is becoming chronic and relatively stable 

between years rather than episodic and intense. 

 

Figure 17. Historical vs future distributions of water stress (a), NPP (b) and defoliation (c) across all stands, without cavitation, 

at constant CO2. Dashed lines indicate medians. 

NPP distributions vary markedly across sites (Appendix F). At Baileux oak, the distribution has shifted 

toward higher values, reflecting an overall increase in future productivity. For Chimay oak, the median 

remains generally stable, but the distribution is widening toward lower values, with a marked decline in 

the p10. This suggests that, even though average productivity has changed little, unfavorable years are 

becoming more severe. For LLN beech and LLN oak, future distributions also show a slight shift toward 
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higher values, without a notable increase in variability, which is consistent with relatively limited water 

stress at these sites. 

The defoliation distributions show the most heterogeneous patterns across plots (Appendix F). Baileux 

beech exhibits a decrease in median defoliation (from 2.5% to 1.7%) with a narrowing of the distribution 

(interquartile range from 2.4% to 1.2%), while Baileux oak shows an increase accompanied by a very 

sharp widening toward high values (p90 from 7.4% to 14.3%). LLN oak presents the most extreme case 

with a p90 reaching 14.8% and an interquartile range increasing from 4.6 to 11.6%. These heterogeneous 

patterns across plots reflect the contrasting responses between species and sites identified in the previous 

section and will be further interpreted in the discussion. 

The activation of the cavitation module significantly alters the distributions for the majority of plots, but 

does not change the key findings documented in this section. For water stress, the differences are most 

pronounced at LLN, where the historical median ranges from 0 to 29 and 45 days/year depending on the 

species, and where the future median increases sharply (from 33 to 93 days/year for LLN beech, from 

25 to 104 days/year for LLN oak). The shift from a distribution concentrated around zero to a more 

spread distribution, documented without cavitation, is therefore even more pronounced with the 

cavitation module. At Baileux, the distributions remain concentrated around high values in both 

configurations, and the reduction in interannual variability in the future is confirmed (IQR decreasing 

from 51 to 25 days for Baileux beech without cavitation, and from 71 to 27 days with cavitation). 

For the NPP, the differences between configurations are significant for Baileux oak, LLN oak and LLN 

beech (future), but the patterns of change from the historical to the future remain consistent across the 

two configurations. For defoliation, the differences are most pronounced (notably at Chimay oak), where 

the median decreases from 8.2% to 2.3% with cavitation, and at Baileux beech, where it increases from 

2.5% to 6.9%. These differences, already documented in section 3.2.1, confirm that defoliation is the 

indicator most sensitive to the model configuration, logically. The histogram distributions obtained with 

the cavitation module are presented in Appendix B. 

 

3.3.2 Impact of extreme dry years on productivity 

To quantify the impact of the most severe drought events, years exceeding the 90th percentile of water 

stress were defined as “extreme dry years” for each plot and each period separately. This approach allows 

for a comparison of the relative impact of extremes across periods, independently of the overall increase 

in stress. 

Historically, the impact of extreme dry years on NPP varies greatly by site (Figure 18). LLN beech 

shows the highest relative loss (-20.3%), even though it is the site with the lowest threshold (22 

days/year). In contrast, Baileux oak is unaffected by dry years (-1.9%), confirming the oak’s resilience 

at this site. LLN oak even shows slightly higher productivity during dry years (+5.6%), consistent with 

the historically observed positive relationship between stress and NPP at this plot. 

In the future, extreme thresholds rise at all sites, reflecting the general intensification of stress 

documented previously. Chimay oak experiences the biggest decline, with a loss in NPP during dry years 

increasing from -3.9% to -15.2%. Furthermore, the NPP observed during these future dry years falls 

below the NPP of historical normal years, indicating that the increase in average water stress is 

accompanied by extreme years that are particularly unfavourable for productivity. In contrast, LLN 

beech shows a reduction in relative loss (-20.3% to -10.1%). This does not reflect improved conditions, 

but rather a convergence between normal and extreme years. As stress becomes more frequent in the 
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future, the threshold defining extreme years rises from 22 to 81 days/year, and normal years themselves 

become increasingly stressful, reducing the relative contrast between the two categories. 

 

Figure 18. NPP in dry vs normal years for all stands, without cavitation and with constant CO2. Dry years defined as years 

exceeding the 90th percentile of water stress, computed separately for each period.  

With the cavitation module, the overall patterns remain broadly consistent, but with notable differences 

for certain plots. Chimay oak shows an even more pronounced decline in the future (-17.2% with 

cavitation versus -15.2% without), confirming this plot’s increasing vulnerability to extreme years. LLN 

beech also shows greater losses in both periods (-16.1% in the historical scenario and -22.9% in the 

future scenario, compared with -20.3% and -10.1% without cavitation). Contrary to what was observed 

without cavitation at LLN, the loss associated with dry years is therefore intensifying in the future rather 

than decreasing. 
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The exceptions identified in the absence of cavitation persist in the presence of cavitation. Baileux oak 

remains virtually unaffected by future dry years (-1.3% with cavitation versus -1.9% without), and LLN 

oak continues to show slightly higher productivity during historical dry years (+12.5% with cavitation 

versus +5.6% without). These results confirm the consistency of these patterns between the two model 

configurations. The figures in this section obtained with the cavitation module enabled are presented in 

Appendix B. 

 

3.3.3 Temporal dynamics and underlying mechanisms of NPP decline 

While years of extreme drought allow us to quantify the impact of the most severe episodes, they do not 

provide information on the temporal dynamics of productivity or the physiological mechanisms that 

govern it. The time series presented in this section (Figure 19) enable us to examine the joint evolution 

of NPP, gross primary productivity (GPP), leaf area index (LAI) and transpiration deficit over the entire 

simulated period, in order to identify the processes underlying the decline in productivity observed in 

the second half of the 21st century. 

 

Figure 19. Mean time series of net primary productivity (NPP, dark blue) and gross primary productivity (GPP, light blue 

dashed), leaf area index (LAI, green) and transpiration deficit (purple dashed) averaged across all five plots, under constant 

CO₂ scenarios (1961-2100). Thin lines show annual values; thick lines show 10-year moving averages. The vertical dotted line 

indicates the transition between the historical period (1961-2024, IRM observed climate data) and the future period (2025-

2100, GFDL-ESM4 climate simulations). 

Firstly, discontinuities might be visible in the figures between 2024 and 2025 and require a 

methodological explanation. Structural biomass is reset at the start of each simulation using the same 

field inventory. This means that the historical simulation starting in 1961 and the future simulation 

starting in 2025 both have the same initial conditions. This explains the sudden drops in LAI visible in 

2024 for certain plots. Secondly, a jump in productivity is sometimes visible at this same date, reflecting 

the change in climate forcing. The historical period uses interpolated observational data from the IRM, 

while the future period uses simulations from the GFDL-ESM4 climate model, which exhibits a positive 

temperature bias relative to observations and that will be analysed in Section 3.4. 
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Across all plots, the average NPP exhibits three distinct phases during the simulated period. During the 

historical period, it increases moderately from ~630 to ~710 gC/m²/year between 1960 and 2020, 

reflecting climatic conditions that were generally favourable to forest growth. In the future, it rises 

initially, peaking around 2055-2060 (~760 gC/m²/year), before declining gradually to return by the end 

of the century to a level comparable to that of the 1960s (~665 gC/m²/year). This result suggests that the 

productivity gains accumulated during the 20th century could be entirely wiped out by 2100 under the 

SSP3-7.0 climate scenario with constant CO₂ levels. However, this overall pattern masks significant 

contrasts between plots, which will be detailed in a following paragraph (figures separated by plots are 

presented in Appendix E). This three-phase pattern is also more pronounced for beech than for oak when 

species are considered separately (Appendix E). 

A joint analysis of GPP and NPP reveals an unexpected pattern. While NPP declines from the 2060s 

onwards, GPP continues to increase throughout the entire future period, rising from around 1,450 to 

over 1,600 gC/m²/year on average. The gap between the two indicators therefore increases gradually in 

the second half of the 21st century, indicating an increase in the proportion of GPP consumed by 

autotrophic respiration. This result suggests that the decline in NPP is not primarily due to a reduction 

in gross photosynthesis. The implications of this divergence will be discussed in Section 4. 

Changes in LAI and transpiration deficit provide further information on the mechanisms at play.  LAI 

remains remarkably stable throughout the simulated period, fluctuating between 5.0 and 5.4 m²/m² 

without any marked trend. This result indicates that the decline in NPP is not associated with a 

generalised loss of leaf area. In contrast, the transpiration deficit increases continuously and sharply in 

the future, rising from around 75-80 mm/year historically to approximatively 150 mm/year by the end 

of the century. This divergence between a stable LAI and a growing transpiration deficit suggests that 

the constraint is primarily stomatal and hydraulic in nature. The leaves are present, but their functioning 

is increasingly limited by water deficit. 

This overall pattern masks significant contrasts between individual plots. Chimay oak shows the most 

marked decline in NPP, with a moving average falling from ~720 to ~550 gC/m²/year between 2060 and 

2100. It is the only plot where GPP also begins to decline by the end of the century, indicating a stress 

intense enough to affect gross photosynthesis itself. Baileux beech shows a similar but earlier decline, 

beginning as early as the 2050s. For these two plots, LAI shows a marked decline in the second half of 

the 21st century, coinciding precisely with the most pronounced NPP declines.  

On the other hand, Baileux oak and LLN oak show remarkably stable NPP throughout the entire future 

period despite increasing GPP, confirming the resilience of these plots already documented in the 

previous sections. The LAI of Baileux oak increases gradually until the 2060s before stabilising, while 

the transpiration deficit there remains moderate. LLN beech exhibits the most atypical pattern, with very 

high interannual variability and an unclear trend, consistent with the results of section 3.2.3. 

The results obtained using the cavitation module are presented in the Appendix B. Across all plots, the 

transpiration deficit is significantly higher with cavitation (~150 mm/year historically compared to ~75 

mm/year without cavitation), and the divergence between GPP and NPP is more pronounced by the end 

of the century, with GPP declining more sharply after 2070. For the majority of individual plots, 

however, the patterns are similar to those described above. Two exceptions are worth mentioning. For 

Chimay oak, the decline in NPP and GPP is earlier and more pronounced with cavitation, with GPP 

beginning to decline as early as the 2060s rather than after 2080. For LLN beech, cavitation produces a 

significant qualitative change. While this plot exhibited relatively stable NPP without cavitation, it 

shows a marked decline in NPP, GPP and LAI in the latter part of the 21st century with cavitation. These 
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differences are consistent with the effect of the module on the water stress regime at these sites, as 

documented in section 3.1.4. 

 

3.3.4 Seasonality and duration of drought episodes 

The changes in NPP documented in the previous sections are the result not only of an increase in total 

annual water stress, but also of changes in the temporal pattern of drought episodes during the growing 

season. To test this, the maximum duration and the number of drought episodes per year were correlated 

with annual NPP for each plot and each period. 

The temporal pattern of water stress remains consistent between the historical and future periods, with 

peaks still concentrated in August and September, but its intensity and seasonal extent are changing. In 

the historical period, stress begins in May and peaks in September. In the future period, it intensifies 

throughout the growing season, appearing as early as April and continuing until October. This extension 

reduces the window for soil water recovery between consecutive episodes, increasing the risk of 

cumulative stress over the entire season. 

Analysis of consecutive drought episodes reveals contrasting patterns across sites. In Baileux, the 

change is mainly reflected in longer episodes. The median duration increases from 41 to 117 days for 

beech and from 40 to 119 days for oak, while the number of episodes remains stable. In Chimay, the 

median duration increases more moderately (from 22 to 42 days), but the number of episodes increases 

strongly. LLN shows the most marked contrast in terms of frequency. Historically, episodes there were 

very rare (16 for beech and 17 for oak over 63 years), but their number is rising strongly in the future to 

88 and 81 respectively, while maintaining moderate median durations (17-22 days). 

