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FOREWORD 

This project finds his roots in a working group on the impact of climate change emanating from the ELI2020 

initiative (Topic A. What are the climate change impacts on hydrosphere, ecosystems, biodiversity, 

biogeochemical cycles, agriculture, and health? How are the natural systems responding to observed climate 

change and expected to respond to projected climate change scenarii?). My two supervisors, Mathieu Jonard and 

Hugues Goosse who are working in the fields of forest modelling and climatology, decided to launch a project to 

study the impact of climate change on forest growth, which would benefit from their complementary expertise. 

With a bachelor in Geography and a master in Climatology, and after completing a master thesis with Hugues 

Goosse, my polyvalent and multidisciplinary profile seemed to fit with this study project and we decided to build 

a PhD project together. 

The initial idea was to simulate the future evolution of European temperate forest dynamics according to different 

climate scenarios while accounting for the different uncertainty sources along the modelling process. With time, 

the aim of my thesis progressively shifted from the uncertainty characterisation to the assessment of the stand 

structure impact on forest response to climate change, given the particularities of the tree growth model used. 

In Europe, forests cover approximatively 35% of land area (Korhonen et al., 2020) and offer a vast amount of 

goods and services: wood and non-wood production, biodiversity conservation, soil and water protection, carbon 

storage, recreation (Hassan et al., 2005; Haines-Young and Potschin, 2018). Environmental modifications induced 

by climate change are already affecting forest growth and dynamics and threaten the provision of these ecosystem 

services. Warmer temperatures have induced a lengthening of the growing season in temperate and boreal climate 

(Menzel et al., 2006; Jeong et al., 2011; Fu et al., 2014; Park et al., 2016) and shifts in the latitudinal and altitudinal 

species distribution (Delzon et al., 2013; Rigling et al., 2013). More frequent and severe drought episodes have 

locally led to productivity decline (Boisvenue and Running, 2006; Ruiz-Benito et al., 2014; Charru et al. 2017), 

defoliation (Carnicer et al., 2011) and vitality loss (Allen et al., 2010; Greenwood et al., 2017), which in turn have 

favoured biotic and abiotic disturbances (Carvalho et al., 2011; Seidl et al., 2011; Jactel et al., 2021). 

Given the future climate projections, it is likely that these trends will accelerate in the future and have an impact 

on European forest state (Lindner et al., 2014). However, whether the stands are located at the warm, cold or dry 

margin of their tree species distribution range, they are not expected to be affected the same way (Jump et al., 

2006; Goldblum, 2010; Martin-Benito and Pederson, 2015; Dulamsuren et al., 2017). In addition, the stand 

characteristics (specific composition, density, development stage and structure) and soil properties (water retention 

capacity, chemical richness) will also modify the response to climate change, which complicates the projections 

of the future forest state. 

While the soil and climate conditions can hardly be modified to adapt forests to future conditions, stand 

characteristics can be modulated by forest practices. A promising approach to increase the forest resilience to 

abiotic and biotic stressors is to favor uneven-aged structure and species mixture (Thompson et al., 2009; Oliver 

et al., 2015). Models able to simulate the response of structurally-complex stands to climate change are therefore 

crucial to elaborate new management systems favoring forest resilience. 
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In this project, using an individual-based and spatially explicit tree growth model, I seek to bring some light to the 

question: “How climate change will affect oak and beech tree growth in European temperate forests and how this 

response will be modulated by the local soil, stand and climate conditions?”  
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CHAPTER 1 

STATE OF THE ART 

1. DEFINITION OF THE STUDIED SYSTEM 

1.1. DEFINITION OF THE FOREST ECOSYSTEM AND ITS COMPONENTS 

In this first section, I define the notions of forest, the studied system, and how it will be considered in the project. Indeed, 

even if trees are a major element of it, a forest is more than a simple cluster of trees. The notion of ecosystem allows to 

encompass that complexity. According to the definition of the Convention on Biological Diversity, “A forest ecosystem 

can be defined at a range of scales. It is a dynamic complex of plant, animal and micro-organism communities and their 

abiotic environment interacting as a functional unit, where trees are a key component of the system. Humans, with their 

cultural, economic and environmental needs are an integral part of many forest ecosystems”. According to this definition, 

the forest ecosystem is a multi-component, entangled system dominated by trees and composed of a biotic component 

with plants, animals, bacteria and fungi, and an abiotic component forming the habitat, which consists in the 

physicochemical environment (Bargali, 2018). 

Another important notion in the forestry area is the concept of site. Skovsgaard and Vanclay (2008) propose two 

definitions, a general one stating that the site corresponds to “a geographic location that is considered homogeneous in 

terms of its physical and biological environment” and a second one, more forestry-oriented, considering that a “site is 

usually defined by the location’s potential to sustain tree growth, often with a view to site-specific silviculture”. In other 

terms, the site is the combination of soil, climate, topography and vegetation characteristics that drives the forest 

productivity potential so that two similar sites experiencing the same management should have the same productivity 

(Skovsgaard and Vanclay, 2013). One might consider only the physical environment (soil and climate) to define the site 

but, as forest productivity is dependent on tree species (site index hypothesis) and stand structure, we choose to include 

the stand component in our site definition. In my thesis, I attempt to simulate the response of a system (the forest 

ecosystem) to an external disturbance (climate change) and to analyse how this response depends on the site 

characteristics. 

Given the multiple spatial and temporal scales that govern the ecosystem functioning (Levin, 1992; Chave, 2013), 

apprehending all the ecosystem complexity is not possible. Furthermore, a model is always a simplification of the reality 

and, consequently, several ecosystem components and processes will always be coarsely represented or even absent in a 

model. The biotic component of the ecosystem considered in this study is restricted to the ensemble of individual trees 

and the understorey vegetation taken as a whole. Therefore, animals, bacteria and fungi are not taken into account even 

if some of the processes in which they are involved are considered. The physicochemical environment is constituted of 

the soil and the atmosphere. The biotic component and the physicochemical environment are dynamic elements 

continuously interacting.  

Inversely, the site characteristics are generally considered as static or representative of a long period and I separated them 

in three components: soil, climate and stand. According to the USDA, the soil is “a natural body comprised of solids 

(minerals and organic matter), liquid, and gases that occurs on the land surface, occupies space, and is characterized 

by one or both of the following: horizons, or layers, that are distinguishable from the initial material as a result of 
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additions, losses, transfers, and transformations of energy and matter or the ability to support rooted plants in a natural 

environment” (Soil Survey Staff, 2014). In my thesis, the soil is seen as the layer between the bedrock and the atmosphere 

where plants grow, and which is divided in different horizons displaying the following homogeneous properties: 

thickness, bulk density, coarse fraction, texture (proportion of sand, silt and clay), hydraulic properties (saturated, field 

capacity and wilting point water content), and root distribution. The root distribution in the soil depends both on the soil 

properties (soil depth, texture and coarse fraction) and the type of vegetation but it will be considered here as part of the 

soil component. Given the relatively slow changes occurring in the soil, considering the soil physical characteristics 

constant during the time period used for simulations is a reasonable approximation (Cools and De Vos, 2013).  

The climate as defined by the IPCC is the “statistical description of the weather in terms of the mean and variability over 

a period of time ranging from months to thousands or millions of years”. Indeed, climate conditions are characterized by 

an important temporal variability due to its highly non-linear and chaotic nature (Lorenz, 1963) and the interactions of 

daily, seasonal and decadal cycles. In order to represent all this variability in a fixed value, it must be described over an 

appropriate timescale. In the study, the variables accounted for are the air temperature, relative humidity, short-wave 

incident radiation, rainfall, wind speed and wind direction, averaged over 30 year-periods as advocated by the World 

Meteorological Organization.  

For a tree species in a pure even-aged stand, the site productivity can be characterized based on the dominant height 

(height of the 100 highest trees per hectare) at a given age (site index hypothesis). In addition to these two variables 

(dominant height and age), stand density, tree size distribution and species proportion as well as the spatial aggregation 

of trees by size and species must also be taken into account to properly describe heterogeneous stands (Del Rio et al., 

2015). The stand density indicates how the resources are shared among trees in an even-aged stand. As a first 

approximation and to some extent, stand density can be reduced without affecting to the total stand productivity, which 

allows the remaining trees to receive more ressources (thinning response hypothesis, Skovsgaard and Vanclay, 2008). 

When the density reduction is too high, the productivity drops because the remaining trees cannot benefit from all the 

available ressources. Stand density can be estimated based on the stem number per unit area, the basal area or the leaf 

area index (LAI).Then, the species composition must be accounted for with information on the different species present 

and their relative abundance, usually with regards to the basal area (sum of the individual trunk section at breast height 

per hectare). To characterize a stand, the tree size distribution is also crucial and provides information on the mean 

development stage in even-aged stands and on the complexity of the structure in uneven-aged stands (Barbeito et al., 

2009). Not only the vertical tree distribution but also the spatial pattern affect the local conditions undergone by individual 

trees. The later represents whether the trees of the same species and/or cohort are aggregated intimately or patch-wise, 

which can be represented by different indices (e.g. Clark and Evans, 1954; Pielou, 1959). In this study, I use the basal 

area, the beech and oak proportion in basal area, the mean dbh (diameter at breast height) and the standard deviation of 

dbh to represent respectively the stand density, species composition, development stage and structural complexity. The 

choice to use the dbh standard deviation instead of that of the height is done for practical reasons as dbh is usually 

measured for all trees of the stand whereas the height is often monitored only for a subset of trees and given that both 

variables are linked. All these properties evolve with time as trees grow and die, and as forest management or mortality 

occur but I define the stand as the state of these variables at the start of the study period (the initial stand conditions). To 

limit the influence of potentially diverging stand properties, simulations do not exceed 15 years in this project. 

1.2. DEFINITION OF THE STUDY ZONE 

Now that the studied system is defined, I will introduce the zone of interest: the deciduous temperate forests located on 

the European continent. According to the last FAO “State of Europe’s forests” survey, realized in 2020, European forests 
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represent a territory of 227 million ha covering 35% of the emerged territories, without considering Russia. At the 

continental scale, 46% of the forests are dominated by coniferous, 37% by broadleaved species and the remaining 17% 

by mixed forests (Korhonen et al., 2020). Only 30% of these forests, mainly coniferous-dominated ones, are monospecific 

while the majority of forests comprise two to five different species (Lier et al., 2020). The main tree genus found in 

Europe are pine, spruce, fir, beech, oak and birch (Mauri et al., 2017; Buras and Menzel, 2019) that together represent 

84% of the forest growing stock. About 28% of European forests are uneven-aged and most of them are deciduous or 

mixed forests. The even-aged forests are mainly at an intermediate development stage (i.e. they stand between 20 and 90 

% of the recommended rotation age). Finally, 94% of forests are considered as semi-natural (i.e. they display 

characteristics of natural ecosystems but are not undisturbed forests or they are old plantations that have not experienced 

intensive management for a long period), 2% are undisturbed forests and 4% are plantations (Korhonen et al., 2020). 

Different ecological zones are found in Europe (Fig. 1.1). They can be characterised by their mean air temperature: polar, 

boreal, temperate and subtropical that can be further subdivided according to the precipitation regime (FAO, 2012a). The 

temperate region displays four to eight months of average temperature over 10°C. This zone, the main in terms of area, 

covers all the continent from West to East and has its Southern margin on the North border of Spain, Italy and Greece 

and its Northern on the South border of Scandinavia (Fig. 1.1). When the coldest month displays values over 0°C, the 

zone is called temperate oceanic and temperate continental when it is below 0°C. The first zone is found closer to the 

Atlantic coast and, for this reason, displays higher rainfall levels and a lower annual temperature amplitude. The typical 

vegetation cover of both regions is deciduous broadleaved forests. Further East, when evapotranspiration exceeds 

transpiration, the temperate steppe region is found. There, the very low rainfall prevents the establishment of vegetation 

other than grass and low shrubs. Finally, the mountainous temperate region is located at high altitudes, dominated by 

coniferous or mixed coniferous-deciduous forests and characterized by 1 to 4 months with negative temperature and 

elevated rainfall due to the positive relationship between precipitation and altitude observed in Europe (Basist et al., 

1994; Johnson and Hanson, 1995). 

 

 
Figure 1.1: Map of the different ecological zones in Europe according to FAO (2012b) (left) and geographical 

division of Europe according to political boundaries in Northern (N), Central-West (CW), Central-East 

(CE), South-West (SW) and South-East (SE) zones (right) 
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Due to the competition with other landcovers, European forests are not evenly distributed across the continent. 31% of 

the European forest area is located in the Northern (N) countries that are sparsely-populated and display a climate too 

cold for agriculture while between 14 and 20% of the area is found in each of the following parts of the continent: Central-

West (CW), Central-East (CE), South-West (SW) and South-East (SE) (Fig. 1.1). However, due to differences in growing 

stock density, CW and CE countries, representing together most of the European temperate zone, share the largest parts 

of growing stock (27 and 33% respectively), followed by N (26%), with values largely superior to SW and SE countries 

(3 and 11%) (Korhonen et al., 2020). 