These structural differences in drought episodes have measurable consequences for annual NPP. The 

maximum duration of episodes shows significant negative correlations with NPP at Baileux beech (ρ=-

0.44, future only), Chimay oak (ρ=-0.33 historical, ρ=-0.47 future) and LLN beech (ρ=-0.72 historical, 

ρ=-0.26 future). The strengthening of this relationship between the historical and future periods at 

Baileux beech and Chimay oak is consistent with the hypothesis that the duration of episodes only 

becomes a limiting factor for productivity when episodes exceed a critical length (more frequently 

reached in the future period). In contrast, Baileux oak and LLN oak show no significant correlation in 

either period (ρ between -0.06 and -0.23), which is again consistent with the better hydraulic resilience 

of oak documented in section 3.2.2. 

At LLN, where the predominant change is an increase in the frequency rather than the duration of 

episodes, the number of episodes does not show a significant negative correlation with NPP (ρ between 

-0.14 and -0.48, not significant), suggesting that the increase in the number of short episodes at this site 

does not, on its own, reduce annual productivity. At Chimay, the number of episodes becomes weakly 

but significantly correlated with NPP in the future (ρ=+0.24), with a counter-intuitive positive sign. One 

possible explanation is that a high number of short episodes reflects a pattern of alternation between wet 

and dry periods, which is less damaging to productivity than a single prolonged episode. However, this 

result should be interpreted with caution given the weak correlation. 

With the cavitation module, the relationship between episode duration and NPP is modified for some of 

the plots. Baileux future beech remains significant (ρ=-0.38 compared with ρ=-0.44 without cavitation), 

confirming the robustness of this result. LLN future beech shows an increased correlation (ρ=-0.54 

compared to ρ=-0.26 without cavitation), which is consistent with the increase in chronic stress at this 

site when the module is activated. In contrast, Chimay oak loses its significant correlations in both 
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periods, showing that the duration-NPP relationship at Chimay is sensitive to the model configuration. 

Baileux oak and LLN oak remain non-significant in both configurations, confirming the hydraulic 

resilience of oak documented in section 3.2.2. 

 

3.4 Climate model biases and their propagation into HETEROFOR 

The results presented in sections 3.1 to 3.3 are based on two distinct climate sources: IRM observations 

for the historical period (1961-2024), and GFDL-ESM4 data (corrected in accordance with the ISIMIP3 

protocol) for the future period (2025-2100). However, as discussed in the review of the current state of 

the art, climate models tend to underestimate recent warming in Europe. The following section assesses 

the extent to which this climate bias propagates into the HETEROFOR outputs and affects the forest 

projections. 

3.4.1 Climatic bias between GFDL-ESM4 and IRM interpolation 

Before analysing the propagation of climate biases in HETEROFOR outputs, it is necessary to document 

the climate biases themselves. The comparison covers the common historical period 1961-2024, 

focusing on summer temperatures (June-August), for which the CMIP6 models show the largest 

discrepancies compared with observations in Western Europe. The GFDL-ESM4 data used in this 

comparison are the data corrected in accordance with the ISIMIP3 protocol (see Methodology). In other 

words, these are the data that are actually used as climate forcing in HETEROFOR, and the comparison 

therefore reflects the residual bias that actually affects the simulations. 

 

Figure 20. Temporal evolution of mean summer temperature (June-August) as simulated by GFDL-ESM4 and interpolated 

from IRM observations for the three study sites (1961-2024). Solid lines show annual values, dashed lines show 10-year moving 

averages.  

Figure 20 shows the temporal evolution of the average summer temperature as simulated by GFDL-

ESM4 (after correction), and interpolated using the IRM’s observations for the three sites. GFDL-ESM4, 
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even after correction, systematically overestimates summer temperatures throughout the period, with an 

average bias of +2.32°C at Baileux, +1.50°C at Chimay and +0.92°C at LLN.  

It is important to note that these biases exist despite the ISIMIP3 correction described in the 

Methodology section. This correction, applied using trend-preserving quantile mapping, is calibrated 

over the period 1976-2014 (Lange, 2019). The comparison presented here therefore extends 15 years 

before and 10 years after this window. It adjusts the distribution of the simulated variables so that it 

matches the observed distribution while preserving the model’s trends. It therefore corrects for mean 

and distribution biases, but does not alter the temporal dynamics of the warming simulated by the model. 

When comparing the bias actually observed outside the calibration window with that predicted by a 

simple extrapolation of the calibrated trend, a systematic positive bias is observed at all three sites 

(between +0.6 to +1.0°C before 1976 and +0.2 to +0.5°C after 2014) indicating that the residual bias 

over the entire period is also explained in part by the limitations of extrapolation beyond the calibration 

window.  

A Mann-Kendall test (explained in the Methodology section) was applied to the annual bias series and 

revealed a significantly decreasing trend at all three sites (tau = -0.21 to -0.23, p < 0.05). The Sen slope 

is approximately -0.02°C/year for the three sites, corresponding to a reduction in bias of approximately 

1.3°C over the 1961-2024 period. This result indicates that the bias is not constant, but that GFDL-

ESM4 warms less rapidly than IRM observations over the historical period. Simulated temperatures 

gradually converge towards the observations, implying that the simulation underestimates the rate of 

recent warming, although it overestimates summer temperatures. 

 

Figure 21. Temporal evolution of total summer precipitation (June-August) as simulated by GFDL-ESM4 and interpolated from 

IRM observations for the three study sites (1961-2024). The annotated bias corresponds to the mean difference over the full 

period, expressed in mm and as a percentage of the observed mean. 

Unlike temperature, summer precipitation biases are small and do not show any significant temporal 

trend (Figure 21). GFDL-ESM4 slightly underestimates precipitation on average at Baileux (-22.4 mm, 

or -8.8%) and at LLN (-6.7 mm, or -3.1%), while the bias is virtually zero at Chimay (+3.1 mm, or 
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+1.4%). The Mann-Kendall test detects no significant trend in the time series of biases for any of the 

three sites. 

These results indicate that the precipitation bias is of small magnitude and does not show a clear trend 

across sites. This contrasts with the temperature bias, which is both larger in magnitude and decreases 

significantly over the period.  

The ISIMIP3 correction also shows limitations in reproducing the amplitude of the interannual 

variability. The interannual variance of simulated summer temperature accounts for approximately 84-

89% of the observed variance depending on the site, indicating that exceptionally hot or cold years are 

attenuated in the simulations after correction.  

 

3.4.2 Propagation of climate trend biases into HETEROFOR simulations 

The results presented in section 3.4.1 show that GFDL-ESM4 (corrected), while overestimating the 

average summer temperature, is warming significantly more slowly than observed in the IRM data for 

the period 1961-2024, with a difference in rate of approximately a factor of two. This underestimation 

of the rate of warming raises a question distinct from that of the level bias already documented: beyond 

a shift in mean values, does this divergence in climate trends propagate into the trends simulated by 

HETEROFOR for water stress, NPP and defoliation? And if so, does this propagation follow a 

relationship proportional to the warming discrepancy, or does it reveal disproportionate responses that 

may indicate non-linearities specific to certain ecophysiological processes? 

Three complementary approaches are employed to examine this question, each addressing a distinct 

aspect of the issue. The first applies a Mann-Kendall test and calculates Sen’s slope across the full 1961-

2024 time series, separately for the IRM- and GFDL-ESM4-forced simulations. This approach provides 

a robust estimate of the overall trend across the entire period. The second divides the period into 20-year 

blocks, starting in 2024 and moving backwards in time in order to not leave out the most recent years, 

and calculates a simple linear regression within each block. This approach makes it possible to determine 

where and when a divergence between the two climate forcings occurs, which is an information that the 

global trend may mask when the signal is concentrated within a sub-period. The third method calculates, 

for each indicator, the ratio of its slope to that of the corresponding summer temperature, separately for 

IRM and GFDL-ESM4. This sensitivity ratio makes it possible to test whether the indicator’s response 

to warming is proportional to the rate of warming of the forcing used, or whether it deviates from it. The 

Sen slope over the entire period is used as the primary reference rather than a regression against decadal 

averages, as it uses all 64 available annual values and is consistent with the method used to characterise 

the climate bias in 3.4.1. A regression on decadal averages is nevertheless used as a supplementary 

method to verify the robustness of the trends obtained, with its convergence noted where relevant. 

When considered over the entire period from 1961 to 2024, a comparison of trend slopes between the 

IRM- and GFDL-ESM4-forced simulations reveals contrasting patterns depending on the indicator 

(Figure 22). 

For water stress, only one case (Baileux beech) shows significant slopes in both scenarios, with a 

reduction under GFDL-ESM4. Under LLN, both slopes are zero throughout the entire period, which 

rules out any detectable trend using this method. Elsewhere (Chimay oak, Baileux oak), the IRM slope 

reaches higher values (0.45 and 0.23 days/year respectively) without, however, reaching the significance 

threshold, probably due to interannual variability over the series. These cases cannot therefore be 

considered at this stage as either confirming or ruling out a real trend. 
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For the NPP, the majority of cases in which both slopes are statistically significant (Baileux beech, 

Baileux oak, LLN oak) show an amplification of the trend under GFDL-ESM4 compared with IRM. 

Two cases show a significant slope on only one side. At Chimay oak, only the GFDL slope is significant 

(decreasing), while IRM shows no trend. At LLN beech, the IRM shows a significant decreasing trend 

that GFDL does not replicate. These qualitative differences should be interpreted with caution at this 

stage, as they are statistically significant on one side only but not on the other. 

For defoliation, four cases show significant slopes on both sides (Baileux beech, Baileux oak, LLN oak, 

LLN beech). In each, the GFDL slope keeps the same sign as the IRM slope (attenuation for the first, 

amplification for the other two), with no reversal of trend. The remaining case (Chimay oak) is not 

conclusive over the entire period and is re-examined in the following sections, taking into account time-

series analysis and the effect of cavitation. 

 

Figure 22. Comparison of trend slopes (1961-2024) between IRM- and GFDL-ESM4-forced simulations, without cavitation, 

for water stress days (A), NPP (B), and total defoliation (C). For each site × species, the grey point represents the IRM slope 

and the red diamond the GFDL-ESM4 slope, connected by a segment whose colour indicates whether GFDL-ESM4 amplifies 

(red) or attenuates (blue) the trend observed under IRM; a dashed grey segment indicates that at least one of the two slopes is 

not statistically significant (p ≥ 0.05). An asterisk above a point indicates that the corresponding slope is individually significant 

(p < 0.05), regardless of the other. 

While the trend over the entire 1961-2024 period reveals no clear, significant signal of water stress at 

LLN, splitting the data into 20-year blocks highlights a marked divergence, concentrated in the most 
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recent block (2005-2024) (Figure 23). As the number of days of stress is a count variable, sensitive to 

the crossing of a fixed threshold, even a modest variation in water dynamics around this threshold can 

produce an amplified or misleading signal, without any real underlying change. To verify that the 

divergence observed above does indeed reflect a genuine hydrological change rather than such an 

artefact, the same comparison was carried out on the REW itself, on a continuous basis. This analysis 

confirms the same contrast: a significant decline in the REW under the IRM scenario, which is absent 

under the GFDL-ESM4 scenario, therefore ruling out the hypothesis of a simple threshold artefact 

(Appendix G, Table G1). It should be noted, however, that GFDL-ESM4 represents a single run of a 

single climate model. Over a 20-year period, its internal variability alone could explain the absence of 

a corresponding trend, and another model or another run of the same model could very well find different 

results. For the NPP, the analysis by year groups confirms the results obtained over the entire period. A 

similar analysis by blocks reveals a notable reversal in the sign for defoliation in Chimay oak, subject 

to the same caveat. All slope and significance values for all sites and indicators are provided in Appendix 

H. 

 

Figure 23 : Slope difference (GFDL-ESM4 − IRM) by 20-year block, without cavitation, for water stress days (A), NPP (B), 

and total defoliation (C). Blocks are anchored from 2024 backwards in time so as not to truncate the most recent years. Red 

shades indicate a stronger slope under GFDL-ESM4 than under IRM, blue shades the reverse. An asterisk next to a value 

indicates that both the IRM and GFDL-ESM4 slopes are statistically significant (p < 0.05) for that block. 

For the NPP, the analysis by year groups confirms the results obtained over the entire period. 

The most marked discrepancy revealed by this approach concerns defoliation at Chimay oak. In the first 

block (1965-1984), IRM shows a weak but highly significant upward trend (0.073 %/year, p=0.0001), 
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while GFDL-ESM4 shows a significant downward trend of a much greater magnitude (-0.460 %/year, 

p<0.0001). This reversal in sign was not detected by the full-period trend. 