Moreover, although a typical vegetation can be assigned to the different ecological zones, a much larger diversity is 

present in each of them. For example, 66% of the forested area in Northern Europe, which is mainly located in the mainly 

coniferous boreal domain, is actually coniferous forest while the temperate continental and oceanic zones in CW and CE 

countries display only a slightly larger proportion of deciduous than coniferous forests. This peculiarity can be explained 

by the forest management history of Europe. In the early-Holocene, after the last glacial period, forests in Europe probably 

extended over 80% of the continent surface (Bradshaw and Sykes, 2014; Zanon et al., 2018). Since mid-Holocene, 

humanity has started to modify the European landscape (Kaplan et al., 2009). According to different studies using 

palynological records (e.g. Edwards et al., 2017; Zanon et al., 2018), the forest cover has thus decreased to reach a 

minimum around 1850 (Meyfroidt and Lambin, 2011). This shrinkage originates from the growth of European population 

and the ensuing increase of wood consumption to cook and heat, the forest removal for new agricultural areas, as well as 

the diversification of timber use (for house, ship construction, charcoal) (McGrath et al., 2015). Since 1850, European 

forests have gained territory to reach their current land surface. This afforestataion accompanied the yield increases in 

agriculture generated by technological advancements as well as a change in the perception of the forest (Kaplan et al., 

2012). Indeed, Mather (1992) pointed out that similar conditions in many different European countries led to this 

transition from the reduction to an expansion of the forest land: an increase in the wood demand that lead to a scarcity of 

the forest resources and the perception of a forest crisis. These conditions generally triggered, in turn, a consideration of 

the forest for its economic and protective values and the subsequent implementation of conservation and intensive 

management policies (Mather, 1992; Meyfroidt and Lambin, 2011). The production-oriented management modified the 

species composition of European forests, favouring monospecific plantations of fast-growing coniferous at the expense 

of broadleaved species, explaining the current situation. 

However, with the appearance of close-to-nature forest management promoting mixed and uneven-aged, a reverse trend 

promoting more heterogeneous forests is occurring throughout Europe. Between 2005 and 2015, 1% of the monospecific 

forest area was turned into stands with two to five species (Lier et al., 2020). Similarly, the percentage of uneven-aged 

stands has increased in Europe (Zeller et al., 2021). Quantifying this increase at the continental scale is difficult as 

definitions of “(un)even-aged” can change from one country to the other. Still, the two first surveys “State of Europe’s 

forests” realised in 2003 and 2007 estimated the percentage of uneven-aged forests to be 17 and 13% compared to 32 and 

25% found in the last two surveys (2015 and 2020). Finally, broadleaved forests undergo a sustained increase. Between 

2010 and 2020, at the continental scale, the part of deciduous forests in the total forest area went from 27 to 37% at the 

expense of coniferous and mixed forests in similar proportions (San-Miguel-Ayanz et al., 2011; Korhonen et al., 2020). 

The deciduous forests of the European temperate zone is dominated by two genus: fagus (European beech, Fagus 

Sylvatica L.) and quercus (pedunculate oak, Quercus robur L. and sessile oak, Quercus petraea (Matt.) Liebl) (Fig. 1.2). 

As stated earlier, this forest type represents a bit more than half (with an increasing trend) the area of the European 

temperate forests, which, in turn, represents the main growing stock of Europe’s forests. 
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Figure 1.2: Species distribution of European beech (left) and pedunculate oak (right) represented by the 

frequency of occurrences in observations from National Forest Inventories (maps from the European atlas of 

forest tree species by San Miguel et al., 2016) 

2. RECENT AND FUTURE CLIMATE CHANGE 

Changes in environmental conditions can modify the forest state and dynamics. In some cases, this response is temporary 

and the forest will return to its initial state but in others, modifications can be irreversible and the forest will evolve 

towards a new equilibrium. Climate evolves continuously according to different natural cycles like the daily, seasonal 

and pluri-annual cycles, for which forests are adapted. However, due to the continuous release of greenhouse gas in the 

atmosphere since the industrial revolution, substantial changes in the European climate have been observed at 

unprecedented rates. The air temperature datasets HadCRUT4 (Morice et al., 2012), NOAA Global Temp v5 (Karl et al., 

2015) and GISTEMP v4 (Lenssen et al., 2015) estimate that the temperature during the last decade (2010-2019) was 

between 0.94 and 1.03°C warmer than during the second half of 19th century (1850-1899) at the global scale and between 

1.68 and 1.86°C higher over Europe. Rainfall monitoring is more recent and changes are more spatially variable compared 

to temperature but, according to E-OBS dataset (Haylock et al., 2008), a significant annual precipitation decrease was 

detected up to 90 mm per decade in the Iberian Peninsula, between 1960 and 2015, while rainfall increased over most of 

Scandinavia for the same period with values as high as 70 mm per decade. In terms of variability, an increase in drought 

frequency and severity was registered between 1950 and 2015 (particularly between 1981 and 2015) over Southern 

Europe in summer and spring. Inversely, lower frequency and severity of drought was monitored in Northern Europe, 

particularly during spring and winter (Spinoni et al., 2017). 

In the future, the downscaled climate projections based on the results from 10 simulations including five different global 

climate models (GCM) and six regional climate models (RCM) predict that all European regions are expected to undergo 

substantial warming in all seasons of the year. Compared to the period 1971-2000, the likely increase (66% of the 

projection distribution) in mean annual temperature at the horizon 2071-2100 amounts between 1.4 and 4.1°C for the 

scenario RCP4.5 (moderate scenario) and between 2.7 and 6.2°C for the scenario RCP8.5 (“business-as-usual”). The 

spatial warming pattern displays the highest temperature increase in the Southern region in summer (Juny to August) and 

in Northern and Eastern Europe during winter (December to February) (Fig. 1.3). In addition, more frequent and long 

heat waves are expected in summer particularly in Southern and Western Europe (Jacob et al., 2014).  
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Figure 1.3: Projected changes of seasonal mean temperature in winter (December to February) and summer 

(Juny to August) for 2071–2100 compared to 1971–2000 for scenario RCP8.5 downscaled by the EURO-

CORDEX project based on 10 simulations from 5 different GCM and 6 RCM (Jacob et al., 2014) 

The future change in yearly precipitation is less marked than that of temperature with the continent divided in two parts: 

Southern Europe that will experience less rainfall and Central and North-Eastern Europe higher rainfall with a corridor 

with non-significant change approximately linking the North-West part of France and Albania. Overall, the range of 

precipitation change will extend from -10 to +17% and -21 to +32% under the scenario RCP4.5 and 8.5, respectively. 

Behind this trend, a general tendency is observed with more precipitation in winter and less in summer over most of the 

continent (Fig. 1.4) (Jacob et al., 2014).  

 
Figure 1.4: Projected changes of seasonal precipitation in winter (December to February) and summer (Juny to 

August) for 2071–2100 compared to 1971–2000 for scenario RCP8.5 downscaled by the EURO-CORDEX 

project based on 10 simulations from 5 different GCM and 6 RCM (Jacob et al., 2014) 

To assess the robustness of the projections, the signal-to-noise ratio is often used. It is calculated as the ratio between the 

change in decadal means of a variable divided by the standard deviation of the projections from different GCMs. Values 

superior to one depict a robust signal. For temperature, the signal-to-noise ratio is always superior to one in winter and 

summer over Europe considering the EURO-CORDEX projections. Regarding rainfall, only 22% of Europe, mainly in 

the South-Western part, displays a robust signal (decrease) in precipitation (Matte et al., 2019). For the CMIP5 ensemble, 

almost all models agree on a rainfall increase in winter but considerable differences appear in summer with models 

predicting annual rainfall changes from -180 to +100 mm (Fig. 1.5 right) (McSweeney et al., 2015).  
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Figure 1.5: Average change in mean temperature and precipitation in winter (December to February) and 

summer (Juny to August) projected by the different models of the CMIP5 ensemble by 2080 (McSweeney et al., 

2015). 

3. OBSERVED RESPONSE OF THE FOREST ECOSYSTEM TO CLIMATE CHANGE 

Phenology 

The transition from bud dormancy to budburst is a complex process that includes a sequence of phases where chemical 

and environmental (mainly air temperature) factors successively prevent the bud opening until the right conditions are 

met (Chuine et al., 2016). In autumn, environmental (mainly photoperiod and air temperature but also drought, ozone or 

pest and pathogens) and hormonal factors interact to trigger the leaf fall, which is also affected by the leaf development 

age (Lim et al., 2007). Given the central role of climate conditions in these processes, it is not surprising that phenology 

is affected by ongoing climate changes. 

There are now numerous evidence that the warming experienced over the last decades has increased the length of the 

vegetation period in temperate deciduous forests. In situ as well as satellite observations have pointed out advances in 

tree leafing between 2.5 and 5.2 days/decade in the last decades (Chmielewski and Rötzer, 2001; Zhou et al., 2001; 

Stockli and Vidale, 2004; de Beurs and Hennebry, 2005; Menzel et al., 2006; Jeong et al., 2011; Fu et al., 2014). This 

advance considerably decreased or was even reversed between 2000 and 2012 (Fu et al., 2014; Wang et al., 2015; Park 

et al., 2016) probably due to the reduced air temperature warming (so-called global warming hiatus) (Piao et al., 2019). 

Observations show as well a delay in tree yellowing with values between 0.2 and 1.8 day/decade but in a less marked 

and more heterogenous way (Menzel et al., 2006; Jeong et al., 2011; Liu et al., 2016) that was also paused during the 

period 2000-2012. This lengthening of the growing period has enhanced forest productivity due to a longer period of 

photosynthetic activity (Park et al., 2016; Crabbe et al., 2016; Kolář et al., 2016). 

Paradoxically, the earlier leaf onset induced by warmer temperature has also increased the occurrence of spring frost 

damage in Europe. Observations show that such damages depend on the species response to warming with the more 

opportunistic (quick response to temperature) being the most affected (Vitasse et al., 2014; Hänninen et al., 2016; Ma et 

al., 2018; Liu et al., 2018; Zohner et al., 2020). 
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Water stress 

Transpiration transfers water from the soil, across the tree and to the atmosphere through leaf stomata. Carbon acquisition 

also occurs through these openings, linking the tree carbon and water cycles. Under dry conditions, when the evaporative 

demand is not met by soil water availability, the water flux can be reduced by a partial closure of stomata, which also 

limits the carbon uptake. Tree species that quickly reduce stomatal conductance when they experience water stress like 

beech are called isohydric species. In case of prolonged drought episodes, the insufficient photosynthesis reduces the 

stock of non-strucural carbohydrates and can lead to death through carbon starvation (Fig. 1.6). Inversely, anisohydric 

species like oak keep their stomata open for a larger range of water stress, reducing the risk of carbon starvation. For 

these species, the risk during extreme drought is the appearance of hydraulic failure and irreversible damage to xylem 

vessels transporting water, weakening considerably the tree (Fig. 1.6) (McDowell et al., 2008; Allen et al., 2010; 

Anderegg et al., 2013; Klein, 2014). On the field, this distinction is less marked and evidences of hydraulic conductivity 

loss are ubiquitous in case of drought-induced mortality while signs of carbon starvation are not as common (Adams et 

al., 2017). 

 
Figure 1.6: Theoretical differentiation of isohydric and anisohydric strategies and their relationship to the type 

of drought. Adapted from McDowell et al. (2008). 

Since the middle of the XXth century, the coupled effect of warmer temperature and changes in the seasonal rainfall 

regime has increased the atmospheric evaporative demand and led to more frequent and/or severe summer drought over 

all Europe excepted in Scandinavia and Iceland (Spinoni et al., 2017). In 2003 and 2018, two important drought events 

occurred in many European forests. A strong reduction of forest productivity was registered during these events (Ciais et 

al., 2005; Bréda et al., 2006; Granier et al., 2007; Bastos et al., 2020; Schuldt et al., 2020).  

Higher mortality rates are also documented during extreme drought events (Williams et al., 2013; Neumann et al., 2017; 

Greenwood et al., 2017). However, quantifying the influence of lower magnitude drought events is difficult as mortality 

is usually a complex and long-term process that comprises predisposing, inciting and contributing factors like drought 

and heat stress, fire, windstorm, pests and diseases (Franklin et al., 1987; Hartmann et al., 2018; Losseau et al., 2020). In 

addition, in managed forests like those found in temperate European region, dying and dead trees are removed during 

thinning and cutting operations, which blurs the signal. Then, disentangling the effect of drought episodes on the temporal 

evolution in tree mortality from that of management and normal forest dynamics is challenging. 

Long-term monitoring studies show relatively constant or slightly increasing mortality rates over time for oak and beech. 

Using data from 276 plots in Switzerland covering a time span over one century, Etzold et al. (2019) showed that mortality 
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rates of beech and oak (1.3 and 2.0%/yr, respectively) remained unchanged or even decreased over the last 50 years. The 

ICP level II Forests programm that records defoliation levels (a contributing factor of tree mortality) over nearly 15.000 

sites across Europe display very limited mortality increase of 2.4 and 2.2% over 20 years for beech and oak, respectively 

(Timmerman et al., 2020).  

Species distribution 

Northern and upward movements have been locally detected as a response to rising temperatures at both the cold and 

warm margins of tree species distributions. These so-called migrations are the results of seed dispersal and changes in 

the competition patterns between species and can be initiated or facilitated by management practices (Bolte et al., 2010; 

Bussotti et al., 2015). 

Over the entire Swiss Alps, an upward shift of the tree line (mainly coniferous species but also beech) has been found to 

be primarily driven by land abandonment but was also related to a change in temperature (Gehrig-Falser et al., 2007). 

Similarly, in North-Eastern Spain, beech was found on average 70 m higher at high altitude (1600-1750 m) between 1945 

and 2003 in response to a 1.5°C warming (Penuelas and Boada, 2003). Simultaneously, holm oak progressively replaced 

beech at lower altitudes (800-1400m) (Penuelas et al., 2007). The same trend was highlighted in French Alps with 

pubescent oak replacing pine forests (Rigling et al., 2013).  

At the cold margin of their distribution, holm oaks have colonised northward at rates between 22 and 57 m/yr (Delzon et 

al., 2013) while the beech competitive ability was significantly strengthened in spruce-beech mixed stands in Southern 

Scandinavia (Bolte et al., 2010) and Central Europe (Sedmakova et al., 2019). 

Natural disturbances 

Natural disturbances are usually differentiated in biotic and abiotic disturbances. In Europe, the main abiotic disturbances 

are windthrow and wildfires that both affected approximatively 0.11% of the forest area per year while the main biotic 

agent of disturbance is the bark beetle that damaged 0.02% of timber volume each year between 1850 and 2000 (Schelhaas 

et al., 2003). While being natural phenomena, the damage considerably increased (between +2.6 and +5.3%/yr) over the 

last decades dut to anthropogenic climate change (Schelhaas et al., 2003; Dupire et al., 2017; Gregow et al., 2017; 

Fernandez-Carrillo et al., 2020). Warmer and dryer conditions facilitate the proliferation of bark beetles and the 

occurrence of wildfires. These effects were particularly strong in older stand with high proportion of conifers (Seidl et 

al., 2011). Interestingly, outbreaks of all disturbance types show strong temporal synchronization, which highlights an 

intertwined relationship (Senf and Seidl, 2018). 

The succession of warm periods experienced during the last decade has triggered a considerable increase in insect 

outbreak in Europe and Northern America, particularly in coniferous forests (Millar and Stephenson, 2015; Venäläinen 

et al., 2020; Koontz et al., 2021). For example, in Central Europe, before 2015, around 7% of the harvested wood volume 

was infested by insects. This proportion has dramatically increased over the last five years to reach 70% in 2019 , which 

can be related to the massive bark beatle attack on Norway spruce stands that occurs since 2018 (Fernandez-Carillo et 

al., 2020). 

Productivity 

The different factors presented (vegetation period length, water stress, forest movements and disturbance occurrence) 

coupled to the anthropogenic increase in atmospheric CO2 concentration and in nitrogen deposition have generated 

changes in the forest productivity. Since the middle of 20th century, a global increase of forest productivity has been 

observed, increasing the land carbon sink (Boisvenue and Running, 2006; Bontemps et al., 2011; Fernandez-Martinez et 
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al., 2017). The increase in forest productivity is mainly attributed to the CO2 fertilizing effect and, secondarily, to the 

lengthening of the vegetation period (Bellassen et al., 2011; Zhu et al., 2016; Penuelas et al., 2017). The increase in 

productivity has slowed down in the last decades (Charru et al., 2017) because of the reduced air temperature warming 

that stopped or even reversed the lengthening of the vegetation period between 2000 and 2014 (e.g. Park et al., 2016) and 

due to a fertilizing effect of CO2 constrained by the nitrogen availability (Wang et al., 2020). Interestingly, productivity 

and mortality are two intertwined processes with mortality affecting negatively stand productivity and decreases in 

productivity being a first step toward mortality (Dobbertin, 2005; Cailleret et al., 2017). 

4. IMPACT OF SITE PROPERTIES ON THE FOREST FUNCTIONING AND RESPONSE TO CLIMATE 

CHANGE 

Locally, the trends in productivity are much more contrasted with numerous documented cases of decreasing (e.g. Jump 

et al., 2006; Sarris et al., 2007; Scharnweber et al., 2011; Ruiz-Benito et al., 2014), increasing (e.g. Becker et al., 1994; 

Bergès et al., 2000; Charru et al., 2010, Bontemps et al., 2011) or varying (e.g. Boisvenue and Running, 2006; Spiecker 

et al., 2012; Zang et al., 2014) productivity changes due to difference in site characteristics. Indeed, the site conditions 

modify the forest response to climate change and can be divided in three main components: climate, soil and stand. While 

the effects of the two first components are relatively well known and straightforward, the influence of some of the stand 

charcateristics on the forest response to climate change is much less understood. 

As developed earlier, the effect of a climate warming is not the same whether a tree is located at the upper or lower 

temperate distribution range of its species. This is also true for rainfall. Dryer conditions in sites that already experience 

water stress will be more detrimental than in wetter sites (e.g. Jump et al., 2006; Pasho et al., 2011). This hypothesis was 

verified, among others, by Martin-Benito and Pederson (2015), who showed that, along a gradient from cold and dry sites 

to warm and wet, tree growth was more correlated to rainfall in the dryer sites than the wet ones and high summer 

temperature had a stronger negative effect in the warm than the cold sites. 

Soil physical properties can dampen the negative effect of water stress on forest productivity and mortality when they 

display greater soil depth and subsequent rooting depth and water holding capacity (Phillips et al., 2016; Kostić et al., 

2021). In addition, as stated previously, a limited nutrient availability can considerably constrain the CO2 fertilizing 

effect. Then, forests growing on nutrient-richer soils with a large water reserve, facilitating mineral uptake, could be less 

negatively or even positively affected by climate change. 

The stand characteristics can be further subdivided into different components: tree species composition (identity and 

diversity effects), stand structure and density. Tree species identity simply represents the difference in functional traits 

between species (Table 1.1). Beech trees are known to be drought and waterlogging sensitive but have a strong shade 

tolerance and recover quickly after drought events. Inversely, oaks are much less affected by drought and waterlogging 

(especially sessile oak regarding drought and pedunculate oak regarding waterlogging) but have higher light requirements 

and their recovery period after drought is longer (Jonard et al., 2011; Scharnweber et al., 2011; Scherrer et al., 2011; 

Vanhellemont et al., 2019). Coupled to a high shade tolerance, the faster growth and more regular seed production of 

beech (Gazol and Ibanez, 2010; Del Rio et al., 2014) compared to oak make them better competitor under non-limiting 

climate and soil conditions (Petritan et al., 2017; Rubio-Cuadrado, 2018). Therefore, under such conditions, regular 

interventions favouring oaks must be conducted to conserve mixed oak and beech stands. On the other hand, oak trees 

dominate in dry sites and on poorly-drained soils regularly experiencing saturation (Scharnweber et al., 2013). Regarding 

disturbances, both species are relatively resistant to pests and pathogens compared, for example, to coniferous stands. 
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However, the deeper root system of oaks makes them more resistant than beech to windstorms (San-Miguel-Ayanz et al., 

2016). 

Table 1.1: Comparison of the functional traits of beech and oak based on the European Atlas of forest species 

(San-Miguel-Ayanz et al., 2016) and the Fichier écologique des essences (Petit et al., 2017) 

 

Competition is not the only process that two co-existing species experience. The inter-species differences in functional 

traits can temporally and spatially differ resource acquisition between the two species, optimising resource use and 

decreasing competition (complementarity process). In addition, the access to resource of a species can also be facilitated 

by the presence of another species for example through hydraulic soil water uplift or nutrient fixation (facilitation) 

(Grossiord 2019; Bello et al. 2019). As a result, even if the question is still debated, more and more studies show that 

mixed stands display increased resistance to drought (Pretzsch et al., 2013; Anderegg et al., 2018; Steckel et al., 2020), 

productivity loss (Liang et al., 2016; del Rio et al., 2016), biotic and abiotic disturbances (Silva Pedro et al., 2015; Jactel 

et al., 2017; Jactel et al., 2021) compared to monospecific stands. In addition, species diversity coupled to stand 

heterogeneity also increases the forest resilience. Indeed, disturbances usually do not affect similarly trees from different 

species and at different development stages and favour productive and/or resistant species (the so-called selection effect) 

(Wardle, 2001; Lefcheck et al., 2015). Finally, given the greater susceptibility of tall trees to windstorms, drought and 

pest attacks, the presence of a developed second tree layer allows a faster replacement of dead trees and smoothens the 

transition (Brockerhoff et al., 2017; Seidl et al., 2017). Linked to this effect, the stand spatial aggregation influences the 

degree of intra-specific competition as well as inter-specific complementarity whether the trees of a same species and 

with similar dimensions are clumped or homogeneously scattered (Sterba et al., 2018). 

Compared to species diversity, the influence of stand structural complexity (variability in individual tree girth and height) 

on forest functioning has been considerably less studied (Ali, 2019). One of the reason for this is that structural complexity 

is linked to other stand properties and consequently, its effect is more difficult to isolate. For example, stands with 

different tree species and high density usually display more complex structure (Forrester and Bauhus, 2016; Soares et al., 

2016). In addition, only individual-based tree growth models can integrate and study this stand feature. At the individual 

scale, the stand structural complexity modifies how individual trees are affected by climate change as resource 
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competition is a very local process strongly depending on the size, age or social status of a tree relatively to its neighbours. 

Dominant trees benefit from a better light access but suffer more from drought than understorey trees due to their higher 

vulnerability to hydraulic stress and their crowns particularly exposed to atmospheric conditions (Bennett et al., 2015; 

McDowell and Allen 2015). Inversely, the lower radiation, wind and temperature during the warm period decreases the 

evaporative demand experienced by smaller trees while warmer temperature in spring accelerates budburst (Carl et al., 

2018; De Frenne et al., 2019; Zellweger et al., 2019). The micro-environmental conditions felt by a tree also influence 

how it will allocate carbon for growth. At the stand scale, correlations between structural complexity and productivity 

have been highlighted but with mixed results. Some papers found out a negative effect of structure complexity on forest 

productivity (e.g. Binkley et al., 2013; Luu et al., 2013; Cordonnier et al., 2015; Bourdier et al., 2016; Soares et al., 2016) 

and others a positive effect (e.g. Zhang and Chen, 2015; Dănescu et al., 2016 ; Bohn and Huth, 2017; Ercanli, 2018). 

These contrasting results could be explained as the relationship depends on other variables. Indeed, positive relationships 

are preferentially found in mixed stands or in mature stands but rather negative ones in monospecific or young ones 

(Zeller and Pretzsch, 2019). The mechanisms suggested to explain the positive relationship are the niche complementarity 

as, for example, higher root densities are found in structured stands (Bolte et al., 2013; Grote et al., 2016) and the selection 

effect as described earlier. The negative relationship could be due to the assymetric light competition between dominant 

and suppressed trees that makes the productivity reduction of understory trees exceed the productivity gain of overstory 

(Ali, 2019). 

Finally, stand density is a product as well as a direct measurement of the resource competition level in a stand and 

consequently, of the tree interactions, whether they are competition, complementarity or facilitation (Forrester and 

Bauhus, 2015). Therefore, it can strongly affect the forest response, for example, to the summer dryer conditions (Bello 

et al., 2019). One of the difficulty when accounting to the stand density effect through a comparison of established forests 

is that the management and disturbance history are usually unknown so that the density is not guaranteed to be the result 

of tree interactions (Forrester and Bauhus, 2015). 

5. ADAPTING FOREST MANAGEMENT TO CLIMATE CHANGE 

In a rapidly-changing environment, tree species populations can either persist through adaptation to new conditions, 

through migration to remain in their ecological niche or extirpate (extinct locally) (Aitken et al., 2008). The migration 

speed that would allow tracking the rate of future climate change is usually considered as unrealistic in natural conditions, 

especially for non-pioneer species like oak and beech that do not rely on wind for their seed dispersal (Dobrowski et al., 

2013; Saltré et al., 2013), even if mammals or birds can accelerate their migration (Johnson and Web, 1989). Observations 

of intra-species and even intra-population genetic variations in functional traits have provided strong evidences of tree 

adaptation to local environmental changes (Savolainen et al., 2007; Aitken et al., 2008; Franks et al., 2014). However, 

due to the lack of data for genetic and physiological tree responses to climate change, it is very difficult to make 

assumptions on the future tree adaptive ability (Ruiz-Benito et al., 2020). 

To avoid the negative consequences or even take advantage of potential benefits of climate changes, managers can adapt 

forests to cope with the future conditions. The climate and soil components can hardly be modified but forestry practices 

can modify the stand specific composition, structure and density. Specific composition can be modified through the 

planting of exogenous trees or regeneration strategies favouring particular species while the structure and density can be 

changed by different cutting strategies. As a result, the forester must decide among an ensemble of options (species 

selection, artificial vs. natural regeneration and silvicultural treatment towards even vs. uneven-aged stands) and, in the 

same time, consider the site constraints including ungulate density, the possible climate changes and future disturbance 
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occurrence (Bauhus et al., 2013). Given the complexity of this multifactorial problem and the very long timescale for its 

application, foresters need guidelines to test suitable management strategies. However, while forestry practices for pure, 

even-aged stands have been studied for decades (Del Rio et al., 2015), foresters lack recommendation regarding rotation 

age or target dbh in mixed forests, which depend on the present species and site conditions (Bravo-Oviedo et al., 2014; 

Pach et al., 2018). As it is impossible to test in situ all silvicultural options for each site conditions and climate scenario, 

models able to implement innovative forestry practices are a good alternative to address these questions.  