In addition to determining whether trends diverge between the two climate forcings, a more nuanced 

question arises: is this divergence proportional to the rate of warming specific to each forcing, or do 

certain indicators respond disproportionately? To answer this, the slope of each indicator is plotted 

against the corresponding summer temperature slope, separately for IRM and GFDL-ESM4 (Figure 24). 

 

Figure 24 : Sensitivity of each indicator to warming (ratio of the indicator's slope to the corresponding summer temperature 

slope), compared between IRM and GFDL-ESM4, without cavitation. Each point represents a site × species × indicator 

combination (circle: water stress days; square: NPP; triangle: total defoliation). The left panel shows the full range of values, 

the right panel a zoom on the cluster of values near zero (delimited by the dashed box in the left panel). The diagonal (y = x) 

represents a response perfectly proportional to the rate of warming, identical under both forcings. Filled, black-outlined points 

correspond to cases where all four quantities involved (slope of the indicator and slope of temperature, for IRM and for GFDL-

ESM4) are statistically significant; pale, not outlined points indicate that at least one of these four values is not. A gold outline 

indicates a sign change in sensitivity between IRM and GFDL-ESM4. 

For water stress, the only case in which the four parameters involved (slope of the indicator and slope 

of temperature, IRM and GFDL) are statistically significant is Baileux beech, where the two sensitivities 

are virtually identical. The response is therefore proportional to the rate of warming, regardless of the 

forcing used. An independent verification using regression on decadal averages yields a higher 

IRM/GFDL sensitivity ratio (19.2 versus 13.0, a factor of ~1.5). However, the GFDL slope no longer 

reaches the significance threshold (p=0.22), which is an expected consequence of the reduced number 

of data points (n=6 decades) rather than a disproof of the result obtained with the Mann-Kendall method. 

For NPP, the three reliable cases (Baileux beech, Baileux oak, LLN oak) all show a consistently higher 

sensitivity under GFDL-ESM4 than under IRM, by a consistent factor of 2.3 to 2.9. The response is 

therefore clearly disproportionate to the rate of warming, with GFDL-ESM4 amplifying the effect. 

For defoliation, the four reliable cases show an amplification by a factor of 1.2 to 3.9 depending on the 

site, placing this indicator between water stress and NPP. 

The previous results were obtained with the cavitation module deactivated. These analyses are repeated 

with the module activated, comparing simulations driven by IRM and GFDL-ESM4 in both cases. All 

graphs obtained with the cavitation module activated are presented in Appendix I. The general pattern 
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established above persists: water stress continues to respond in a manner close to proportionality, while 

NPP and defoliation remain consistently amplified under GFDL-ESM4. The activation of cavitation, 

however, significantly alters certain individual results in both directions. 

At LLN, the comparison with cavitation clearly confirms and reinforces the result already highlighted 

by the time-series analysis. Results obtained with IRM data shows a strong, significant upward trend in 

water stress at both plots, which GFDL-ESM4 does not reproduce, driven by the same cluster of severe 

stress years (2017-2022) already identified above. This result, independently confirmed by the 

continuous REW analysis (Appendix G, Table G2), validates the robustness of this result at LLN, which 

has been verified using three different methods. The full comparison across all sites and indicators is 

shown in Appendix I. 

The most pronounced discrepancy identified in the absence of cavitation concerned defoliation at 

Chimay oak, where the 1965-1984 period showed a change in sign between the IRM (slightly increasing) 

and the GFDL-ESM4 (markedly decreasing). With cavitation activated on both sides, this divergence 

disappears almost entirely over the entire period. Both simulations show an almost identical decreasing 

trend (-0.062% per year for both IRM and GFDL-ESM4, both statistically significant). A decomposition 

of defoliation into its components directly associated with cavitation and the one associated with 

competition shows that, at this site, the proportion attributable to cavitation itself is zero, with the entire 

effect arising from competition. 

Conversely, a new discrepancy emerges with cavitation at Baileux beech, where the two simulations had 

previously agreed (without cavitation) on a decreasing trend in defoliation. With cavitation, the IRM 

trend becomes zero, while GFDL-ESM4 retains a significant increasing trend. At this site, 

approximately 55 per cent of total defoliation is directly attributable to cavitation, compared with zero 

at Chimay oak, suggesting a different mechanism: a direct effect at Baileux beech, rather than an indirect 

effect via competition. 

Cavitation also alters the magnitude of certain discrepancies that were already present without 

cavitation, without changing their nature. At Baileux beech, the discrepancy in slope between IRM and 

GFDL-ESM4 for NPP (already significant in both scenarios) increases markedly with cavitation (going 

from -0.28 to -1.43 gC/m²/year). 

Overall, the activation of cavitation does not contradict the contrast observed between indicators, but it 

does alter several individual results in both directions, exacerbating some discrepancies and resolving 

others, depending on the site. These variations appear to be linked to the proportion of defoliation 

directly attributable to cavitation at each site, which itself varies considerably. 

3.4.3. Disentangling the effect of temperature level from trend 

The previous analysis established that the climate trend bias propagates heterogeneously depending on 

the indicator, without making it possible to determine whether this propagation results from the level of 

warming, its rate, or both. To address this issue, a synthetic climate forcing was constructed from the 

IRM data, to which a constant temperature offset was applied so as to reach the mean level of GFDL-

ESM4, while preserving the trend and interannual variability specific to IRM (Appendix J). The two-

stage comparison (IRM against IRM+bias, then IRM+bias against GFDL-ESM4) makes it possible to 

isolate these two effects in turn (Figure 25). The first stage isolates the effect of the temperature level 

alone, and the second isolates a residual effect that includes the trend among other possible contributing 

factors (the interannual variance for example). 
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Figure 25 : Trend slope (1961-2024) under three successive climate configurations, without cavitation: IRM (observed 

climate), IRM+bias (IRM's trend and interannual variability, with mean temperature level adjusted to that of GFDL-ESM4), 

and GFDL-ESM4, for water stress days (A), NPP (B), and total defoliation (C). The first segment (solid line) isolates the effect 

of temperature level alone; the second segment (dashed line) isolates a residual effect once this level is equalised, including in 

particular the climate trend. Each colour represents a site × species combination (see legend). Filled markers indicate a 

statistically significant slope (p < 0.05), open markers a non-significant slope. 

In LLN, it is the residual trend, rather than the level, that explains the discrepancy between IRM and 

GFDL-ESM4 for water stress. The shift in level alone is sufficient to reveal a strong and highly 

significant trend (IRM+bias: 1.23 days/year for oak, p<0.0001; 0.75 days/year for beech, p=0.0001), 

whereas it had remained undetectable in the raw IRM time series. GFDL-ESM4, although it now has a 

comparable temperature level, shows a trend close to zero (0 days/year for both species) and does not 

reach significance (oak: p=0.455 and beech: p=0.758). As a result, the net difference between IRM and 

GFDL-ESM4 in raw magnitude is small, since the level and residual effects largely offset one another. 

The key distinction lies in statistical reliability, with IRM significant at both stages and GFDL-ESM4 

never reaching significanceA verification using the continuous relative extractable water reserve 

(without taking the 0.32 threshold into account) confirms a greater decline under IRM+bias than under 

IRM, consistent with a hydraulic effect rather than a simple threshold artefact. But the minimum REW 
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for beech approaches a floor value under IRM+bias, limiting further detectable decline in that specific 

case (Appendix G, Table G3, Figure G1). However, the resulting increase in stress days appears 

disproportionately large compared to the underlying hydraulic change. REW itself declines by a factor 

of roughly two to three under IRM+bias, while the stress-day trend, already significant but of nearly 

zero magnitude under IRM alone, becomes both large in magnitude and clearly significant under 

IRM+bias. This is consistent with the sensitivity of threshold-based count variables to changes 

concentrated near the 0.32 threshold. 

In Chimay, by contrast, it is the level that dominates for the NPP. The actual IRM trend is not significant 

(p=0.760), but simply shifting to the GFDL-ESM4 mean level reveals a strong and highly significant 

downward trend (-1.87 gC/m²/year, p<0.0001). This result is indicative of a threshold effect rather than 

a gradual response to warming, although GFDL-ESM4's own trend (-0.81 gC/m²/year, p=0.021) remains 

somewhat less pronounced than the level-shift alone would predict. Unlike at LLN, however, this 

compensation is only partial, as GFDL-ESM4's trend stays significant and still differs substantially from 

IRM's near-zero, non-significant trend. A similar pattern is observed for defoliation at the same site: the 

IRM trend is not significant (p=0.085), while shifting to the GFDL-ESM4 level reveals a significant 

decreasing trend (p=0.004), which GFDL-ESM4 itself does not fully reproduce (p=0.121). 

In Baileux, this test does not allow a dominant mechanism to be clearly isolated for NPP. The level shift 

moves the IRM+bias trend away from the one of GFDL-ESM4 at the oak plot, while at the beech plot 

both stages produce shifts without converging toward GFDL-ESM4's trend either.  This indicates that 

the response at this site cannot be cleanly decomposed into an additive level effect and a separate residual 

effect, as it could at LLN and Chimay. Level and trend (or interannual variability) likely interact in a 

more complex way here, although climate forcing remains the only variable differing across the three 

configurations in this experimental design. 

Overall, this test confirms that there is no single mechanism for the propagation of climate bias in the 

HETEROFOR simulations: depending on the sites and indicators, the divergence in forcings observed 

in the previous section results sometimes from a threshold effect linked to temperature level, and 

sometimes from a more direct response to the rate of warming. 

This test was also repeated with cavitation enabled (Appendix I). The conclusion for LLN remains 

unchanged, but the mechanism differs. The trend in water stress is already highly significant under IRM 

alone (0.91 to 1.06 days/year, p<0.001), without requiring the level shift, while GFDL-ESM4 remains 

flat (p>0.3). This result confirms that cavitation amplifies the sensitivity to an already present climatic 

signal, without being able to compensate for its absence in the GFDL-ESM4 trajectory itself, which does 

not reproduce the cluster of severe dry years characterising the recent observed period. At Chimay, 

however, the activation of cavitation complicates the interpretation of the NPP. Unlike the actual, non-

significant IRM trend, the IRM trend with cavitation becomes significant, and both the level shift and 

the residual term contribute significantly, without a single mechanism being clearly identifiable. Overall, 

the activation of cavitation does not challenge the already established heterogeneity of the mechanisms. 

Its effect itself varies by site, amplifying an already present climatic signal in some cases (LLN) while 

altering the nature of the response in others (Chimay). 
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4. Discussion 

The results presented in this study describe the response of five Walloon forest stands to climate change 

over the period 1961-2100, as simulated by the HETEROFOR model. The following sections discuss 

these results in four successive stages. First, the model performance (4.1), then the general responses in 

terms of water stress, productivity and stand structure are compared with the existing literature and the 

model's performance is assessed (4.1 and 4.2). Second, the mechanisms underlying the projected decline 

in productivity are examined, with a particular focus on the temperature-NPP regime shift identified in 

the second half of the 21st century (4.4) and the transformation of the drought regime (4.5). Finally, the 

biases specific to the climate model used are analysed and their implications for the interpretation of the 

projections are discussed (4.6), before the main limitations of the study and perspectives for future 

research are presented (4.7). 

4.1 Model performance 

The evaluation of HETEROFOR shows contrasted performances depending on the variable under 

consideration. For soil water dynamics, the correlations between simulated and observed REW are 

strong across all sites (r = 0.85-0.92), which validates the model’s reliability for water stress. These 

results are consistent with previously published evaluations of the model, which had already 

demonstrated good performance in terms of water balance, phenology and drainage (Jonard et al., 2020; 

de Wergifosse et al., 2020). The evaluation conducted here therefore confirms that the simulated 

hydrological dynamics provide a solid basis for interpreting stress results. 

As for growth, the results are more variable. The correlations between simulated and observed 

circumference increment are reasonable for beech at Baileux (r = 0.64-0.79), but remain very weak for 

oak at Chimay (r = 0.04-0.24), regardless of the model configuration. The weak correlations observed 

for oak at Chimay are likely due to a combination of several factors specific to this site. On the one 

hand, the Chimay oak forest is an old coppice-with-standards, which gives the trees an atypical structure. 