Nowadays, as shown in the first section, there is a trend toward turning coniferous and even-aged stands to mixed uneven-

aged stands according to the close-to-nature and continuous-cover forestry. Indeed, given the uncertainty in the magnitude 

of global changes and how they will locally be expressed (Lindner et al., 2014), more and more foresters favour more 

diverse sites to reduce the risk of general dieback in spite of the lack of knowledge regarding mixed forest management. 

Progressively converting monocultures to mixed forests and even-aged to uneven-aged forest and favouring the 

settlement of drought-tolerant species can take a long time during which dieback can occur (Elkin et al., 2015). As a 

result, other adaptative practices that can be directly implemented, like intensified thinning or a reduction of harvesting 

dimension are regularly suggested (Youssefpour et al., 2017; Cosofret and Bouriaud, 2019). Indeed, thinned stand 

productivity is less affected during drought episodes due to a reduced competition for water among remaining trees 

(D’Amato et al., 2013; Sohn et al., 2016). However, this option is often considered as temporary because the thinning 

mitigating effect rapidly decreases with time and can therefore only have a limited impact if the thinning does not occur 

more or less at the same time as the droughts (D’Amato et al., 2013; Elkin et al., 2015). 

6. REPRESENTATION OF SPATIAL HETEROGENEITY IN FOREST GROWTH MODELS 

Different approaches can be undertaken to study the impact of future environmental changes on forests: long-term 

monitoring, environment-modifying experiments and modelling. While the two first are useful to document and 

understand the physiological processes, they do not cover all the ecological conditions on which climate change will 

apply and they cannot be used to test all the interactions between the processes nor to cover all the possible future 

conditions. On the other hand, models are based on the knowledge acquired from these approaches and try to represent 

them through mathematical equations. By doing so, they simplify the reality but enables one to test any future conditions. 

Predicting the future response of European forests to climate changes can be done using different modelling approaches, 

designed to answer particular questions at specific scales and from different types of data (Ruiz-Benito et al., 2020). With 

an approach based on plant functional types (PFTs) (Cramer, 2001) requiring limited data for initialization, the dynamic 

global vegetation models (DGVMs) have been regularly used to estimate the impact of climate change on the European 

or global forest (Cramer et al., 2001; Poulter et al., 2011; Luyssaert et al., 2018). While essential to obtain continental or 

global estimates of carbon exchanges, their predictions are however locally associated with considerable uncertainties 

(Huntzinger et al., 2017). Indeed, models calibrated with coarse and global datasets do not provide reliable results at the 

local scale (Schwalm et al., 2010). At the regional scale, the forest landscape models (FLMs) provide information on how 

climate change affects long-term forest dynamics accounting for large-scale disturbances but have generally a simplified 

eco-physiological process description and stand spatial representation due to their large spatial and temporal perspective 

(Reyer, 2015 ; Shifley et al., 2017). Such models are appropriate to tackle forest management issues at the regional and 

landscape levels but not to analyse the site conditions and the stand structure and composition effects on forest response 

to climate change. Finally, process-based stand models were designed to account for the influence of local conditions on 

tree growth.  The first generation of these models simplified the spatial representation by considering an averaged tree 

that represents the whole stand (stand models) and focused mainly on the process representation. This approach 
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considerably reduces data and computation requirements and displays good predictive ability in pure even-aged forests 

(typically plantations) but hardly manage to simulate heterogeneous (mixed and uneven-aged) stands, which limits their 

use as 67% of European forests are composed of two or more species and 28% are uneven-aged (Korhonen et al., 2020). 

A significant part of the stand structure and composition is accounted for within cohort-based models as they integrate 

the vertical component of the stand heterogeneity (Pretzsch et al., 2015). These models appeared as a partial response to 

the oversimplified spatial representation of stand-based models and extend their potential application area with only a 

limited increase in data requirements. Accordingly, cohort-based models have been applied on large numbers of sites 

from inventory and monitoring networks (e.g. NFI, ICP). Still, the assumption of horizontal homogeneity in cohort-based 

models does not allow accounting for the fact that trees compete for resource locally and adapt their development 

according to the local conditions, positively or negatively influenced by neighbouring trees (Berger et al., 2008). Yet, 

these processes can only be captured by models integrating horizontal heterogeneity and the relative position of trees 

(spatially-explicit models). 

As a result, individual-based (IBM) and spatially-explicit models were developed. These models combine a detailed 

process representation with a spatial approach allowing to take individual variability, local environment and tree adaptive 

behaviour into account as well as forestry practices. This framework is also ideal for model calibration and evaluation as 

measurements at the individual and stand scale can both be compared to model predictions. However, given the important 

data requirements for the model initialization and the consequent computation time, this is usually only achieved on a 

restricted number of sites. In turn, this decreases the model genericity, which can become particularly problematic when 

the model is used in conditions where it was not tested previously. 

Table 1.2: Comparison of the concepts used in different individual-based models (HETEROFOR is described as 

it was at the start of my PhD) and their spatial scale (S=stand, C=cohort, I=individual, I*=individual target tree, 

GP=grid point). Abbreviations used in for describing transpiration (P-M= Penman-Monteith, SPAC = Soil-

Plant-Atmosphere Continuum) 
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To account for the main tree growth processes affected by climate change, IBMs should integrate a process-based 

description of phenology, light interception, water and nutrient cycling as well as carbon allocation. According to the 

review conducted by Pretzsch et al. (2015) on 54 forest growth models able to represent species mixing, only three out 

of the 11 individual-based and spatially-explicit models integrated simultaneously radiation, water cycling and phenology 

modules: MAESPA (Duursma and Medlyn, 2012; Duursma, 2008), BALANCE (Grote and Pretzsch, 2002; Rötzer et al., 

2010) and EMILION (Bosc et al., 2000). However, the latter is specific to pine species only. In addition to the mentioned 

models, the recent NOTG-3D (Simioni et al., 2016) also includes the mentioned modules. Even if the models displays 

the same features, they all present different advantages and disadvantages. 

Regarding light interception, MAESPA and NOTG3D use a ray tracing approach that allows to calculate the energy 

intercepted for numerous grid points in the tree foliage for the first and at the organ scale for the second depending on a 

season-dependent sun trajectory. Compared to the other models, light interception is more roughly estimated in 

BALANCE as the proportion of available radiation is estimated according to a competition index updated three times per 

year and calculated for different tree crown layers. For all three models, the light interception module allows an individual 

differentiation of the intercepted radiation. Budburst is calculated similarly in the three models with functions that 

accumulate warm temperatures (and a photoperiod effect for MAESPA) to trigger budburst simultaneously for all the 

individuals of the same species. The representation of local climate conditions is rather detailed in the three models with 

a differentiation of the air temperature (excepted for MAESPA), wind and radiation at different grid points for MAESPA 

and NOTG3D and crown layers for BALANCE (Fig. 1.7). 

Regarding photosynthesis and transpiration, the standard Farquhar equation and an energy balance with modifiers 

approach are used in all models even though the second is achieved through the classical Penman-Monteith equation in 

MAESPA and BALANCE but with a new approach for NOTG3D. However, differences emerge from how local climate 

conditions are accounted for in each model. MAESPA has a very detailed description of the water cycle with the 

representation of the soil-plant-atmosphere continuum (SPAC) and the use of Richard’s equations to calculate soil water 

movements. However, due to the complexity of the water balance module and to limit the computation time, the model 

requires that the user chooses only a few representative trees to run the model on. An extrapolation at the stand scale is 

done after. This can potentially limit how the horizontal heterogeneity is included in the model. Inversely, BALANCE 

and MAESPA consider individualised multi-layer buckets that allow to differentiate water available for each individual 

tree but this approach prevent to consider exchange or facilitation mechanisms between neighbouring trees. 

The process of carbon allocation is represented with a considerably higher level of detail in BALANCE that accounts for 

mineral nutrition and tree dimensions than in NOTG3D or MAESPA as the first uses empirical relationships and the 

process is simply absent in the second. The approach of BALANCE has the advantage to take into account at least some 

of the competition effect on carbon allocation. Finally, nutrient cycle is relatively simply implemented in BALANCE 

and NOTG3D that is limited to the nitrogen cycle. The main concepts these models rely on and the spatial level at which 

they are applied are presented in the Table 1.2. Moreover, their representation of tree structure is displayed in Fig. 1.7.  
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Figure 1.7: Representation of tree structure in MAESPA that calculates aboveground processes to a number of 

gridpoints (typically 72) (left; Duursma and Medlyn, 2012), BALANCE, which calculation levels vary from the 

stand scale to the crown and root layers (middle; Grote and Pretzsch, 2002) and NOTG3D that divides the space 

into a 3D grid of voxels, containing leaves, roots or soil (right; Simioni et al., 2000). 

 

MAESPA and NOTG-3D are both very useful tools for analysing outcomes of ecophysiological experiments and study 

the interactions between ecophysiological processes in uneven-aged and heterogeneous stands but their interest to 

produce long-term projections is limited since MAESPA does not consider carbon allocation and dimensional growth 

and NOTG-3D does it empirically. BALANCE has a more comparable level of description between the different 

processes. As a result, it can theoretically be used for long-term projection studies in complex stands. Still, some processes 

that are expected to become of greater importance in the context of climate change are represented in a relatively simple 

way in the model. First, the persistence of the fertilizing effect of CO2, one of the major sources of uncertainty in the 

projections of forest productivity (Reyer, 2015) is closely linked to the nutrient availability. Yet, the absence of links 

between soil water movements and nutrient availability and the focus on nitrogen alone in BALANCE could limit the 

predictive ability of the model for this process. Second, one-phase phenological models are efficient at predicting 

budburst in conditions close to those on which they were calibrated. However, for species at the warm margin of their 

species distribution area and as soon as endodormancy break observations are available to calibrate the model, two-phase 

models should be preferred for long-term simulations (Chuine et al., 2016). Finally, water uplift from low to more 

superficial horizons, which is one of the mechanisms of facilitation between different species in mixed stands and whose 

importance is expected to increase in the future due to dryer summer conditions (Domec et al., 2010; Zapater et al., 2011; 

Pretzsch et al., 2013), cannot be simulated in bucket models that only consider downward soil water movements. 

Given the limitations of the three existing models and above all to have a perfect control on the model development, we 

decided to adapt HETEROFOR, an individual-based and spatially-explicit model which, at the beginning of my thesis, 

was able to simulate individual tree growth based on local light conditions using the radiative transfer module 

SAMSARALIGHT (sect. 1.3.3 in Chap. 2) and a PAR use efficiency approach (sect. 1.3.4 in Chap. 2) coupled to a carbon 

allocation module (sect. 1.3.6 in Chap. 2). The adaptation mainly consisted in the creation of several modules to describe 

phenology (sect. 1.3.2 in Chap. 2), water balance (sect. 1.3.10 in Chap. 2), respiration (sect. 1.3.5 in Chap. 2) and 

photosynthesis (sect. 1.3.4 in Chap. 2). 
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OBJECTIVES 

The objective of my PhD thesis is to estimate tree growth response to climate change taking the local soil, stand and 

climate conditions into account as well as the intra-stand heterogeneity. I focus on the response of the two main 

broadleaved species in Europe (sessile/pedunculate oak and European beech) considering different greenhouse gas 

(GHG) emission scenarios and a large range of ecological conditions and stand structures across Europe. 

Hereafter, I make a series of hypotheses related to this objective. 

How climate change will affect oak and beech tree growth in European temperate forests?  

The expected warmer temperatures will continue to lengthen the vegetation period due to faster heat accumulation during 

the forcing period, leading to earlier budburst and a slower coldness accumulation in autumn, delaying leaf senescence. 

However, the vegetation period lengthening could slow down with time as the chilling accumulation could be delayed 

with milder winters and the photoperiod effect could dampen the senescence change. Then, the effect of warmer 

temperatures, coupled or not to lower summer rainfall, would increase both the averaged and extreme water stress levels 

as heat waves and extreme dry events are likely to become more frequent. Warmer temperatures could also favour 

maintenance respiration. The increase in vegetation period would have a positive effect on forest productivity opposed 

to the negative effect of higher water stress and respiration. Finally, the increase in atmospheric CO2 concentration could 

enhance productivity due to both a fertilizing effect and a reduction of water stress through stomatal control. 

How this response will be modulated by the local soil, stand and climate conditions? 

As the positive and negative effects generated by environmental changes are modulated by the local site conditions, 

hypotheses on the influence of the different site components (climate, soil and stand) on the forest response to climate 

change are formulated. 

Climate  

In Southern warmer sites experiencing summer rainfall reduction, I expect a dominance of the negative water stress and 

respiration effects that could be reinforced if the lengthening of the vegetation period becomes constrained. Inversely, in 

the cooler Northern and mountainous sites, the positive effect of a longer vegetation period on forest productivity would 

be dominant.  

            Soil  

The impact of water stress could be mitigated in deep soils able to accumulate large amounts of water during winter.  

            Stand  

Given their higher drought sensitivity and shallow root system, the water stress effect is likely to be greater in beech- 

than oak-dominated stands. Then, stands with higher density where resource competition and growth potential are 

important, both negative and positive effects would be intensified. Similarly, negative and positive effects on forest 

growth would be enhanced in even-aged stands while more complex stands with separated niches would rather buffer 

these effects.  

To fulfil the main study goal and test these hypotheses, some intermediate objectives must be reached. First, a modelling 

tool able to account for the climate change effect on tree growth at the individual scale and valid for a large diversity in 

ecological conditions and stand structures is needed (I). Then, this model has to be evaluated to know its strength and 
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limit and assess the uncertainty associated with the projections (II). Finally, the ultimate objective is to simulate oak and 

beech growth response to climate change in contrasted site and assess how it is modulated by the site components 

(climate, soil and stand) (III). The main originalities of this project are the creation of a new model that combines both a 

high level of spatial details and a process-based approach and its use to understand how site conditions and, particularly, 

stand characteristics, can modify the forest response to climate change. 

1. ADAPTATION OF THE INDIVIDUAL-BASED MODEL HETEROFOR TO ACCOUNT FOR THE IMPACT 

OF CLIMATE CHANGE IN HETEROGENEOUS FORESTS 

To simulate the climate change effects on tree growth and their interactions, a process-based approach is needed. In 

addition, reproducing the complexity of forest functioning in heterogeneous forests requires models with a detailed spatial 

representation (individual-based and spatially-explicit models) to account for the variability among trees (species, size, 

shape), the local environment (availability of resources) and the tree adaptive ability to these conditions (Berger et al., 

2008). Very few models combine a detailed spatial representation with a process-based approach. It was therefore decided 

to develop a new approach in order to have a perfect control on the code and select the concepts adapted to my objectives. 

Given the high data requirements for the initialization and calibration of such detailed models, they are often calibrated 

on a restricted number of well-documented sites. Yet, I plan to calibrate the model on a large diversity of site conditions 

benefiting from the data collected in long-term monitoring networks (ICP Forests, LTER). Indeed, calibrating a process-

based model on a large range of ecological conditions increases its genericity and its predictive ability under 

unexperienced climate conditions. 

Developing a modelling tool is not only an essential step in my PhD study but also an objective in itself for the research 

team in which I do my PhD. Indeed, this model is used in other studies. Furthermore, a new model is a good opportunity 

to test the sensitivity of the conclusions of existing studies to the model used and to compare the results of different 

models in order to improve them. 

2. EVALUATION OF THE MODEL PREDICTIVE ABILITY 

Structuring and integrating the existing knowledge into process-based models and calibrating it over a large panel of 

environmental conditions grants the model some reliability but this is not sufficient. The ability to reproduce the various 

processes and the tree growth must also be evaluated. A good evaluation of a forest growth model consists in a qualitative 

appraisal of the model biological realism and of the appearance of emergent properties as well as a quantitative assessment 

of the different energy, carbon and water fluxes (Soares et al., 1995). In practice, this is rarely the case as forest growth 

models are generally evaluated on integrative growth variables, for which data are easily available. 

My objective is to combine a detailed evaluation of the processes on a couple of highly-documented sites with a more 

integrative assessment of the model performances on a large diversity of site and stand conditions. Among others, the 

aim of the detailed evaluation is to compare the model options in order to select the most appropriate concepts while the 

purpose of the large-scale evaluation is to check the model validity on a large diversity of ecological conditions, which 

is a guarantee of reliability for the simulations. 

3. SIMULATION OF OAK AND BEECH INDIVIDUAL GROWTH RESPONSE TO CLIMATE CHANGE 

With a model thoroughly evaluated, future projections of tree growth can be performed for a set of temperate broadleaved 

stands according to different scenarios. The use of various global and regional climate models and climate change 
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scenarios accounts for some of the uncertainty related to climate projections (uncertainty in climate modelling and in the 

future GHG emission paths) while other uncertainty sources are also considered such as the persistence of the CO2 

fertilizing effect. 

A first objective is to simulate the temporal changes in net primary production (NPP) according to various GHG emission 

scenarios and to identify the main drivers of this evolution. Since climate internal variability often blurs the climate 

change signal and since site conditions strongly influence NPP, a second objective is to differentiate the long-term trend 

in NPP from the inter-annual and inter-site variations. Then, a third objective is to quantify how the site components 

(stand, soil and climate) affect NPP and its response to climate change with a focus on the stand effect (species 

composition, stand density, development stage and structural complexity) that represents the leeway the forester has to 

adapt to climate change. 
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RESEARCH STRATEGY 

The research strategy is based on a modelling approach, which consists first in the adaptation of a model suitable for 

structurally-complex stands, then in the processing of the data necessary to run the model and finally in simulations to 

evaluate the model and explore the possible response of heterogeneous forests to climate change (Fig. 1.8). 

1. MODELLING TOOL CREATION AND CALIBRATION 

For my thesis, I contributed to adapt HETEROFOR, an individual-based and spatially-explicit model to better account 

for the sensitivity of tree growth to climate by adding a phenological and hydrological module while my colleagues 

created the respiration module and operated the connection with the photosynthesis module of CASTANEA. Regarding 

phenology, I implemented three budburst routines: two accounting for chilling and forcing periods and one considering 

just forcing. This allows the user to choose the best model regarding their calibration data and the location of the study 

site (models including chilling perform better in warmer conditions). Leaf yellowing was described as primarily driven 

by photoperiod while leaf fall was function of frost and wind. The water cycle was described by considering rainfall 

partitioning in throughfall and stemflow, water movements between soil horizons (Darcy law) and the various 

components of evapotranspiration using the Penman-Monteith equation. For both modules (phenology and hydrology), 

the processes can be described either at the tree or the stand scale (option to be selected by the user). 

For Wallonia, the three budburst routines were calibrated based on observations from the phenology monitoring network 

PEP725 using the Phenology Modelling Platform (Chuine et al., 2013). Due to the data scarcity, the calibration and 

evaluation of leaf yellowing and fall were based on the same dataset (ICP Forests level II plots). At the European scale, 

I used the parameters of Duputié et al. (2015). While the hydrological module does not require any calibration, the 

function describing the individual height growth as well as the conversion of the gross primary production into NPP must 

be parameterised. At the regional (Wallonia) and then at the European scale, these functions were fitted based on repeated 

tree measurements in long-term forest monitoring plots (mainly ICP Forests level II plots) considering a calibration and 

validation datasets. 

2. DATA PROCESSING 

To make simulations and evaluate the model, case studies must be selected among highly-documented sites in order to 

have access to the soil, stand and climate data necessary for the initialization, calibration and evaluation. In a first step, 

six oak and/or beech stands located in Wallonia were used for a detailed evaluation of the model processes and a first 

simulation study. Then, 36 case studies distributed in Europe were selected among the level II plots of ICP Forests or 

other long-term monitoring sites (e.g. LTER). The site selection was made based on data availability with the aim of 

covering a large range of ecological conditions and stand types. The objective of this second step was to obtain a model 

valid for a large diversity of sites and to make projections for the future in contrasted conditions at the European scale. 

Three different input files are required to run the model: a climate file with hourly meteorological observations, a soil 

file with information on the different soil horizons and a stand file with some general characteristics and the dimensions 

and relative coordinates of all trees. I fitted many allometric relationships and used them to replace missing data. 

For the projections of tree growth, future climate time series for three different climate scenarios (RCP2.6, 4.5 and 8.5) 

were created. They are based on the outputs of one regional climate model for the six Walloon sites and on two RCMs 
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for the 36 European sites that have been bias-corrected. For the Walloon simulations, a simple multiplicative or additive 

factor was applied to the projections while for the European simulations, a quantile mapping procedure that corrects the 

whole variable distribution was used. 

3. SIMULATION STUDIES 

The simulations carried out during my PhD thesis were achieved either in a model evaluation perspective or for predicting 

tree growth response to climate change. At the regional scale (Wallonia), I evaluated the capacity of the model to predict 

the vegetation period length (budburst and leaf development, leaf yellowing and fall), the water fluxes (throughfall, 

individual tree transpiration, deep drainage) as well as the soil water dynamics. At the European scale, less data were 

available. Thus, the evaluation focused rather on the model ability to reproduce height and radial growth as well as 

phenology. 

Simulation experiments were carried out for the two sets of case studies. The first simulation set-up was a methodological 

proof of concept realised on the Walloon sites. Forest growth (NPP) was simulated from 2010 to 2100 under three 

greenhouse gas emission scenarios (RCP2.6, 4.5 and 8.5) and compared to the growth simulated during a reference period 

(1976-2005). Each year, a new simulation was launched starting from the same initial stand. Stand characteristics were 

therefore reinitialized each year keeping thereby the focus on the climate impact, in contrast to multi-year simulations 

which could have given rise to diverging stand characteristics with time. Two assumptions were considered regarding 

the persistence of the CO2 fertilization effect (constant vs increasing atmospheric CO2 concentration) as well as two 

thinning modalities. To further investigate the site effect on the NPP variability, a similar set of one-year simulations was 

ran for the historical period (1976-2005) by combining the climate, soil and stand input files of all the monitoring plots 

according to a full factorial design (6 soil types x 6 stands x 4 climates x 30 years). This allowed us to decompose the 

site variability in its components (soil, stand, climate). 

At the European scale, in addition to the 36 sites studied (real sites), I also selected subsets of stands, soils and climates 

representative of the diversity of oak and beech growth conditions in Europe to create a set of virtual sites. In this step, I 

focused less on the inter-annual variability of productivity but rather on the influence of site conditions on the forest 

response to climate change. Two consecutive 15-year simulations were conducted for an historical period (1976-1990, 

1991-2005) and for a period in the future (2071-2085, 2086-2100) according to two GHG emission scenarios (RCP 4.5 

and 8.5). All the 15-year simulations started with the same initial conditions. For a given period (historical or future), the 

stand conditions were therefore reinitialized after 15 years. During these 15-year periods, I applied the same thinning 

operations as those which occurred during the monitoring period. By making 15-year simulations, the results less depend 

on recent cuttings  or disturbances than with one-year simulations. Moreover, it also prevents that stand characteristics 

differ too much with time among RCP scenarios. Indeed, with longer simulation periods, the direct climate change impact 

could be partly confounded with an indirect effect due to a divergence in stand evolution. 

It is important to note that between the time the simulations were performed at the Walloon (Chap. 4) and European 

(Chap. 5) scale, the stomatal conductance formulation was modified (see sect. 1.3.4 and 1.3.10 in Chap.2). In the first, 

the stomatal conductance for water vapour was not coupled to that for CO2 while they were coupled in the second 

simulation set. 
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Figure 1.8: Conceptual diagram describing the research strategy. 

 

THESIS OUTLINE 

The PhD manuscript is organised in six chapters including this introduction (Chapter I). Chapter II is centred on the 

description of the model HETEROFOR used in the project and how it was parameterized. In Chapter III, I focus on the 

evaluation of the phenology and water balance modules integrated in HETEROFOR and discuss to what extent they 

integrate the individual variability and the influence of the stand structure on these processes. Chapter IV consists in a 

first application of the model on a set of Walloon sites to simulate the forest response to climate change with the objective 

of identifying the main drivers of the forest productivity change and variability. In Chapter V, I extend the methodology 

of the Chapter IV at the European scale, with a focus on the influence of site conditions, and particularly of the stand 

structure, on the forest response to climate change. Finally, the main findings of the project are summarized and 

perspectives for future research are opened in the Chapter VI. 
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MODEL DEVELOPMENT AND PARAMETERIZATION 

1. MODEL DESCRIPTION 

1.1. MODEL DEVELOPMENT HISTORY 

At the start of my thesis, HETEROFOR consisted in a hybrid model predicting individual tree growth based on light 

competition and using the radiation and carbon efficiency concepts. In this first version of the model, the radiation 

intercepted by each tree was calculated by the SAMSARALIGHT library (Courbaud et al., 2003; André et al., submitted) 

and converted into GPP and NPP. Based on the functional balance concept and using allometric relationships, NPP was 

allocated to the different tree compartments (Jonard et al., 2020). My contribution to the model was to create the 

phenological module and to participate in the development of the water cycle module (de Wergifosse et al., 2020a). In 

parallel, Frédéric André and Mathieu Jonard coupled HETEROFOR to the photosynthesis routine of CASTANEA after 

adapting it to the tree level (Dufrêne et al., 2005) and created a temperature-dependent respiration routine (Jonard et al., 

2020). Mathieu Jonard also developed a tree nutrition and nutrient cycling that still must be calibrated and tested (Fig. 

2.1). As the description of the model is split into several articles, I have gathered the different parts below (see 1.3). 

 

Figure 2.1: Conceptual diagram of the HETEROFOR model with the part developped during my thesis 

highlighted (non-shaded components). 

 

1.2. OVERALL OPERATION OF THE HETEROFOR MODEL (FROM JONARD ET AL., 2020) 

HETEROFOR is a model integrated in the CAPSIS (Computer-Aided Projection for Strategies in Silviculture) 

platform dedicated to forest growth and dynamics modelling (Dufour-Kowalski et al., 2012). HETEROFOR uses 

the CAPSIS execution system and its framework to run simulations and display the results. When running 

simulations with HETEROFOR, CAPSIS creates a new project in which the variables describing the forest state 
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are stored at a yearly time step, starting from the initial forest characteristics (initial step). Some variables (foliage 

state, water fluxes, npp and gpp) are stored at an hourly or daily time step in java objects created annually. This 

information is accessible to the user through exports (see user manual in the supplements of Jonard et al., 2020). 