Its highly developed crowns and thick trunks may mean that the plot is poorly represented by the average 

allometric relationships used in HETEROFOR for oak. Furthermore, the soil of the Fagnes-Famenne 

region presents specific pedological constraints that may not be fully captured by a generic 

parameterisation. Finally, the stand is regularly subjected to attacks by defoliating caterpillars, a biotic 

disturbance not included in the model which can have significant effects on the trees' radial growth. 

Furthermore, a systematic positive bias is observed across all plots. Several hypotheses can be put 

forward, like an underestimation of intra-stand competition, sub-optimal carbon allocation parameters 

for these sites, the lack of modelling of nutrient limitations, or the biotic disturbances (at least for 

Chimay’s site). This bias must be kept in mind when interpreting future projections, as the absolute 

values of projected NPP may be affected in the same way. 

The validation test against field observations reveals an interesting asymmetry between sites (section 

3.1.2). The model under-detects stress days at Baileux oak (sensitivity = 0.753) but over-detects them at 

Chimay (specificity = 0.759). This latter trend is consistent with the negative bias in the simulated REW, 

which is more pronounced at Chimay (-0.06 to -0.17) than at Baileux (-0.03 to -0.10). A greater 

underestimation of soil moisture leads to the stress threshold being crossed more often than observed. 

This same bias, however, does not explain the under-detection observed at the Baileux oak site, which 

shows a REW bias of the same order of magnitude as the Baileux beech site (-0.03 to -0.10 in both 

cases) without the latter showing any comparable asymmetry. The origin of this species difference at 

Baileux remains unexplained by the data available in this study. 
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These general responses mask, however, significant contrasts between sites and species, which are 

examined in section 4.3. 

 

4.2 General responses to climate change: water stress, CO₂ fertilisation and 

structural inertia 

HETEROFOR simulations project a doubling of the number of water-stress days between the historical 

period and the future period under constant CO₂ levels, with the median increasing from 43 to 107 days 

per year across all plots. This increase is part of a well-documented trend at the European scale. Using 

a set of CMIP6 models, Cook et al. (2020) identify Europe and the Mediterranean as among the regions 

most likely to experience aridification by the end of the 21st century, with a particularly pronounced 

response in terms of soil moisture. At the Western European scale, Spinoni et al. (2017) demonstrate, 

based on a set of 11 EURO-CORDEX simulations, a significant increase in the frequency and severity 

of summer droughts in Belgium and neighboring regions during the 21st century. At the Walloon 

regional level, projections from the REGE+ project confirm this trend, with an expected decrease in 

summer precipitation and longer drought episodes (Marchi et al., 2024), consistent with the summer 

stress simulated here. 

While the direction of change is therefore consistent with the literature, the absolute stress values 

simulated for the future are based on a single climate model and should be interpreted with caution. Part 

of the projected stress is in fact attributable to biases specific to this model, which will be analysed in 

section 4.6. The rankings between sites and species nevertheless remain consistent across the two model 

configurations, which reinforces the reliability of the relative trends regardless of the absolute values. 

The simulated increase in NPP under a variable CO₂ regime is considerably high. According to the SSP3-

7.0 scenario, in which atmospheric concentration rises from 318 ppm in 1961 to nearly 872 ppm in 2100, 

the median NPP projected for the future would be 966 gC/m²/year. This represents a 46% increase 

compared to the future scenario with a constant CO₂ concentration. This result is consistent with the 

carbon fertilisation effect documented in temperate forests. Norby (2025), based on a synthesis of four 

FACE (Free-Air CO₂ Enrichment) experiments in temperate forest stands, report a conserved stimulation 

of forest NPP of approximately 23% at 550 ppm. This concentration is expected by the middle of the 

century under SSP3-7.0. The higher response observed here, for a concentration of around 872 ppm in 

2100, is therefore not surprising given the non-linear relationship between CO₂ concentration and 

photosynthetic stimulation. 

Beyond productivity, the variable CO₂ scenario also shows a reduction in median water stress compared 

with the constant CO₂ future (74 vs 107 days/year), consistent with the well-documented effect of high 

CO₂ on water use efficiency (WUE). When atmospheric CO₂ concentrations rise, trees can maintain the 

same rate of carbon fixation with their stomata partially closed, as the diffusion gradient of CO₂ towards 

the carboxylation sites is more favourable. This partial stomatal closure reduces water loss through 

transpiration without proportionally reducing photosynthesis, thereby improving water-use efficiency 

(Norby & Zak, 2011). However, this mitigation remains partial. Even under variable CO₂ levels, future 

stress remains significantly higher than the historical baseline (74 vs 43 days/year), indicating that the 

WUE effect does not compensate for the intensification of climatic drying documented in this section. 

However, these results should be interpreted with caution, as HETEROFOR does not model nutrient co-

limitations on the effect of carbon fertilisation. Terrer et al. (2019), based on a meta-analysis of 138 high 

CO₂ experiments, showed that nitrogen and phosphorus availability is the main factor modulating 
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biomass response to high CO₂, reducing the overall effect to just 12 ± 3% for a 250 ppm increase. As 

explicitly acknowledged in the REGE+ project simulations using HETEROFOR (André et al., 2025), 

the effect of carbon fertilisation is likely to be overestimated in the absence of nutrient cycle modelling. 

The 46% increase in NPP simulated here should therefore be regarded as an upper bound rather than a 

realistic estimate, and the variable CO₂ scenario should be interpreted primarily as a sensitivity analysis 

isolating the potential maximum effect of CO₂ rather than as a projection. 

The lack of significant change in volume (from 399 to 420 m³/ha) and basal area (from 27.3 to 27.9 

m²/ha) between the historical and future periods under constant CO₂ levels is not surprising and is 

primarily due to the structural inertia of forests. These indicators incorporate decades of accumulated 

growth and respond to timescales much longer than flux indicators such as NPP. The pronounced 

autocorrelation of basal area observed in the simulations (coefficients ranging from 0.35 to 0.53) 

precisely illustrates this slow dynamic. Furthermore, the methodological choice to apply identical 

silvicultural practices across all scenarios (justified to isolate the climatic effect) also helps to reduce the 

variance of these indicators between scenarios, by keeping stand densities in comparable ranges. It 

should also be noted that even when the NPP is affected, as is the case with the cavitation module, basal 

area and standing volume tend to remain relatively stable, as part of the variation in production is 

absorbed by timber harvesting. In a scenario where silviculture is kept constant, silvicultural removals 

partially compensate for productivity fluctuations, limiting their impact on the standing stock. This 

compensation is confirmed by the volumes harvested. Under constant CO2, the total volume withdrawn 

over the entire period increases between history and future, from +42% to +96% depending on the plot 

(+72% on average over the five plots). This marked increase is well above the small change in volume 

and standing basal area and indicates that most of the productivity gain related to climate change is 

exported by thinning rather than accumulated in the stand. 

However, this result should not be interpreted as an absence of vulnerability. NPP and water stress are, 

in fact, very significantly affected, and are early signals that precede structural changes. The literature 

on forest dieback shows that trees can experience prolonged declines in vitality before these translate 

into measurable losses in volume or basal area (Allen et al., 2010).  

 

4.3 Site and species variability: the role of soil buffering capacity and 

hydraulic strategies 

The simulations reveal marked differences in water stress between sites, mainly associated with local 

soil properties. Bréda et al. (2006) show that the soil’s extractable water reserve acts as a buffer against 

summer rainfall deficits. The higher it is, the better the soil can maintain a water content above the 

critical threshold before photosynthesis and transpiration are affected. In Louvain-la-Neuve, the 

extractable water reserve of the abruptic luvisol (450 mm) is more than twice that of the cambisol in 

Baileux (178mm), resulting in zero historical stress in LLN (0 days/year for beech) compared with 78 

days/year in Baileux. However, this soil buffering capacity is declining in the future. Despite an 

unchanged water reserve, stress at LLN rises from 0 to 33 days/year for beech, which illustrates the 

limits of edaphic protection against sufficiently severe climate intensification.  

This same useful reserve also limits the ability of the REW-based indicator to detect the physiological 

deficit that actually occurs at LLN. The correlation between the number of days of stress and the relative 

transpiration deficit, while being strong at Baileux and Chimay (ρ = 0.83-0.90), is significantly weaker 

at LLN (ρ = 0.588-0.600). This suggests that part of the physiological deficit at this site is not captured 

by the REW threshold, which is rarely exceeded. This phenomenon has been documented by Walthert 
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et al. (2021) with beech, who show that deep soil water reserves in soils with high water-holding capacity 

prevent the appearance of detectable water stress even during severe droughts. A similar decoupling 

between soil moisture and the actual stress experienced by vegetation, in a temperate humid forest 

context, has also been documented on a larger scale (Ahady et al., 2026). The contrast between LLN 

and the other two sites in terms of days of stress is therefore likely to be both real and partially amplified 

by a limitation inherent to the REW indicator. 

Differences in NPP between sites also reflect the developmental stage of the stands. The stands at 

Baileux are significantly younger than those at Louvain-la-Neuve and Chimay, which contributes to 

their higher productivity. Net above-ground primary production generally peaks in young stands and 

declines with age (Gower et al., 1996). This difference in stage of development therefore adds to climatic 

and soil factors in explaining the variations in NPP observed between sites. 

The simulations also show that oak has significantly higher productivity than beech, with a difference 

of 56 gC/m²/year at Baileux in the historical scenario, which increases to 120 gC/m²/year in the future. 

This difference is accompanied by greater water resilience in oak. While the stress-NPP correlations 

become significantly negative for beech in Baileux (ρ = -0.45) and beech in LLN (ρ = -0.28) in the 

future, they remain non-significant for oak in Baileux (ρ = -0.12) and in LLN (ρ = -0.16). This result is 

consistent with the hydraulic parameters assigned to oak in HETEROFOR, which shows higher xylem 

hydraulic conductivity (25 for oak and 15 for beech). This greater vulnerability of beech to drought is 

well documented in the literature. Zimmermann et al. (2015), in a dendrochronological analysis 

comparing Fagus sylvatica with Quercus petraea and three other deciduous species in temperate mixed 

forests of Central Europe, show that beech is the only species to exhibit an increase in the number of 

negative pointer years (years of abrupt growth reduction relative to the reference chronology) across all 

stands, together with a decline in radial increment in the driest stand, since about 1980, in response to 

increasing summer temperatures and drought intensity, while the other four species show no such 

response.  

One counterintuitive result warrants discussion. The beech plot at Baileux shows a persistent negative 

correlation between water stress and defoliation, both in the historical period (ρ = -0.32) and the future 

period (ρ = -0.33), indicating that defoliation decreases as stress increases. It should be noted that this 

pattern is specific to the configuration without the cavitation module. With the module activated, these 

correlations disappear or weaken significantly, which would suggest that the module is effective in 

representing defoliation dynamics. Without the cavitation module, HETEROFOR calculates defoliation 

only from competition dynamics. Water stress does not directly influence defoliation in this 

configuration. The hot and more stressful years are also years when solar radiation is more intense and 

the growing season longer, which can improve the carbon balance of the trees and reduce their 

defoliation by competition. It is this indirect mechanism that produces the negative correlation observed 

between stress and defoliation. At the species level, Fagus sylvatica itself shows no significant 

correlation between temperature and defoliation (ρ = +0.08, p > 0.05), while the negative signal at stand 

level is mainly carried by the oak and spruce present in this mixed stand. With the cavitation module 

activated, hydraulic defoliation becomes the dominant component (median = 4.97%) and restores the 

expected positive relationship between water stress and defoliation, which suggests that this module 

more realistically represents defoliation dynamics under high water stress. 

This mechanism also underlies the counterintuitive result observed at Chimay oak, where the cavitation 

module produces the opposite effect. The decrease in defoliation at Chimay oak when the cavitation 

module is activated (from 9.8% to 3.3%) is explained by a reduction in competition-driven defoliation, 

which decreases from 8.25% to 2.37%. Cavitation-driven defoliation remains zero at this site, indicating 
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that the module does not generate hydraulic stress intense enough to cause direct leaf loss. The activation 

of the cavitation module appears to improve the carbon balance of the stand. This is possibly through 

higher stomatal conductance and increased NPP, thereby reducing the competition-induced defoliation. 

This effect is primarily observed in Carpinus betulus (from 9.09% to 2.73%), while Quercus petraea is 

only marginally affected (-0.42%).  

 

4.4 Temperature-NPP regime shift 

The simulations reveal a marked shift in the relationship between summer temperature and NPP between 

the historical and future periods. During the historical period, temperature has a positive and significant 

effect on oak NPP (+39 gC/m²/year per standard deviation, p<0.001), reflecting conditions in which 

higher temperatures stimulate photosynthesis and extend the growing season. In contrast, its effect is 

already negative for beech during this same period (-31 gC/m²/year, p<0.05). This is consistent with the 

already high historical stress level at Baileux (~78 days/year), which makes the hottest years already 

unfavourable. In the future, this effect becomes negative for both species (beech: -34 gC/m²/year; oak: 

-35 gC/m²/year), reflecting a regime shift in which temperature stops to be a stimulating factor and 

becomes a limiting factor. This finding is consistent with the empirical observations of Tijerín-Triviño 

et al. (2025), who, using forest inventories from Spain and Sweden, show that the effect of temperature 

anomalies on forest productivity was positive or zero during an initial period (their study period begins 

in 1980), before becoming significantly negative in recent years. This gradual shift is attributed to 

intensifying warming and associated water stress. This convergence, however, concerns the direction of 

the phenomenon, but the timing differs. Their transition is already observed in the last decades, whereas 

the shift identified here is only complete for both species in the simulated future period. For beech, 

however, the negative effect is already present from the historical period, where stress is already high 

(Baileux). The divergence in overall timing can come from the geographical area, because their study 

focuses on Spain and Sweden. Finally, an underestimation of the warming by GFDL-ESM4 could also 

contribute to the remaining lag. 

The analysis by stress class provides a mechanistic explanation for this shift. When the years are grouped 

into three classes according to their level of water stress, the temperature-NPP relationship is positive 

and often significant under low stress for the majority of plots, notably for the Baileux oak (ρ = +0.67), 

the LLN oak (ρ = +0.63) and the Chimay oak (ρ = +0.40). This relationship gradually weakens with 

increasing stress, eventually reversing under high stress for the Chimay oak (ρ = -0.51) and the Baileux 

beech (ρ = -0.31). This pattern suggests that it is the interaction between temperature and water stress 

that governs the shift, and not temperature alone. Multiple regression confirms this finding. The 

temperature × stress interaction term is negative and significant for both species and both periods, and 

constitutes the most consistent result of this analysis. This indicates that the combined effect of heat and 

stress is consistently negative for productivity, regardless of the period considered. The mechanistic 

interpretation is that under low stress, higher temperatures favour photosynthesis and extend the growing 

season. But beyond a certain threshold of water deficit, these same temperatures intensify atmospheric 

evapotranspiration, force stomatal closure and reduce net photosynthetic capacity, cancelling out or even 

reversing their beneficial effect. 

Time-series analysis enables us to identify the physiological mechanism underlying the decline in NPP 

observed in the second half of the 21st century. While NPP peaks around 2055-2060 before gradually 

declining, gross primary productivity (GPP) continues to increase throughout the simulated period. At 

the same time, the leaf area index (LAI) remains stable (~5.0-5.4 m²/m²), indicating that the decline in 

NPP is not associated with a generalised loss of leaf area. These findings suggest that the decline in NPP 
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is not driven by a reduction in gross photosynthesis, which continues to increase throughout the century, 

but rather by an increase in autotrophic maintenance respiration, which would absorb an increasing 

proportion of the fixed carbon as temperatures rise. This hypothesis is consistent with the thermal 

sensitivity of plant respiration (Atkin & Tjoelker, 2003). The respiration rate increases almost 

exponentially with temperature, with a Q10 (the factor by which respiration increases for every 10°C 

rise) generally estimated at around 2 under moderate temperatures. In the context of continued warming 

up to 2100, this increasing respiratory cost could gradually counterbalance the additional photosynthetic 

gains and reduce the proportion of gross carbon actually allocated to biomass.  

This temporal evolution reveals a trend structured into three distinct phases. During the historical period, 

NPP increases gradually, rising from around 630 to 710 gC/m²/year, reflecting a positive trend consistent 

with the beneficial effects of moderate warming on photosynthesis and the lengthening of the growing 

season. This trend continues until reaching a peak (~760 gC/m²/year), before giving way to a gradual 

decline that brings the NPP down to 665 gC/m²/year by the end of the century, eliminating most of the 

gains accumulated during the 20th century. This trajectory reflects the constant-CO₂ configuration under 

the SSP3-7.0 scenario used in this study. The exclusion of CO₂ fertilisation and the choice of emission 

pathway both influence this timing, and a scenario including CO₂ fertilisation or a less severe emission 

pathway would likely shift or attenuate this tipping point.  

This three-phase trajectory is consistent with projections from independent forest models. In their study 

by Sperlich et al. (2020) on beech and fir in Germany, they tested both a configuration with activated 

carbon fertilization and a configuration with constant CO2, directly comparable to the one used here. 

With carbon fertilization, the tipping point is different in each emission scenario: 2040 for RCP2.6, 2045 

for RCP4.5, and 2060 for RCP8.5. Under constant CO2, however, the compensatory mechanism of CO2 

disappears and the tipping point occurs as early as 2035, almost independently of the climate scenario, 

followed by a much more marked decline (-30 to -104% compared to a scenario without climate change). 

This discrepancy highlights that while the three-phase structure (initial gain, shift, decline) seems to be 

a robust response of temperate forests to climate change, the precise timing of the shift remains highly 

dependent on the model, site and assumption used for CO2. This discrepancy probably reflects both a 

site difference and a methodological difference between the two studies. The maximum soil water 

holding capacity at the site studied by Sperlich et al. (119 mm for beech, 115 mm for fir) is significantly 

lower than in any of the plots studied here (178 to 450 mm). Their site is therefore more likely to reach 

the critical threshold of water stress under the effect of warming. 

Similarly, Tumajer et al. (2025), using 2013 tree-ring chronologies from Central and South-Eastern 

Europe, project stable or slightly increased growth until the 2040s-2050s, followed by a significant 

decline under high-emission scenarios in the second half of the century. The convergence of these three 

independent approaches, which include this process-based simulation at sites in Wallonia, a 

biogeochemical model for a German forest, and a large-scale European wood formation model, 

reinforces the robustness of this temporal trajectory as a characteristic response of temperate forests to 

climate change under a high-emission scenario.  

The temporal trends reveal marked contrasts between species and between sites. The Baileux oak and 

the LLN oak are distinguished by a remarkably stable NPP throughout the entire future period, despite 

ongoing warming, which is consistent with the greater hydraulic resilience of the oak documented in 

section 4.2. In contrast, the Chimay oak shows the most pronounced decline, with NPP falling from 

around 720 to 550 gC/m²/year between 2060 and 2100, and is the only plot where GPP itself declines 

by the end of the century. As discussed earlier, Chimay is a site with particularly challenging soil 

conditions. This makes the site more vulnerable beyond a certain climatic threshold, to the extent that 
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future conditions there will exceed not only the net carbon allocation capacity but also the gross 

photosynthetic capacity. 

The beech at LLN exhibits an atypical profile. Its NPP shows high interannual variability and a weak 

temporal trend, with a slightly negative historical correlation between temperature and NPP (ρ = -0.30), 

whereas the oaks at the same site show positive historical correlations. This unexpected behaviour for a 

site that has historically experienced little stress cannot be easily explained by the model parameters and 

needs further analysis. The atypical profile of this plot is likely related to its historically very low stress 

levels. With no water deficit during the historical period, neither temperature nor water availability acts 

as a clear limiting factor for productivity at this site. Under these conditions, interannual NPP variability 

is probably driven by other factors such as radiation or intra-stand competition dynamics. This would 

explain both the weak correlations across all stress classes and the absence of a clear temporal trend for 

this stand 

These results have direct implications for the anticipation of climate risks on Walloon forests. The 

projected peak of NPP around 2055-2060, followed by a gradual decline, suggests that a few decades' 

window still separates the current conditions from the regime shift documented here. The exact timing 

of this changeover remains uncertain, however, notably due to the biases specific to the climate model 

used, whose effects on the timing of projections will be discussed in section 4.5. 

The temporal dynamics of NPP documented here are inseparable from changes in the structure of 

drought episodes, which are examined in detail in the following section. 

 

4.5 From episodic to chronic drought: implications for forest vulnerability 

The simulations reveal not only an increase in the total number of days of water stress, but also a shift 

in the temporal pattern of this stress during the growing season. Historically, stress has been concentrated 

between May and September, with peaks in August and September. In the future, it will extend from 

April to October, thereby reducing the recovery window between consecutive episodes and increasing 

the risk of cumulative stress over the entire season. This seasonal extension is consistent with the 

projections of Spinoni et al. (2017), who anticipate an increase in the frequency of spring and summer 

droughts in Western Europe during the 21st century. However, the most significant consequence of this 

transformation is not so much the intensification of individual episodes than the shift from a pattern of 

episodic stress to one of chronic stress. In Baileux, interannual stress variability is halved in the future. 

The interquartile range, falling from 51 to 25 days for beech and from 52 to 23 days for oak, indicates 

that stress is no longer an exceptional event but is becoming a more permanent condition during the 

growing season.  

The analysis of drought episodes reveals three contrasting patterns across sites, reflecting distinct 

trajectories of vulnerability. In Baileux, the change is mainly manifested by a lengthening of episodes: 

the median duration increases from 41 to 117 days for beech and from 40 to 119 days for oak, while the 

number of episodes remains stable. This shift towards very long episodes illustrates a transition to a 

regime of chronic stress, in which summer drought is no longer interrupted by sufficient recovery 

periods. In Chimay, the change is intermediate: duration increases moderately (from 22 to 42 days), but 

the number of episodes rises sharply, reflecting an intensification in frequency rather than duration. LLN 

shows the most marked contrast in terms of frequency. Episodes, which have historically been very rare 

(16 for beech and 17 for oak over 63 years), are set to increase dramatically in the future (88 and 81 

respectively), while remaining of moderate duration (17-22 days). Although individual episodes remain 

short, their increasing frequency progressively reduces the forest's ability to recover between events.  
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These structural differences in the pattern of drought episodes have a measurable impact on annual 

productivity. The annual maximum duration of episodes shows significant negative correlations with 

NPP at Baileux beech (ρ = -0.44, future only), Chimay oak (ρ = -0.33 historical, -0.47 future) and LLN 

beech (ρ = -0.72 historical). The strengthening of this relationship between historical and future periods 

at Baileux beech and Chimay oak is consistent with the hypothesis that a critical duration threshold will 

be exceeded more frequently in the future, beyond which the duration of the episode becomes a limiting 

factor for productivity. 

Beyond changes in the pattern of extreme events, climate change is also modifying the impact of extreme 

years. Despite the overall increase in NPP under future conditions, a dry year in the future still remains 

less productive than a normal year from the historical period. The loss in NPP associated with dry years 

also intensifies over time. The Chimay oak shows the most severe change, with the relative loss in NPP 

during dry years increasing from -3.9% to -15.2% between the historical and future periods. 

One particularly revealing finding concerns the beech at LLN, which shows an apparent reduction in 

the relative loss of NPP during extreme years, falling from -20.3% to -10.1%. At first sight, this might 

suggest an improvement in the resilience of this site. In reality, this result is explained by the way in 

which extreme years are defined. What constituted an extremely dry year in the past has become an 

ordinary year in the future. Future normal years are themselves much more stressful than historically, 

which reduces the contrast between the ‘normal’ and ‘extreme’ categories. It is therefore not that LLN 

is becoming more resilient to extreme droughts, but that the baseline has shifted upwards, making all 

years more challenging. 

The extent to which these projections reflect real future conditions depends, however, on the quality of 

the climate model used to force the simulations, which is the subject of the following section. 

 

4.6 Climate model biases and their implications for projections 

4.6.1. Separating climate change from climate source 

All comparisons between the historical period and the future period presented in sections 3.1 to 3.3 of 

this thesis contrast a simulation forced by observed IRM data (1961-2024) with a simulation forced by 

the GFDL-ESM4 climate model, corrected using the ISIMIP3 method (2025-2100). This choice was 

based on the following reasoning: to use data as close as possible to reality for the historical period, and 

to assume that a properly calibrated climate model would provide a sufficiently reliable approximation 

of that same reality for the future period, for which no observations exist. Section 3.4 shows that this 

implicit assumption does not hold true. 

This design effectively combines two sources of difference into a single signal: the actual climate change 

between the two periods, and the systematic difference between the two climate sources themselves, 

which is independent of any climate change. This second source of difference would exist even in the 

absence of any actual climate change, simply because the GFDL-ESM4 differs structurally from the 

IRM. 