Although some data structures and methods are shared with other models integrated in CAPSIS, the initialisation 

and evolution procedures are specific to HETEROFOR. (Jonard et al., 2020, p. 907-908) 

For the initialization, HETEROFOR loads a series of files containing tree species parameters, input data on tree 

(location, dimensions and chemistry), soil (chemical and physical properties) and open field hourly meteorological 

data. These data are used to create trees and soil horizons at the initial step. The tree is divided in three structural 

compartments (branch, stem, root) and three functional ones (leaf, fine root and fruit). Then, HETEROFOR predicts 

tree growth at a yearly time step based on underlying processes modelled at finer time steps and at different spatial 

levels. (Jonard et al., 2020, p. 907-908) 

After the initialization step, and at the end of each successive yearly time step, the phenological periods for each 

deciduous species (leaf development, leaf colouring and shedding) are defined for the next step from meteorological 

data. When no hourly meteorological measurements are available, the vegetation period is defined by the user who 

provides the budburst and the leaf shedding dates. Knowing the key phenological dates and the rates of leaf 

expansion, colouring and falling, the foliage state of the deciduous species is predicted with a daily time step during 

the year. It is characterized by the proportions of leaf biomass and of green leaves relatively to complete leaf 

development, which are key variables to simulate energy, water and carbon fluxes within the forest ecosystem. The 

proportion of green leaves impacts photosynthesis, leaf respiration and tree transpiration, as these processes are not 

active anymore on discoloured leaves which however still intercept solar radiation and rainfall. Based on a ray 

tracing approach, the SAMSARALIGHT library of CAPSIS (Courbaud et al., 2003) calculates the proportions of 

solar radiation absorbed by the trunk and the crown of each individual tree and the radiation transmitted to the 

ground on average over the whole vegetation period (simplified radiation budget) or hourly for several key dates 

(detailed radiation budget). Predicting how solar energy is distributed within the forest ecosystem is necessary to 

estimate foliage, bark and soil evaporation, tree transpiration and leaf photosynthesis. (Jonard et al., 2020, p. 907-

908) 

Every hour, HETEROFOR performs a water balance and updates the water content of each horizon. Rainfall is 

partitioned in throughfall, stemflow and interception (André et al., 2008a; 2008b and 2011). Part of the rainfall 

reaches directly the ground (throughfall) while the rest is intercepted by foliage and bark. They both have a certain 

water storage capacity, which varies with precipitation and evaporative fluxes. When the foliage is saturated, the 

overflow joins the throughfall flux whose proportion increases. As the bark saturates, water flows along the trunk 

to form stemflow. Throughfall and stemflow supply the first soil horizon (forest floor) with water while soil 

evaporation and root uptake deplete it. The water evaporation from the soil (as well as from the foliage and the 

bark) is calculated with the Penman-Monteith equation based on the solar radiation absorbed by each component. 

Using the same equation, individual tree transpiration is estimated by determining the stomatal conductance from 

tree characteristics, soil water potential and meteorological conditions. The distribution of root water uptake among 

the soil horizons is done according to the soil water potential and the vertical distribution of fine roots. Water 

exchanges between soil horizons are considered as water inputs (capillary rise) or outputs (drainage). This soil 

water transfers are calculated based on the soil water potential gradient according to the Darcy law and using 

pedotransfer functions to determined soil hydraulic properties. By default, HETEROFOR calculates the water 

fluxes at the stand scale by aggregating individual fluxes (i.e. tree transpiration) or tree properties (e.g. foliage and 
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bark capacity, stemflow proportion). With this option, all trees are taking up water in the same soil horizons 

assuming that soil water is redistributed homogeneously between two hourly time steps. However, the user can 

choose an alternative option to calculate all the water fluxes at the individual level. In this case, the model distributes 

the total soil volume in individual soil volumes (called pedon) and performs a water balance for each one. Contrary 

to the default option assuming a homogeneous horizontal water redistribution, the alternative option supposes no 

water redistribution among pedons. (Jonard et al., 2020, p. 907-908)  

The user can choose to calculate the gross primary production of each tree (gpp) either based on a radiation use 

efficiency approach distinguishing sunlit and shaded leaves (yearly time step) or using the Farquhar et al. (1980) 

model (hourly time step). The latter is analytically coupled to the stomatal conductance model proposed by Ball et 

al. (1987). The photosynthesis is computed using the Library CASTANEA also present in CAPSIS (Dufrêne et al., 

2005). This calculation requires the proportions of sunlit and shaded leaves, the direct and diffuse photosynthetically 

active radiation (PAR) absorbed per unit leaf area and the mean soil water potential. At the end of the vegetation 

period, gpp is converted to net primary production (npp) after subtraction of growth and maintenance respiration. 

Maintenance respiration is either considered as a proportion of gpp (depending on the crown to stem diameter ratio) 

or calculated hourly for each tree compartment by considering the living biomass, the nitrogen concentration and a 

Q10 function for the temperature dependency following Ryan (1991) as in Dufrêne et al. (2005). Carbon allocation 

is done once a year at the end of the vegetation period which allows to update tree dimensions for the next yearly 

time step during which tree size does not change. Carbon is allocated in priority to foliage and fine roots by ensuring 

a functional balance between carbon fixation and nutrient uptake through a fine root to leaf biomass ratio depending 

on the tree nutritional status (Helmisaari et al., 2007). Allometric relationships are then used to describe carbon 

allocation to structural components (trunk, branches and structural roots) and to derive tree dimensional growth 

(diameter at breast height, total height, height to crown base, height of maximum crown extension, crown radii in 

4 directions) while considering competition with neighbouring trees. (Jonard et al., 2020, p. 907-908) 

Knowing the chemical composition of the tree compartments for a given tree nutrient status, HETEROFOR 

computes the individual tree nutrient requirements based on the estimated annual growth rate and deduces the tree 

nutrient demand after subtraction of the amount of re-translocated nutrients. In parallel, the potential nutrient uptake 

(soil nutrient supply) is obtained by calculating the maximum rate of ion transport towards the roots (by diffusion 

and mass flow). The actual uptake is then determined by adjusting the tree nutrient status and growth rate so that 

tree nutrient demand matches soil nutrient supply. The nutrient limitation of tree growth is achieved through the 

regulation of photosynthesis, maintenance respiration and through the effect of the tree nutrient status on fine root 

allocation. (Jonard et al., 2020, p. 907-908) 

The soil chemistry is characterized at the tree or stand scale for the various soil horizons defined by the user. In 

each soil horizon, the chemical composition of the soil solution is in equilibrium with the exchange complex and 

the secondary minerals. It receives the nutrients coming from atmospheric deposition, organic matter mineralization 

and primary mineral weathering, and is depleted by root uptake and immobilization in micro-organisms. The 

chemical equilibrium within the soil solution, with the exchange complex or the minerals is updated yearly with the 

PHREEQC geochemical model (Charlton and Parkhurst, 2011) coupled to HETEROFOR through a dynamic link 

library. (Jonard et al., 2020, p. 907-908) 
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1.3. DETAILED MODEL DESCRIPTION 

1.3.1 Initialization (from Jonard et al., 2020 and André et al., submitted) 

To initialize HETEROFOR, the relative position (x, y, z) and the main dimensions of each tree must be provided, 

including the following: girth at breast height (gbh; in cm), height (h; in m), height of maximum crown extension 

(hlce; in m), height to crown base (hcb; in m) and crown radii in the four cardinal directions (cr; in m). (Jonard 

et al., 2020, p. 908) 

Based on these variables, each tree is positioned within the stand and is represented in 3D by geometrical forms. 

The trunk is described as a cylinder until the height to crown base with a diameter corresponding to the diameter 

at breast height. Crowns may be depicted considering either single ellipsoid (shape ‘E’), two half-ellipsoids 

representing the lower and the upper parts of the crown (shape ‘B’), paraboloid (shape ‘P’) or conical (shape 

‘C’) geometric representations. For each of these shapes, the crown may be either trunk-centered (‘c’) or 

decentered (‘d’). Furthermore, in order to account for the crown plasticity in response to competition, more 

complex crown forms considering eighths of ellipsoids (shape ‘M’), fourths of paraboloids (shape ‘Pm’) or 

fourths of cones (shape ‘Cm’) are also implemented, resulting in a total of 11 possible crown types in 

HETEROFOR. Crowns of broadleaved species are usually depicted with ellipsoidal crown shapes while 

paraboloid and conical shapes are used to represent coniferous crowns. (André et al., submitted) 

During the initialization phase, the biomass of each tree compartment is calculated according to the equations 

used for carbon allocation (see sect. 1.3.6). If available, site specific allometric equations can also be used to 

calculate initial biomasses of tree compartments. When data on fruit litterfall are available, a file providing the 

amount of fruit litterfall per year and per tree species can be loaded and used to adapt the allometric equations 

predicting fruit production at the individual level. When the water balance module is activated, a file must be 

loaded describing the following soil horizon properties: thickness (th ; in mm), the coarse fraction (in m³ of stone 

by soil m³), bulk density (𝜌𝑏; in kg of fine earth by soil m³), the sand, silt and clay content (g by g of fine earth), 

the organic carbon content (𝐶𝑜𝑟𝑔; in mg by g of fine earth), the fine root proportion (f; in %) and, optionally, the 

saturated, field capacity and wilting point water contents (𝜃s, 𝜃fc, 𝜃wp; in m³ by soil m³) that are calculated 

otherwise. A hourly meteorology file must also be provided describing the following variables: incident 

shortwave radiation (RAD; in W.m-²), air temperature (T; in °C), rainfall (R; in mm), relative humidity (RH; in 

%) and wind speed (WS; in m.s-1). Finally, the user must provide the nutrient concentrations of the current leaves 

(N, P, K, Ca and Mg) for each tree species. These foliar concentrations are then used to estimate the tree nutrient 

status for each major nutrient. When the tree nutrition and nutrient cycling module is not activated, these 

concentrations are kept constant throughout the simulation. (Jonard et al., 2020, p. 908-909) 

1.3.2 Phenology 

The phenological module aims at predicting the temporal variation of the foliage status during the vegetation period. 

From budburst, leaf biomass progressively increases until a maximum value, then remains constant and finally decreases 

during leaf fall. This temporal evolution is characterized by the proportion of leaf biomass relatively to its maximum 

value at full leaf development. In addition, two types of leaves are distinguished: green and discoloured leaves. The green 

leaf proportion is the ratio between the green leaf and the maximum leaf biomass. These two foliage properties are key 

variables to simulate energy, water and carbon fluxes within the forest ecosystem. Photosynthesis and tree transpiration 

are dependent on the proportion of green leaves since they are not active anymore on discoloured leaves. When leaves 

start yellowing, they still intercept rainfall while their photosynthetic activity and transpiration are progressively reduced. 
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The following phenological phases are distinguished, in chronological order: 

- Chilling period or endodormancy: accumulation of coldness that breaks the bud dormancy. It is initiated at the 

chilling starting date (t0) and ends at the forcing starting date (t1). 

- Forcing period or ecodormancy: accumulation of heat that initiates the leaf development in the bud and leads to 

the budburst (budburst  date = t2a). 

- Leaf development: progressive growth of the leaves from budburst to the complete leaf development (leaf 

development date = t2b). 

- Ageing: accumulation of coldness that is initiated at the ageing starting date (t3) and ends at the yellowing 

starting date (t4a). 

- Yellowing: loss of photosynthetic activity linked to the decrease of day length. This phase ends at the yellowing 

ending date (t4b). 

- Falling: the fall of the dead leaves starts (t5a) when less than 60% of the leaves are still green and continues until 

the leaf fall ending date (t5b). 

Since the phenological timing can vary considerably between species, the phenology dates are calculated for each tree 

species separately. Intra-specific differences are also likely to occur according to the size or social status (Cole and 

Sheldon, 2017) and can be optionally accounted for as described later.  

The phenological module is optional in HETEROFOR. Activating the phenology requires an hourly meteorological file. 

If not activated, the model uses the budburst and leaf fall dates provided by the user, which are identical for all years and 

tree species. 

The principle behind the whole phenology module is similar for each phase. A state variable is increasing progressively 

growing at a rate depending on meteorological conditions (air temperature). When the phase state reaches a certain 

threshold, the start of a new phase is triggered, except for the leaf yellowing and fall that are partly simultaneous. 

A two-phase model considering chilling and forcing is implemented to calculate the average budburst date (t2a). The 

model starts to operate when the day of year corresponds to the chilling starting date (t0). At this moment, the daily 

chilling rate (Rc) is calculated according to a response function to temperature. Two different response functions can be 

chosen. The first, called optimum, considers minimum, maximum and optimal temperatures regarding the accumulation 

of coldness according to the following equation based on Hänninen (1990): 

𝑅𝑐 =

{
 
 

 
 

0, 𝑇 ≤ 𝑇𝑚𝑖𝑛
𝑇−𝑇𝑚𝑖𝑛

𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛
, 𝑇𝑚𝑖𝑛 < 𝑇 ≤ 𝑇𝑜𝑝𝑡

𝑇−𝑇𝑚𝑎𝑥

𝑇𝑜𝑝𝑡−𝑇𝑚𝑎𝑥
, 𝑇𝑜𝑝𝑡 < 𝑇 ≤ 𝑇𝑚𝑎𝑥

0, 𝑇 ≥ 𝑇𝑚𝑎𝑥

         (1) 

with Tmin, Tmax and Topt, the minimum, maximum and optimal temperatures (°C), respectively, 

T, the daily average temperature (°C). 

The second response function to temperature uses a sigmoid function (Chuine, 2000): 

𝑅𝑐 = {
1

1+𝑒𝐶𝑎(𝑇−𝐶𝑐)
2+𝐶𝑏(𝑇−𝐶𝑐)

, −5 ≤ 𝑇 ≤ 10

0, 𝑇 > 10 𝑜𝑟 𝑇 < −5
        (2) 

with Ca, Cb and Cc (°C), chilling parameters. 