Section 3.4 does not correct this design issue retrospectively, but it does provide a direct estimate of it. 

By comparing IRM and GFDL-ESM4 over the same historical period, it eliminates the primary source 

of difference. Any observed discrepancy therefore reflects solely the difference between the two climate 

sources themselves, site by site and indicator by indicator. This approach is consistent with the approach 

used by Jourdan et al. (2021): comparing the outputs of an impact model driven by modelled climate 



61 

 

data with those obtained using observed data over a common historical period, before attributing 

credibility to predictions for a future period. 

This estimate remains, however, incomplete. The bias quantified in 3.4.1 itself changes over time, and 

its extrapolation to 2100 is based on an assumption of stationarity that could only be verified over a 

much shorter time window than the horizon of the future projections. 

This limitation is not unique to this thesis. The performance assessment presented in the REGE+ report 

(2025), from which the climate data used here are derived, indicates that correcting for temperature bias 

using quantile mapping, an additive method or scaling reduces the average bias by only around 62-63 

per cent, leaving a significant residual after correction. The residual observed here (+0.92 to +2.32°C 

depending on the site) remains, nevertheless, of considerable magnitude. 

A second limitation, distinct from the previous one, concerns the temporal extrapolation of the 

correction. The ISIMIP3 correction is calibrated over the period 1976-2014. Section 3.4.1 has already 

shown that outside this window, a residual systematic bias emerges (+0.6 to +1.0°C prior to 1976, +0.2 

to +0.5°C after 2014). This is consistent with the fact that bias correction methods implicitly assume the 

stability of the correction function over time, an assumption that does not always hold, particularly for 

summer temperature (Maraun, 2012). The future projections used in this thesis extend to 2100, which is 

86 years beyond the end of the calibration window. The bias estimate presented in 3.4.1 and its 

propagation documented in 3.4.2 and 3.4.3 therefore provide a solid basis for the period tested, but their 

extrapolation to the year 2100 relies on an assumption of stationarity that could not be verified. 

 

4.6.2. The structural limits of trend correction in ISIMIP3 

The level bias documented in 3.4.1 is not an anomaly in the ISIMIP3 correction, but a direct consequence 

of the way it is designed. Quantile mapping does not guarantee that the climate trend of the raw model 

will be preserved, as the correction depends on the position of each value within the distribution rather 

than its temporal position (Cannon et al., 2015). To overcome this limitation regarding temperature, 

ISIMIP3 removes the trend from the time series before applying the quantile correction, then restores 

the trend specific to the raw climate model once the correction has been applied (André et al., 2025; 

Lange, 2019). This design has a direct implication for this thesis: the correction deliberately preserves 

the warming trend specific to GFDL-ESM4, regardless of its accuracy relative to the actually observed 

trend. The under-warming documented in 3.4.1 (approximately half the rate observed by the IRM) is 

therefore not corrected by design, as this is not the purpose of the correction. 

 

4.6.3. Heterogeneous propagation mechanisms across sites and indicators 

The level and trend test presented in 3.4.3 confirms that no single mechanism dominates the divergence 

between IRM and GFDL-ESM4. At LLN, the difference remaining once mean levels have been 

equalised between the two forcing scenarios, which notably includes the trend, accounts for most of the 

divergence in water stress. The simple shift in mean level is sufficient to reveal a strong and highly 

significant trend, which is absent in the IRM data, while GFDL-ESM4, despite now having a comparable 

mean level, does not reproduce this trend. At Chimay, by contrast, it is the level that dominates for NPP 

and defoliation. The trend under IRM is not significant, but the shift towards the mean level of GFDL-

ESM4 alone is sufficient to reveal a significant trend, which GFDL-ESM4 itself reproduces only 

partially. This signature is indicative of a threshold effect rather than a gradual response to warming. 

Finally, at Baileux, the test does not allow a dominant mechanism for NPP to be identified. The shift in 



62 

 

level does not systematically bring the obtained trend closer to that of GFDL-ESM4, suggesting that 

level and trend (or interannual variability) interact here in a more complex manner than a simple additive 

decomposition, with climate forcing nevertheless remaining the only variable distinguishing the three 

tested configurations. 

This heterogeneity may be related to the nature of the processes involved in each indicator, although this 

has not been directly tested in this study. Water stress depends on a relatively direct soil water balance, 

while NPP results from a cascade of physiological processes (radiation interception, photosynthesis, 

respiration, carbon allocation) which may amplify an initial climate error as it propagates through these 

successive stages (Jourdan et al., 2021). Defoliation, on the other hand, is not calculated independently 

of the climate. In HETEROFOR, it is initiated when the NPP, which has already been calculated, 

becomes insufficient to sustain the foliage. It therefore inherits any error already present in that NPP. 

However, this hypothesis remains to be confirmed. It is consistent with the non-proportional 

amplification observed for NPP, but this study does not establish the precise mechanism. 

This lack of a single mechanism has a direct implication : no single correction factor can be applied to 

all sites and indicators to adjust future projections retrospectively. Correcting for the level alone would 

work for LLN but would leave Chimay largely unexplained, and the reverse would not work either. The 

appropriate correction depends on the site and the indicator in question, which limits the possibility of 

a simple, overall correction to the results presented in sections 3.1 to 3.3. 

The discrepancy between the IRM and GFDL-ESM4 models at LLN, identified by the block analysis 

(3.4.2) and confirmed by the level and trend test (3.4.3), is driven by a cluster of particularly dry years 

concentrated between 2017 and 2022. This period corresponds to a well-documented multi-year drought 

episode at the European scale. Rakovec et al. (2022) show that the 2018-2020 drought sequence in 

Europe reached an intensity unprecedented over the last 250 years, with a peak temperature anomaly of 

+2.8 degrees. The fact that GFDL-ESM4, even after its mean level has been adjusted to match that of 

IRM, does not reproduce the upward trend in stress observed under IRM at LLN over this period is 

consistent with the finding already established in 3.4.2. Over a 20-year window, the internal variability 

of a single climate run alone may be sufficient to explain the absence of a trend that another run, or 

another model, might have reproduced. 

 

4.6.4. Implications for the interpretation of future projections 

The biases documented in this section do not affect the projections presented in the results uniformly, 

and their probable direction can be estimated on a site-by-site basis, provided that the mechanisms 

identified over the historical period continue in the same proportions until 2100. It should be noted that 

the level biases summarised below (+2.32°C at Baileux, +1.50°C at Chimay, +0.92°C at LLN) are 

averages over the entire 1961-2024 period. The decreasing trend in the bias documented in 3.4.1 implies 

that it is lower in the most recent decade than over the entire period, although it has not been completely 

eliminated. At Baileux beech, where stress responds proportionally to warming, the simulated future 

water stress is likely to be overestimated in absolute terms if this mechanism persists. At Chimay, where 

the level offset (+1.50°C) accounts for a significant, but not the entire, portion of the observed downward 

trend under GFDL-ESM4 for NPP and defoliation, the same reasoning suggests a partial rather than a 

total overestimation of this decline. At LLN, by contrast, where the level bias is the lowest of the three 

sites (+0.92°C) and where the trend difference dominates rather than the level, GFDL-ESM4 does not 

reproduce the acceleration in stress shown by IRM over the recent period. Future stress is therefore more 

likely to be underestimated there. The under-warming documented in 3.4.1 also introduces uncertainty 
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regarding the timing of the temperature-NPP regime shift identified in 4.3. The trend bias, if it persists, 

would tend to delay this shift in the simulation compared with reality, while the level bias would, 

conversely, tend to bring it forward, as the simulation starts from a temperature that is already over-

estimated. These two effects act in opposite directions, and it is not possible to determine which one 

dominates on the basis of this study. 

These findings remain qualitative. This study does not allow for a precise quantification of the extent of 

these over- or underestimations, and no single correction factor can be applied to all sites and indicators. 

Comparisons between species within the same site, which are based on a strictly identical climatic 

forcing, are probably more robust to this bias than comparisons between sites themselves, where the 

difference might be partially confounded with differences in bias between sites. 

 

4.7 Limitations and research perspectives 

Several limitations of the HETEROFOR model are worth noting. Firstly, HETEROFOR does not model 

the effect of water stress on phenology, notably on bud break and leaf senescence, whereas empirical 

studies show that drought can change these dates and in turn affect the length of the growing season and 

the productivity (de Wergifosse et al., 2020). Secondly, the nutrient cycling module remains incomplete. 

Nitrogen and phosphorus are not dynamically simulated, leading to a likely overestimation of the carbon 

fertilization effect, as discussed in section 4.2. Thirdly, the cavitation module, although promising, has 

only recently been added to the model and has not yet been formally evaluated, which justified the use 

of the model without this module as a reference configuration in this study. 

Furthermore, the assessment of the water stress indicator presented in section 3.1.2 has two specific 

limitations. Firstly, the relative transpiration deficit indicator, unlike the count of stress days based on 

the REW, could not be validated against independent field observations, due to the lack of available sap 

flow or transpiration measurements at the study sites. Its agreement with the reference indicator 

therefore reflects only internal consistency within the model, not external validation. Secondly, the 

choice of threshold and of the REW indicator was made a priori, based on the calibration described in 

section in the methodology, and was then confirmed a posteriori by the comparisons presented in section 

3.1.2, rather than through an a priori selection from among several candidate indicators. 

Beyond the model itself, several methodological choices limit the scope of the conclusions. The main 

limitation is the use of a single climate model (GFDL-ESM4) and emission scenario (SSP3-7.0). The 

inter-model uncertainty in the CMIP6 projections is considerable for Europe, and the results obtained 

here, notably the timing of the NPP-temperature changeover documented in section 4.3, could vary 

significantly depending on the climate model used. The exploration of other scenarios would also help 

to assess how far an ambitious mitigation path could avoid or delay this shift. Moreover, the study is 

limited to five hardwood plots spread over three Walloon sites. Although these sites represent the main 

bioclimatic zones of Wallonia, coniferous stands, which occupy a significant part of the Walloon forest 

territory, are not represented, which limits the generalization of the conclusions to all Walloon forests. 

It should also be noted that to isolate the effect of the species from that of the soil, the same pedological 

profile was used for both plots of the same site, which constitutes a simplification compared to the reality 

on the ground. Finally, forestry has been kept constant between scenarios in order to isolate the climate 

effect, which does not reflect the silvicultural adaptations that could be implemented in response to the 

projections documented here. 

A main limitation of this thesis concerns the combination of two distinct climate data sources for the 

historical and future periods, with IRM observations and bias-corrected GFDL-ESM4 simulations. As 
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discussed in section 4.6, this design introduces a residual bias between the two periods that is 

independent of any actual climate change, which complicates the interpretation of the comparisons 

between past and future.  

Furthermore, most comparisons presented in this study contrast the historical and future periods as two 

aggregated blocks rather than describing the continuous trajectory between them. Except where time-

series or sub-period analyses were specifically conducted (sections 3.3.3 and 3.4.2), this approach does 

not capture how and when indicators evolve within each period, and could mask non-linear dynamics 

such as the temperature-NPP regime shift itself. 

These limitations lead to several research perspectives. A multi-model and multi-scenario approach 

would better constrain the uncertainty around the timing and magnitude of the productivity shift 

documented here. It is also important to extend the simulations to Walloon coniferous stands, in 

particular for species such as Norway spruce or Douglas fir whose vulnerability to water stress is 

documented but not quantified in this framework. From the forest management point of view, the results 

of this study have practical implications for the adaptation of the Walloon forests. The higher hydraulic 

resilience of oak to increasing water stress, reported in section 4.3, indicates that promoting this species 

in future silviculture, particularly on poorly buffered soils, is a relevant adaptation pathway. This 

recommendation is embedded in a broader framework. Recent studies reveal that intrinsic species 

resistance is the dominant factor of drought-induced mortality risk (Decarsin et al., 2024), and that 

species diversification significantly reduces the variability of survival under stress conditions, with 

mixed stands suffering on average 20% less damage than monocultures (Blondeel et al., 2024). These 

projections therefore suggest a progressive diversification of species in Walloon forests, combining 

species with contrasting hydraulic strategies, and an adaptation of silvicultural practices before the 

regime shift documented in section 4.4 is reached. 
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Conclusion 

 

Temperate European forests are facing an acceleration of climate change whose trajectory exceeds what 

current climate models are able to reproduce faithfully. In this context, the quantification of impacts at 

the plot scale, taking into account the diversity of soils, species and forest structures of Wallonia, is an 

essential foundation for any forest adaptation strategy. This work attempted to address this need by 

simulating, using the HETEROFOR model, the response of five Walloon stands dominated by common 

beech and sessile oak to a climate change scenario covering the period 1961-2100. 

Before interpreting the simulations' results, the validity of the model was established on two types of 

variables. Water dynamics are well reproduced at all sites, which provides a solid basis for the results 

related to water stress. The growth performance is more variable, especially at Chimay, where the 

atypical structure of the stand and the absence of biotic disturbances in the model limit the 

representativeness of the simulations. A systematic positive bias in simulated growth suggests that the 

absolute values of NPP should be interpreted with caution, without questioning the consistency of trends 

and relative comparisons between sites and species. Moreover, the analysis of the biases of the GFDL-

ESM4 climate model reveals a paradoxical situation. This model overestimates absolute temperatures 

while underestimating the rate of recent warming. These two biases act in opposite directions on forest 

projections, one tends to overestimate future stress, the other to delay it. It is therefore not possible to 

conclude that the projections presented are systematically pessimistic or optimistic, but only that they 

are affected by an uncertainty that depends on the indicator and the time horizon considered. 

The simulations reveal a profound transformation of the climatic conditions to which the Walloon forests 

will face by 2100. The median water stress doubles between the historical period and the future, and its 

episodic nature gradually gives way to chronic stress that reduces the recovery window of trees between 

episodes. This transition manifests itself differently depending on the site. In Baileux, it is the 

lengthening of the episodes that dominates, while in Louvain-la-Neuve, whose soil historically had a 

large buffer capacity, it is the multiplication of their frequency. In both cases, the result is an increasing 

and more permanent pressure on trees, whose consequences for productivity increase with time. 

One of the most striking results of this work is that productivity’s response to these new conditions 

follows a three-phase trajectory. After a moderate increase during the historical period, the average NPP 

peaks around 2055-2060 before gradually declining, to the point of erasing, by 2100, almost all the gains 

accumulated during the 20th century. This switch reflects a reversal of the role of temperature: a 

stimulating factor under past conditions, it becomes a limiting factor as soon as it is combined with a 

water deficit intense enough to force stomatal closure and amplify respiratory costs. This trajectory, 

consistent with independent projections from other European forest models, highlights that the window 

of opportunity to act on forest composition and structure is limited in time. 

The contrasts between species directly shed light on the available levers for adaptation. Sessile oak, with 

superior xylem hydraulic conductivity and greater stress tolerance, maintains remarkably stable 

productivity throughout the future period in most sites, whereas the common beech sees its relationship 

to temperature reverse as early as the historical period on the most stressed sites. This difference in 

hydraulic strategy between the two species, consistent with the ecophysiological literature, results in a 

growing productivity gap by 2100. It suggests that promoting sessile oak, especially on soils with low 

water reserves, represents a relevant adaptation path for Walloon forest managers, if this forestry 

transition is initiated before the chronic stress regime documented here is fully installed. 
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This work has several limitations that define its scope and open research perspectives. The use of a 

single climate model and a single emission scenario does not make it possible to constrain the 

uncertainty about the precise moment of the productivity shift, which could be advanced or delayed 

depending on the actual trajectory of warming. The absence of other species like coniferous stands, 

which represent a significant fraction of the Walloon forests, limits the generalization of the conclusions. 

The integration of adaptive silvicultural scenarios in future work would be a decisive step towards 

translating the results of this study into operational recommendations for Walloon forest managers. 
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Appendices 

Appendix A :  

 

 

Figure A1. Daily time series of relative extractable water (REW) for the three evaluation sites, comparing observed values 

(red) with simulated values without cavitation module (grey) and with cavitation module (green dashed). Gaps in the observed 

series reflect periods without measurements. 
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Table A1. HETEROFOR model evaluation metrics for soil water dynamics (relative extractable water and soil water content 

by horizon) without the cavitation module. Bias = mean difference (simulated − observed); RMSE = root mean square error; 

r = Pearson correlation coefficient; n = number of daily observations. 

Site Variable Horizon Bias RMSE Pearson r n 

Baileux 

beech 

Relative extractable water 

(REW) global -0.053 0.17 0.881 4238 

Baileux 

beech Soil water content by horizon horizon 2 0.079 0.096 0.294 168 

Baileux 

beech Soil water content by horizon horizon 3 0.02 0.036 0.831 4238 

Baileux 

beech Soil water content by horizon horizon 4 0 0.026 0.839 4238 

Baileux 

beech Soil water content by horizon horizon 5 0 0.029 0.865 4238 

Baileux 

beech Soil water content by horizon horizon 6 0.081 0.086 0.858 168 

Baileux 

beech Soil water content by horizon horizon 7 0.086 0.093 0.902 168 

Baileux oak 

Relative extractable water 

(REW) global -0.046 0.122 0.916 4010 

Baileux oak Soil water content by horizon horizon 2 0.11 0.12 0.444 168 

Baileux oak Soil water content by horizon horizon 3 0.157 0.159 0.865 4238 

Baileux oak Soil water content by horizon horizon 4 0.096 0.101 0.868 4238 

Baileux oak Soil water content by horizon horizon 5 0.097 0.1 0.868 4238 

Baileux oak Soil water content by horizon horizon 6 0.12 0.121 0.845 168 

Baileux oak Soil water content by horizon horizon 7 0.085 0.086 0.924 168 

Chimay 

Relative extractable water 

(REW) global -0.063 0.181 0.883 2075 

Chimay Soil water content by horizon horizon 3 0.005 0.043 0.837 1937 

Chimay Soil water content by horizon horizon 4 0.011 0.028 0.929 1957 

Chimay Soil water content by horizon horizon 5 -0.004 0.022 0.871 1727 

Chimay Soil water content by horizon horizon 6 0.002 0.023 0.774 1726 
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Table A2. HETEROFOR model evaluation metrics for soil water dynamics (relative extractable water and soil water content 

by horizon) with the cavitation module activated. Bias = mean difference (simulated − observed); RMSE = root mean square 

error; r = Pearson correlation coefficient; n = number of daily observations. 

Site Variable Horizon Bias RMSE Pearson r n 

Baileux 

beech 

Relative extractable water 

(REW) global -0.032 0.178 0.857 4238 

Baileux 

beech Soil water content by horizon horizon 2 0.08 0.094 0.386 168 

Baileux 

beech Soil water content by horizon horizon 3 0.022 0.039 0.803 4238 

Baileux 

beech Soil water content by horizon horizon 4 0.003 0.027 0.821 4238 

Baileux 

beech Soil water content by horizon horizon 5 0.004 0.031 0.844 4238 

Baileux 

beech Soil water content by horizon horizon 6 0.076 0.081 0.889 168 

Baileux 

beech Soil water content by horizon horizon 7 0.078 0.086 0.9 168 

Baileux oak 

Relative extractable water 

(REW) global -0.099 0.161 0.906 4010 

Baileux oak Soil water content by horizon horizon 2 0.02 0.067 0.773 4010 

Baileux oak Soil water content by horizon horizon 3 -0.002 0.03 0.838 4010 

Baileux oak Soil water content by horizon horizon 4 -0.058 0.062 0.831 168 

Baileux oak Soil water content by horizon horizon 5 0.002 0.032 0.844 4010 

Baileux oak Soil water content by horizon horizon 6 -0.023 0.03 0.842 168 

Baileux oak Soil water content by horizon horizon 7 -0.006 0.029 0.879 4010 

Baileux oak Soil water content by horizon horizon 8 -0.039 0.042 0.921 168 

Chimay 

Relative extractable water 

(REW) global -0.169 0.264 0.852 2075 

Chimay Soil water content by horizon horizon 3 -0.009 0.054 0.774 1937 

Chimay Soil water content by horizon horizon 4 -0.007 0.034 0.909 1957 

Chimay Soil water content by horizon horizon 5 -0.011 0.028 0.827 1727 

Chimay Soil water content by horizon horizon 6 -0.013 0.029 0.759 1726 
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Appendix B :  

 

 

Figure B1.  Site and species effects on water stress (a-b) and NPP (c-d) under historical and future CO₂ constant scenarios, 

with the cavitation module. 
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Figure B2. NPP vs water stress for all plots under CO₂ constant scenarios, with the cavitation module. Colour indicates mean 

summer temperature. Dashed line = linear regression, drawn when the correlation is statistically significant. * p < 0.05. 



79 

 

 

 

Figure B3. Spearman correlations between climatic variables and forest indicators across all plots, with the cavitation module. 

Filled symbols indicate significant correlations (p < 0.05). 
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Figure B4. Defoliation vs water stress for all plots under CO₂ constant scenarios, with the cavitation module. Colour indicates 

mean summer temperature. Dashed line = linear regression, drawn when the correlation is statistically significant. * p < 0.05. 
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Figure B5. NPP vs mean summer temperature for all plots under CO₂ constant scenarios, with the cavitation module. Colour 

indicates decade. 
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Figure B6. Mean time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) averaged across all five 

plots, with the cavitation module activated. Thick lines = 10-year moving averages; thin lines = annual values. Dotted vertical 

line = 2024 transition. 
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Figure B7. Historical vs future distributions of water stress (a), NPP (b) and defoliation (c) across all plots, with the cavitation 

module. Dashed lines indicate medians. 
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Figure B8. NPP in dry vs normal years for all plots, with the cavitation module. Dry years defined as years exceeding the 90th 

percentile of water stress, computed separately for each period. 
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Appendix C 

 

 

Figure C1. Median annual defoliation components across all plots for the historical period (1961-2024), with and without the 

cavitation module. Each group of bars shows, from left to right, the configuration without cavitation (solid fill) and with 

cavitation (hatched fill). Blue indicates competition-driven defoliation and red indicates cavitation-driven defoliation. Total 

bar height represents total defoliation. Values above bars indicate total median defoliation (%). 

 

 

 

 

Figure C2. Median annual defoliation components across all plots for the future period (2025-2100), with and without the 

cavitation module. Each group of bars shows, from left to right, the configuration without cavitation (solid fill) and with 

cavitation (hatched fill). Blue indicates competition-driven defoliation and red indicates cavitation-driven defoliation. Total 

bar height represents total defoliation. Values above bars indicate total median defoliation (%). 
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Appendix D 

 

 

Figure D1. Standardised regression coefficients of the multiple regression model NPP ~ Temperature + Water stress + 

Temperature×Water stress, fitted separately for beech (left) and oak (right) and for the historical (1961-2024, blue) and future 

(2025-2100, orange) periods, controlling for site effect. Predictors are centred and scaled to allow direct comparison of 

coefficients. Transparent bars indicate non-significant coefficients (α < 0.05). Error bars represent 95% confidence intervals. 

Adjusted R² values are indicated for each period. All simulations use a constant CO₂ concentration without the cavitation 

module. 

 

 

 

Figure D2. Standardised regression coefficients of the multiple regression model NPP ~ Temperature + Water stress + 

Temperature×Water stress, fitted separately for beech (left) and oak (right) and for the historical (1961-2024, blue) and future 

(2025-2100, orange) periods, controlling for site effect. Predictors are centred and scaled to allow direct comparison of 

coefficients. Transparent bars indicate non-significant coefficients (α < 0.05). Error bars represent 95% confidence intervals. 

Adjusted R² values are indicated for each period. All simulations use a constant CO₂ concentration with the cavitation module 

activated. 
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Appendix E 

 

 

Figure E1. Time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) for LLN oak, under constant 

CO₂ scenarios. Thick lines = 10-year moving averages; thin lines = annual values. Dotted vertical line = 2024 transition. 

 

 

Figure E2. Time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) for LLN beech, under constant 

CO₂ scenarios. Thick lines = 10-year moving averages; thin lines = annual values. Dotted vertical line = 2024 transition. 
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Figure E3. Time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) for Chimay oak,  under constant 

CO₂ scenarios. Thick lines = 10-year moving averages; thin lines = annual values. Dotted vertical line = 2024 transition. 