This rate is summed each day until reaching the chilling threshold (C*) that triggers the forcing process and sets the 

forcing starting date (t1) to the current day. Regarding the forcing period, the forcing rate (Rf) is calculated using another 

sigmoid equation (Chuine, 2000): 
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𝑅𝑓 = {

1

1+𝑒𝐹𝑏(𝑇−𝐹𝑐)
, 𝑇 > 𝑇𝑏_𝑓𝑜𝑟

0, 𝑇 ≤ 𝑇𝑏_𝑓𝑜𝑟
           (3) 

with Fb and Fc (°C), forcing parameters, 

Tb_for, the base temperature for forcing. 

The budburst is activated when the sum of the daily forcing rates reaches the forcing threshold (F*).  

A simplified one-phase version is implemented as well that only considers forcing similarly to the two-phase model (Eq. 

3). In this case, the forcing starting date (t1) must be provided. 

As the module was calibrated based on observations carried out on trees representative of the stand, the predicted budburst 

starting date is expected to be that of an average tree. Since, at this date, the leaf expansion of some trees has already 

started in real conditions, the model shifts the budburst date to correspond to that of the earliest trees. This budburst shift, 

t2a_shift, is equal to half the period between the budburst of the first and the last tree and must be provided by the user 

for the various tree species.  By doing so, leaf development starts early for all trees which follow a same average evolution 

when belonging to a same tree species. 

The three temperature response functions presented were calibrated and evaluated as explained in Chap. 3. In the 

simulations at the Walloon scale, the one-phase phenological version was selected (see Chap. 4). Finally, the optimum 

function temperature was slightly updated for the simulations at the European (Chap. 5) because a European parameter 

set from Duputié et al. (2015) was used that relied on the equation from Wang and Engel (1998): 

𝑅𝑐 =

{
 

 
0,                                                          𝑇 < 𝑇𝑚𝑖𝑛

2(𝑇−𝑇𝑚𝑖𝑛)
𝛼(𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛)

𝛼
−(𝑇−𝑇𝑚𝑖𝑛)

2𝛼

(𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛)
2𝛼 ,            𝑇𝑚𝑖𝑛 ≤ 𝑇 ≤ 𝑇𝑚𝑎𝑥

0,                                                         𝑇𝑚𝑎𝑥 < 𝑇

       (4) 

with  𝛼 =
ln(2)

𝑙𝑛(
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛
𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛

)
  

Once the budburst starting date (t2a) is calculated, the equations for the subsequent phenological variables are the same. 

The leaf development rate (Rld) is cumulated daily until the leaf development threshold (LD*) is reached. It is computed 

according to: 

𝑅𝑙𝑑 = {
𝑇, 𝑇 > 0 
0, 𝑇 ≤ 0 

           (5) 

where T is the daily average temperature of the current day (°C). 

The leaf proportion (leafProp, g g-1) is calculated daily for each tree species (sp) according to 

𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡 = 
∑ 𝑅𝑙𝑑
𝑡
𝑡2𝑎

𝐿𝐷∗
           (6) 

with  t, the current day. 

As many studies have shown that budburst in the understory occurs earlier than in the overstory and ascribed this 

primarily to ontogeny (Gill et al., 1998; Seiwa 1999a; Seiwa, 1999b; Augspurger and Bartlett, 2003; Schieber, 2006; 

Vitasse, 2013), we implemented an option to make the phenology size-dependent (phenology at tree level). With this 

option, the leaf development is first triggered in the smallest trees of each tree species and then progressively in the tallest 

ones according to their height. At the stand level, the option ‘phenology at tree level’ provide exactly the same leaf 

development than the default option but the difference appears at the tree scale. The default option assumes that all trees 
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of a same species initiate budburst at the same time and display the same progressive leaf development while the 

alternative one supposes that trees break down one after the other depending on their size. Both assumptions are quite 

rough as the budburst and senescence periods vary a lot among the individuals of a same species in a same site (Delpierre 

et al., 2017) and tree size explains only a part of the variability (Marchand et al., 2020) but other variables (genetics, 

water availability) also affect it (Delpierre et al., 2017). 

With the option ‘phenology at tree level’, the leaf proportion of each tree (𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑡𝑟𝑒𝑒_𝑡) is updated daily (t) between 

the budburst starting date (t2a) and the budburst ending date (t2b) based on the leaf proportion calculated at the stand scale 

for the corresponding tree species (𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡): 

𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑡𝑟𝑒𝑒_𝑡 = {
1,   

∑ 𝑎𝑙𝑒𝑎𝑓
𝑡𝑟𝑒𝑒
1

𝐴𝑙𝑒𝑎𝑓
≤ 𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡

0,
∑ 𝑎𝑙𝑒𝑎𝑓
𝑡𝑟𝑒𝑒
1

𝐴𝑙𝑒𝑎𝑓
> 𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡   

        (7) 

with tree, the tree of interest (note that the trees are sorted by ascending order based on their height),  

𝑎𝑙𝑒𝑎𝑓, the tree leaf area (m²), 

𝐴𝑙𝑒𝑎𝑓, the total stand leaf area (m²). 

A fixed date, defined according to Dufrêne et al. (2005), is considered for the start of the ageing process (𝑡3). This process 

does not alter leaf quality but is a prerequisite for leaf yellowing (t4a) that is initiated when the cumulated daily ageing 

rate (Rage) equals the ageing threshold (A*), with 

𝑅𝑎𝑔𝑒 = {
𝑇𝑏_𝑎𝑔𝑒 − 𝑇, 𝑇 < 𝑇𝑏_𝑎𝑔𝑒  

0, 𝑇 ≥ 𝑇𝑏_𝑎𝑔𝑒
          (8) 

with 𝑇𝑏_𝑎𝑔𝑒, the base temperature for ageing (°C). 

The leaf yellowing calculation gives the green leaf proportion, greenProp (g g-1), which provides the fraction of remaining 

green leaves compared to the maximum green leaf amount for each tree species. It is set to 1 before the start of yellowing, 

and then decreases with day length according to the following equation: 

𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑝_𝑡 = 𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑝_𝑡−1 ∗ (
𝐷𝐿𝑡−𝐷𝐿𝑚𝑖𝑛

𝐷𝐿𝑡4𝑎−𝐷𝐿𝑚𝑖𝑛
)
𝑦

       (9) 

with DLt and DLt4a, the day lengths (hours) for the current day and t4a, respectively, 

DLmin, the minimum day length (hours) value over the year, and 

y, a leaf yellowing parameter. 

The day length (hours) is calculated according to Teh (2006): 

𝐷𝐿 =
24

𝜋
∗ 𝑎𝑐𝑜𝑠 (−

sin(𝛿)∗sin (𝜆)

cos(𝛿)∗cos (𝜆)
)          (10) 

where λ is the site latitude (rad) and δ, the solar declination (rad) determined as 𝛿 = −
23.45∗𝜋

180
∗ 𝑐𝑜𝑠 (2𝜋

𝐷𝑂𝑌+10

365
) 

and DOY is the day of year (i.e., Jan 1=1, Jan 2=2, Feb 1=32…). 

The yellowing phase ends when the green leaf proportion drops below a threshold, called yellowing threshold, Y*, 

indicated by the model user in the species file. The leaf fall (𝑡5) is set to start rapidly after yellowing initiation, namely, 

when greenProp reaches 0.60, considering that leaves no longer photosynthetically active can quickly fall. 
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The falling rate (Rfall) is calculated daily and is used to update leafProp for each tree species. It depends on the wind and 

frost episodes. While the frost weakens the leaf petiole, the wind can break it and take away the leaf. For this reason, 

leafProp is determined as follows for each day t: 

𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡 = 𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡−1 − 𝑓𝑎𝑚𝑝𝑙 ∗ 𝑊𝑆 ∗ 𝑅𝑓𝑎𝑙𝑙        (11) 

with  fampl, a frost amplifier coefficient fixed to 1 before the occurrence of five consecutive hours with air temperature 

below 0°C and is then set to 2 and 3 for oak and beech, respectively, 

WS is the daily average wind speed (m s-1), 

Rfall is the falling rate (s m-1 d-1) calibrated as described in sect. 2.1. 

According to Eq. (11), leafPropsp_t progressively decreases from 1 to 0 but it cannot take a value below greenPropsp_t, 

accounting for the fact that green leaves are not expected to fall. Finally, when all leaves have fallen, the trees enter in 

the leafless period until the budburst of the following year. 

As for leaf development but with a reverse order, the option ‘phenology at tree level’ first triggers the leaf yellowing and 

fall in the taller trees and then in the smaller ones in order to reproduce the observations reported by Gressler et al. (2015). 

This options daily updates the green leaf and leaf proportions of each tree (𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑡𝑟𝑒𝑒_𝑡 , 𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑡𝑟𝑒𝑒_𝑡) between 

the yellowing starting date (t4a) and the falling ending date (t5b) based on the green leaf and leaf proportions calculated at 

the stand scale for the corresponding tree species (𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑝_𝑡 , 𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡): 

 

𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑡𝑟𝑒𝑒_𝑡 = {
1,   

∑ 𝑎𝑙𝑒𝑎𝑓
𝑡𝑟𝑒𝑒
𝑛

𝐴𝑙𝑒𝑎𝑓
≤ 𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑝_𝑡

0,
∑ 𝑎𝑙𝑒𝑎𝑓
𝑡𝑟𝑒𝑒
𝑛

𝐴𝑙𝑒𝑎𝑓
> 𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑝_𝑡   

       (12) 

𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑡𝑟𝑒𝑒_𝑡 = {
1,   

∑ 𝑎𝑙𝑒𝑎𝑓
𝑡𝑟𝑒𝑒
𝑛

𝐴𝑙𝑒𝑎𝑓
≤ 𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡

0,
∑ 𝑎𝑙𝑒𝑎𝑓
𝑡𝑟𝑒𝑒
𝑛

𝐴𝑙𝑒𝑎𝑓
> 𝑙𝑒𝑎𝑓𝑃𝑟𝑜𝑝𝑠𝑝_𝑡   

        (13) 

with tree, the tree of interest (note that the trees are sorted by descending order based on their height), 

𝑎𝑙𝑒𝑎𝑓, the tree leaf area (m²), 

𝐴𝑙𝑒𝑎𝑓, the total stand leaf area (m²).  

The option ‘phenology at tree level’ gives the opportunity to compare two contrasted hypotheses regarding individual 

tree phenology and to evaluate to which extent it has an impact on tree growth. 

1.3.3 Light interception (from André et al., submitted) 

The SAMSARALIGHT library used to model the transfer of solar radiation through the canopy is based on a 

radiative transfer model developed by Courbaud et al (2003) which was later progressively improved and 

implemented in the Capsis platform (Ligot et al, 2014). Based on a ray tracing approach, SAMSARALIGHT 

calculates the proportions of solar radiation absorbed by the trunk and the crown of each individual tree and the 

radiation transmitted to the ground on average over the whole vegetation period (simplified radiation budget) or 

hourly for several key dates (detailed radiation budget). In the following, only the simplified radiation budget is 

described since only this option was used during my PhD thesis. SAMSARALIGHT is particularly suitable for 
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uneven-aged and mixed forests as it provides both the energy intercepted by each tree or tree part (i.e., crown, 

crown part and/or trunk) and the distribution of irradiance on the ground, while requesting a limited number of 

input parameters. In SAMSARALIGHT, the stand area is subdivided into cells arranged as a regular grid on the 

ground and the model describes how the energy of light beams pointing to the center of each of these cells 

attenuates as they penetrate into the canopy. (André et al., submitted) 

In SAMSARALIGHT, the first step is the creation of beams from the incident radiation measured at a 

meteorological station representative of the climate of the study site. The measured global radiation is partitioned 

into direct and diffuse energies, through coefficients either fixed to arbitrary values or derived from empirical 

equations accounting for atmospheric clearness through the global-to-extraterrestrial radiation ratio as proposed 

by Erbs et al (1982) or Jacovides et al (2010). Direct and diffuse energies are then distributed among beams. 

Direct beams are generated for regular hour angle intervals along the mean solar path for each month of the 

growing season according to astronomic laws providing the sun height angle and the sun azimuth for each hour 

angle (Bonhomme, 1993). Direct energy is then shared between the beams in proportion to the sinus of their 

height angle. Diffuse beams are created at regular azimuth and elevation intervals on the sky hemisphere and 

diffuse energy is shared between the beams according to either the ’Uniform Overcast Sky’ (UOC) or the 

’Standard Overcast Sky’ (SOC) distributions (Moon and Spencer, 1942). The former distribution assumes 

identical radiation flux from all sky direction while the latter considers variation as a function of height angle, 

with larger radiation flux from sky directions towards the zenith. (André et al., submitted) 

In a second step, each generated beam is pointed to the center of each cell and inter- sections with intercepted 

trees are calculated. Based on crown geometric representations, an entry point and an exit point are determined 

for each beam intersecting a crown (see Courbaud et al (2003) and Ligot et al (2014) for computation details). 