 

 

Figure E4. Time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) for Baileux oak, under constant 

CO₂ scenarios. Thick lines = 10-year moving averages; thin lines = annual values. Dotted vertical line = 2024 transition. 
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Figure E5. Time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) for Baileux beech,  under 

constant CO₂ scenarios. Thick lines = 10-year moving averages; thin lines = annual values. Dotted vertical line = 2024 

transition. 

 

 

 

Figure E6. Time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) averaged across the three oak 

plots (Baileux, Chimay, LLN), under constant CO₂ scenarios. Thick lines = 10-year moving averages; thin lines = annual 

values. Dotted vertical line = 2024 transition. 
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Figure E7. Time series of NPP, GPP (upper panel) and LAI, transpiration deficit (lower panel) averaged across the two beech 

plots (Baileux, LLN), under constant CO₂ scenarios. Thick lines = 10-year moving averages; thin lines = annual values. Dotted 

vertical line = 2024 transition. 
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Appendix F 

 

 

 

Figure F1. Historical vs future distributions of NPP across all plots. Dashed lines indicate medians. 
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Figure F2. Historical vs future distributions of water stress across all stands. Dashed lines indicate medians. 
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Figure F3. Historical vs future distributions of defoliation across all stands. Dashed lines indicate medians. 
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Appendix G 

 

Table G1 : Continuous REW trends at LLN (Mann-Kendall/Sen slope), IRM vs GFDL-ESM4, without cavitation. 

Species Metric IRM slope IRM p GFDL slope GFDL p 

Beech REW mean -0.00131 0.0001 -0.00024 0.3021 

Beech REW min -0.00148 0 -0.00009 0.6607 

Oak REW mean -0.00148 0.0006 -0.00039 0.1202 

Oak REW min -0.00178 0.0009 -0.00036 0.2751 

 

 

 

 

 

Figure G1 : Continuous relative extractable water (REW, mean and minimum annual values) at LLN, for IRM (observed), 

IRM+bias (IRM data shifted to GFDL-ESM4's mean summer temperature level, real IRM trend and interannual variability 

preserved), and GFDL-ESM4, without cavitation. Despite IRM+bias and GFDL-ESM4 sharing the same mean temperature 

level over the full period, IRM+bias declines markedly more than GFDL-ESM4, particularly over the most recent years: 

because the constant offset equalises the overall mean rather than each individual year, it also carries forward IRM's true 

recent acceleration and its full interannual variability, neither of which GFDL-ESM4 reproduces (attenuated interannual 

variance, see section 3.4.1). For beech, minimum REW under IRM+bias approaches a floor value for most years after 

approximately 2000, indicating that this metric reaches a physical lower limit under this configuration. 
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Table G2 : Continuous REW trends at LLN (Mann-Kendall/Sen slope), IRM vs GFDL-ESM4, with cavitation activated in both 

cases. 

Species Metric 
IRM_cavit 

slope 
IRM_cavit p 

GFDL_cavit 

slope 
GFDL_cavit p 

Beech REW mean -0.00293 0 -0.0003 0.5218 

Beech REW min -0.00451 0 0 0.1314 

Oak REW mean -0.00302 0 -0.00091 0.0242 

Oak REW min -0.00434 0 0 0.236 

 

 

Table G3 : Continuous REW trends at LLN (Mann-Kendall/Sen slope), IRM vs IRM+bias. 

Species Metric IRM slope IRM p 
IRM_adj 

slope 
IRM_adj p 

Beech REW mean -0.00131 0.0001 -0.00221 0.0001 

Beech REW min -0.00148 0 0 0.0007 

Oak REW mean -0.00148 0.0006 -0.00261 0.0001 

Oak REW min -0.00178 0.0009 -0.00308 0.0001 
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Appendix H 

 

Table H1. Trend slopes for water stress by 20-year block (Method B, without cavitation), for all sites and species. 

Site Species Block IRM slope IRM p GFDL slope GFDL p 

Baileux beech 1965-1984 0.7158 0.6575 0.094 0.9038 

Baileux beech 1985-2004 1.8098 0.1511 0.6361 0.4778 

Baileux beech 2005-2024 -0.5256 0.7636 0.1699 0.6993 

Baileux oak 1965-1984 0.806 0.6338 0.5113 0.502 

Baileux oak 1985-2004 1.2053 0.3414 -0.5256 0.6148 

Baileux oak 2005-2024 -0.8519 0.6571 -0.2985 0.6025 

Chimay oak 1965-1984 -1.0632 0.4757 -0.7789 0.443 

Chimay oak 1985-2004 1.7068 0.177 0.4789 0.7524 

Chimay oak 2005-2024 -0.7624 0.6458 0.0504 0.9541 

LLN beech 1965-1984 0.106 0.8026 -0.6662 0.3498 

LLN beech 1985-2004 -0.2218 0.614 0.4008 0.3365 

LLN beech 2005-2024 1.5955 0.0685 -0.6895 0.2789 

LLN oak 1965-1984 0.009 0.8026 -1.203 0.053 

LLN oak 1985-2004 -0.2797 0.6289 0.3564 0.0865 

LLN oak 2005-2024 2.1391 0.0439 -0.5729 0.4467 

 

 

 

Table H2. Trend slopes for NPP by 20-year block (Method B, without cavitation), for all sites and species. 

Site Species Block IRM slope IRM p GFDL slope GFDL p 

Baileux beech 1965-1984 -4.0017 0.0525 -5.3494 0.0233 

Baileux beech 1985-2004 3.5704 0.0251 2.0233 0.3552 

Baileux beech 2005-2024 -3.6536 0.0904 -1.6714 0.3408 

Baileux oak 1965-1984 -3.459 0.0931 -4.9211 0.0402 

Baileux oak 1985-2004 10.3435 0 9.6523 0.0006 

Baileux oak 2005-2024 -0.6664 0.7483 2.2799 0.1902 

Chimay oak 1965-1984 -0.51 0.7623 -1.6439 0.3966 

Chimay oak 1985-2004 3.3121 0.0644 0.0074 0.9963 

Chimay oak 2005-2024 -3.3394 0.0825 1.5569 0.2323 

LLN beech 1965-1984 -4.7216 0.006 -2.3584 0.1272 

LLN beech 1985-2004 2.9154 0.2217 1.3237 0.6524 

LLN beech 2005-2024 -7.8319 0.0014 -0.2434 0.8409 

LLN oak 1965-1984 -4.3486 0.006 -3.8482 0.042 

LLN oak 1985-2004 8.4968 0 7.9644 0.0001 

LLN oak 2005-2024 0.6218 0.6763 4.677 0.0012 
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Table H3. Trend slopes for defoliation by 20-year block (Method B, without cavitation), for all sites and species. 

Site Species Block IRM slope IRM p GFDL slope GFDL p 

Baileux beech 1965-1984 -0.1373 0.0391 -0.1599 0.0123 

Baileux beech 1985-2004 -0.0948 0.0012 -0.0477 0.0107 

Baileux beech 2005-2024 -0.0362 0.0187 -0.0158 0.1332 

Baileux oak 1965-1984 -0.0851 0.0099 -0.1307 0.0011 

Baileux oak 1985-2004 -0.0071 0.7842 0.1001 0.0007 

Baileux oak 2005-2024 0.3398 0 0.3029 0.0048 

Chimay oak 1965-1984 0.0728 0.0001 -0.4596 0 

Chimay oak 1985-2004 -0.1087 0.0017 -0.0081 0.7899 

Chimay oak 2005-2024 -0.024 0.3767 0.1597 0.2352 

LLN beech 1965-1984 0.1584 0.04 0.1923 0.004 

LLN beech 1985-2004 -0.1593 0.0634 -0.0861 0.2679 

LLN beech 2005-2024 0.1613 0.0711 -0.1067 0.0055 

LLN oak 1965-1984 0.0768 0.0002 0.0705 0.0001 

LLN oak 1985-2004 0.136 0.0007 0.2798 0 

LLN oak 2005-2024 0.3292 0 0.1537 0.0047 
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Appendix I 

 

 

Figure I1 : Comparison of trend slopes (1961-2024) between IRM- and GFDL-ESM4-forced simulations, with cavitation 

activated in both cases, for water stress days (A), NPP (B), and total defoliation (C). Same conventions as Figure 20 (without 

cavitation). 
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Figure I2 :  Slope difference (GFDL-ESM4 − IRM) by 20-year block, with cavitation activated in both cases, for water stress 

days (A), NPP (B), and total defoliation (C). Same conventions as Figure 21 (without cavitation). 

 



100 

 

 

Figure I3 : Sensitivity of each indicator to warming, compared between IRM and GFDL-ESM4, with cavitation activated in 

both cases. Same conventions as Figure 22 (without cavitation). 
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Figure I4 : Trend slope (1961-2024) under three successive climate configurations, with cavitation activated throughout: 

IRM+cavitation (observed climate), IRM+cavitation+bias (IRM's trend and interannual variability, with mean temperature 

level adjusted to that of GFDL-ESM4), and GFDL-ESM4+cavitation, for water stress days (A), NPP (B), and total defoliation 

(C). Same conventions as Figure 23 (without cavitation): the first segment (solid line) isolates the effect of temperature level 

alone; the second segment (dashed line) isolates a residual effect once this level is equalised, including in particular the climate 

trend. Each colour represents a site × species combination (see legend). Filled markers indicate a statistically significant slope 

(p < 0.05), open markers a non-significant slope. 
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Appendix J 

 

 

 

Figure J1 : Summer (June-August) mean temperature time series for the three climate forcings used in the level/residual effect 

test (section 3.4.3): IRM (observed), IRM+bias (IRM data shifted by a constant offset to reach GFDL-ESM4's mean summer 

temperature), and GFDL-ESM4, for Baileux, Chimay, and LLN (1961-2024). The close alignment between IRM and IRM+bias 

confirms that the interannual variability and trend of IRM are preserved in the synthetic dataset, with only the mean level 

shifted. 
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Modelling the response of forests to climate change: the impact of 

drought. 

The case of Walloon forests simulated with the HETEROFOR model 

 

Walloon forests cover nearly a third of the region's territory and are increasingly exposed to climate 

change. However, its precise impact on tree productivity, water stress and vitality remains poorly 

quantified at the stand scale. This is further complicated by the fact that climate models tend to 

underestimate the rate of recent warming observed in Europe, which raises questions about the reliability 

of forest projections based on them. This master thesis addresses both issues: it quantifies how climate 

change affects Walloon forests using a process-based model, and assesses how far biases in the climate 

data used propagate into these projections. 

The study uses the HETEROFOR model to simulate five stands dominated by common beech and sessile 

oak across three sites (Baileux, Chimay, Louvain-la-Neuve), chosen to represent the pedo-climatic 

diversity of Wallonia. Simulations cover the historical period (1961-2024, forced by observed IRM data) 

and the future period (2025-2100, forced by the GFDL-ESM4 model under scenario SSP3-7.0). Eight 

simulation configurations were designed to isolate the effects of CO₂ fertilisation and of a hydraulic 

cavitation module. An additional set of historical simulations forced by GFDL-ESM4 was used to 

quantify how the biases of this climate model propagate through HETEROFOR. 

Water stress is projected to roughly double by 2100, shifting from occasional episodes to a near-

permanent condition that leaves trees little time to recover between stress periods. Net primary 

productivity follows a three-phase trajectory: a moderate historical increase, a peak around 2055–2060, 

and a subsequent decline that erases most of the gains accumulated over the 20th century, as rising 

temperature switches from a stimulating to a limiting factor once combined with intensifying water 

deficit. Sessile oak, owing to a higher hydraulic conductivity, maintains markedly more stable 

productivity than common beech, whose relationship with temperature deteriorates earlier under stress. 

Regarding climate model biases, GFDL-ESM4 was found to overestimate absolute temperature levels 

(+0.9 to +2.3°C depending on the site) while simultaneously underestimating the recent warming trend 

relative to IRM observations. These two biases pull the projections in opposite directions, and their 

relative weight varies by site and indicator, so no single correction can be applied uniformly across the 

results. 

Overall, this work shows that Walloon forests face a strong intensification of water stress, and that the 

window to adapt forest composition before productivity gains are reversed is limited. Sessile oak 

emerges as a more resilient species than beech under these conditions, supporting its promotion, together 

with broader species diversification, as an adaptation strategy. The analysis of climate model biases also 

shows that they do not simply make the projections too pessimistic or too optimistic overall: their effect 

depends on the site and indicator considered and cannot be corrected with a single adjustment.  
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