Not considered in the initial version of the model, trunks may now be optionally represented as cylinders which, 

in contrast to crowns, do not transmit light and interrupt the path of beams. (André et al., submitted) 

In a third step, the energies intercepted by each tree and transmitted to the ground are calculated using either the 

turbid medium or the porous envelop approaches. The turbid medium approach assumes that radiation extinction 

inside a crown (or a crown part) follows that of a monochromatic ray through an homogeneous medium, which 

is described by the Lambert-Beer law. According to this law, light transmission is a function of the medium 

absorption coefficient and of the light path length inside the medium (l, m). In the case of a canopy, the absorption 

coefficient may be expressed as the product of a coefficient of extinction (k, -) depending on the leaf and branch 

orientation and spatial distribution, LAD and a clumping index (, -) accounting for the aggregation of leaves 

and branches, leading to the following formulation: 

𝐼𝑜𝑢𝑡

𝐼𝑖𝑛
= 𝑒𝑥𝑝(−𝑘 · Ω · 𝐿𝐴𝐷 · 𝑙)         (14) 

where Iin and Iout are the irradiances at the entry point and at the exit point, respectively. The path length within 

the crown (or the crown part) is given by the distance between the beam entry and exit points. The determination 

of the other parameters will be discussed below. (André et al., submitted) 

Two options are possible for determining LAD, either fixing it to a specific value (LADconstant option) or modeling 

it by considering the specific leaf area (SLA, m2kg−1) variation depending on the vertical position within the 

canopy (LADmodel option). Based on observations and literature references (e.g., Fellner et al, 2016; Forrester et 

al, 2017; Leuschner and Meier, 2018), SLA is assumed to decrease from the bottom of the canopy to its top. 
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Therefore, when considering the LADmodel option, the crown SLA for a given tree is evaluated by linear 

interpolation of reference SLA values for the top (SLAtop, m2kg−1) and for the bottom (SLAbottom, m2kg−1) of the 

canopy as a function of crown height level. The top and bottom of the canopy are determined based on the mean 

height of the lower/upper crown part of the n lowest and highest trees in the vicinity of the target tree, 

respectively. LAD is obtained by multiplying the SLA by the leaf biomass (see Eq. 30) and by dividing it all by 

the crown volume derived by applying the ellipsoid, the paraboloid or the cone volume formula depending on 

the crown form. (André et al., submitted) 

In contrast to the turbid medium analogy, the porous envelop approach was formulated considering a fixed crown 

openness (p, -), not depending on the light path distance through the crown neither on foliage density or 

arrangement. In this case, radiation interception inside the crown (or the crown part) may be expressed as: 

𝐼𝑜𝑢𝑡

𝐼𝑖𝑛
= 𝑝            (15) 

When intercepted by a crown (or a crown part), the energy of a beam is decremented by the quantity determined 

according to the chosen approach and, in parallel, the energy intercepted by the corresponding crown (or crown 

part) is incremented by this quantity. This beam radiation extinction occurs for the successive trees traversed 

by the beam until it reaches the target cell. In case a beam hits a trunk, the trunk intercepted energy is incremented 

by the remaining energy of the beam and the beam energy is set to zero. After processing of all the beams for 

each cell, the total radiation reaching a ground cell is given by the sum of the remaining energies of the beams 

coming from all sky directions, and the total energy intercepted by a tree part (i.e., crown, crown part or trunk) 

equals the sum of the energies intercepted from the different beams. Besides this actual energy interception by 

trees, potential energy interception is also determined for each tree and corresponds to the energy that would 

have been intercepted by this tree in the absence of its neighbors. The ratio between actual and potential 

interception may be considered as a light competition index (LCI, -). For the sake of computing efficiency, the 

algorithm has been optimized in order to, for each beam, limit beam-tree interception computations only to trees 

likely to effectively intercept that beam. We refer to Courbaud et al (2003) for details about this optimization 

technique. Furthermore, virtual wrapping of the plot as a torus is implemented in the model to avoid erroneous 

radiative balance around plot borders. It allows repetition of the plot in every direction and, thereby, avoids 

overestimation of incident radiation coming for the edges and provides exact radiation balance at the stand level 

(see Courbaud et al (2003)). Finally, speedup of the algorithm was recently achieved through parallelization of 

the radiative balance computations for the different cells. (André et al., submitted) 

1.3.4 Gross primary production (from Jonard et al., 2020) 

The annual gross primary production of each tree (gpp in kgC yr-1) is calculated either based on a PAR use 

efficiency (PUE) approach (Monteith, 1977) or using the photosynthesis method of the CASTANEA model 

(Dufrêne et al., 2005). For the first option, the only input needed by the model is the mean monthly global 

radiation. The second option requires hourly meteorological data and the activation of the water balance 

calculation. In any case, a series of intermediate variables are needed to calculate gpp. (Jonard et al., 2020, p.909-

910)  

For the PUE approach, the model uses the solar radiation absorbed by each tree during the vegetation period 

(aRAD in MJ yr-1), aRAD is then converted in PAR (aPAR in mol photons yr-1) by supposing that 46% of the 

solar radiation (RAD) is PAR and that 1 MJ is equivalent to 4.55 moles of photons. The diffuse and direct 
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components of aPAR are also considered (aPARdiff and aPARdir in mol photons yr-1). While all the leaves receive 

diffuse PAR, only sunlit leaves absorb direct PAR. To estimate the sunlit leaf proportion (Propsl) at the tree level, 

HETEROFOR uses an adaptation of the classical stand-scale approach based on the Beer-Lambert law (Teh, 

2006):  

𝑃𝑟𝑜𝑝𝑠𝑙 =
1−exp (−𝑘∙𝐿𝐴𝐼)

𝑘
          (16) 

with 𝑘, the extinction coefficient, 

𝐿𝐴𝐼, the leaf area index (m² m-2). 

At the individual scale, the leaf area index is calculated by dividing the tree leaf area (aleaf in m2) by the crown 

projection area (cpa in m²). The value obtained is then multiplied by the light competition index (LCI in MJ MJ-

1) to account for the shading effect of the neighbouring trees: 

𝑃𝑟𝑜𝑝𝑠𝑙 =
1−exp (−𝑘∙

𝑎𝑙𝑒𝑎𝑓

𝑐𝑝𝑎
)

𝑘
∙ 𝐿𝐶𝐼         (17) 

where LCI is the ratio between the absorbed radiation calculated with and without neighbouring trees 

in SAMSARALIGHT. LCI ranges from 1 (no light competition) to 0 (no light reaching the tree).  

To adapt the PAR use efficiency concept (PUE) at the tree level, we considered a distinct PUE for sunlit (sl) and 

shaded (sh) leaves and calculated an average PUE weighted as follows: 

𝑝𝑢𝑒 =
𝑎𝑃𝐴𝑅𝑑𝑖𝑓𝑓∙(𝑃𝑟𝑜𝑝𝑠𝑙∙𝑃𝑈𝐸𝑠𝑙+𝑃𝑟𝑜𝑝𝑠ℎ∙𝑃𝑈𝐸𝑠ℎ)+𝑎𝑃𝐴𝑅𝑑𝑖𝑟∙𝑃𝑈𝐸𝑠𝑙

𝑎𝑃𝐴𝑅
      (18) 

This pue is then used to calculate gpp based on aPAR and a reducer accounting for water stress (𝑟𝑒𝑑𝑤𝑎𝑡𝑒𝑟):  

𝑔𝑝𝑝 = 𝑎𝑃𝐴𝑅 ∙ 𝑝𝑢𝑒 ∙ 𝑟𝑒𝑑𝑤𝑎𝑡𝑒𝑟           (19) 

The default value of 𝑟𝑒𝑑𝑤𝑎𝑡𝑒𝑟  is 1 but, when the water balance module is activated, it is set to the ratio between 

the actual and the potential (i.e., considering no soil water limitation) tree transpiration (𝑡𝑎𝑐𝑡𝑢𝑎𝑙  and 𝑡𝑝𝑜𝑡, in l per 

year). This ratio estimates the fraction of the vegetation period during which stomata are partially or totally 

closed due to limitation in soil water availability. Since this ratio is always lower or equal to 1, a correction 

factor is applied to avoid introducing a bias.  

𝑟𝑒𝑑𝑤𝑎𝑡𝑒𝑟 =
𝑡𝑎𝑐𝑡𝑢𝑎𝑙

𝑡𝑝𝑜𝑡
∙ 𝑐𝑜𝑟𝑟           (20) 

gpp can also be estimated using the photosynthesis method of CASTANEA (Dufrêne et al., 2005). This method 

consists in the biochemical model of Farquhar et al. (1980) analytically coupled with the approach of Ball et al. 

(1987) that linearly relates stomatal conductance to the product of the carbon assimilation rate by the relative 

humidity. The slope of this relationship varies between 0 and 1 with the soil water availability characterized in 

HETEROFOR based on a decreasing exponential function of the mean soil water potential (see Eq. 115 in 

section 1.3.10). The formulation of Ball et al. (1987) was slightly adapted to the tree level by accounting for the 

influence of tree height (Schäfer et al., 2000). Indeed, leaf water potential increases with leaf height and induces 

a decrease in stomatal conductance (Ryan and Yoder, 1997). (Jonard et al., 2020, p.909-910) 

The photosynthesis routine requires, at an hourly time step, the direct and diffuse PAR absorbed per unit leaf 

area. The direct PAR is intercepted only by sunlit leaves and is obtained by multiplying the hourly incident PAR 

(µmol photons m-2 s-1) by the proportion of direct PAR absorbed by sunlit leaves. For a tree, this proportion is 



43 

 

by default fixed for the whole vegetation period and calculated as the ratio between the direct PAR absorbed per 

unit sunlit leaf area during the vegetation period (in mol photons.m-².yr-1) and the incident PAR cumulated over 

the same period (in mol photons m-² yr-1). A similar procedure is used for the diffuse absorbed PAR, except that 

it is related to the total leaf area. When using the detailed version of SAMSARALIGHT, the proportions of 

direct/diffuse PAR absorbed per unit leaf area change every hour during the day and depending on the 

phenological stage. The photosynthesis routine of CASTANEA also requires the foliar nitrogen concentration 

to estimate the maximal carboxylation rate (Dufrêne et al., 2005). (Jonard et al., 2020, p.909-910) 

1.3.5 Growth and maintenance respiration (from Jonard et al., 2020) 

gpp is converted to annual net primary production (npp in kgC yr-1) using either a ratio (Eq. 21) or after 

subtraction of growth (gr) and maintenance respiration (mr) (Eq. 22) according to the theory of respiration 

developed by Penning de Vries (1975). (Jonard et al., 2020, p.910-911) 

𝑛𝑝𝑝 = 𝑔𝑝𝑝 ∙ 𝑟𝑛𝑝𝑝_𝑔𝑝𝑝          (21) 

𝑛𝑝𝑝 = 𝑔𝑝𝑝 − 𝑚𝑟 − 𝑔𝑟          (22) 

Mäkelä and Valentine (2001) showed that the npp to gpp ratio, also called carbon use efficiency (CUE) changes 

with some tree characteristics (tree height and age) while others highlighted the influence of air temperature or 

social status (DeLucia et al., 2007; Collalti and Prentice, 2019). Based on simulated gpp and npp reconstructed 

by using the model in reverse mode (see sect. 1.3.9), we tested the impact of several variables characterizing 

tree dimensions and shape (height, height of crown base, dbh, crown radius, crown volume, crown to stem 

diameter ratio, aboveground volume or biomass) as well as the influence of competition using the LCI and the 

annual mean temperature on the npp to gpp ratio. (Jonard et al., 2020, p.910-911) 

𝑟𝑛𝑝𝑝_𝑔𝑝𝑝 = 𝑎 + 𝑏 𝑑𝑏ℎ𝑐𝑚 + 𝑐 𝑑𝑏ℎ𝑐𝑚
2 + 𝑑 ℎ + 𝑒 ℎ2 + 𝑓 

ℎ

𝑑𝑏ℎ𝑚
+ 𝑔 𝐷𝑑𝑖𝑛𝑑𝑒𝑥 + 𝑖 

ℎ−ℎ𝑐𝑏

ℎ
+ 𝑗 𝑙𝑛(𝐿𝐶𝐼) + 𝑘 𝑀𝐴𝑇 

            (23) 

with  dbh and h characterising the tree size,  

h/dbh, Ddindex, 
ℎ−ℎ𝑐𝑏

ℎ
 describing the tree shape independently of its size (slenderness, crown horizontal 

and vertical extension), 

LCI, the light competition index varying between 0 (no light reaching the tree) and 1 (no competition), 

MAT, the mean annual air temperature, 

a to k, fitting parameters. 

More precisely,  

𝐷𝑑𝐼𝑛𝑑𝑒𝑥 =
Dd

𝐷𝑑𝑝𝑟𝑒𝑑
            (24) 

with  𝐷𝑑, the crown to stem diameter ratio determined from the tree mean crown radius (𝑐𝑟𝑚𝑒𝑎𝑛in m) and 

diameter at breast height (dbh in m), 

𝐷𝑑𝑝𝑟𝑒𝑑, the crown to stem diameter ratio predicted based on the girth at breast height (gbh in cm): 

𝐷𝑑𝑝𝑟𝑒𝑑 = 𝛼 + 𝛽 ∙ 𝑔𝑏ℎ + 𝛾 ∙
1

𝑔𝑏ℎ
+ 𝛿 ∙

1

𝑔𝑏ℎ2
       (25) 
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In Eq. (22), maintenance respiration is calculated for each tree by summing the maintenance respiration of each 

compartment estimated from the nitrogen content of its living biomass and considering a Q10 function for the 

temperature dependency. During daytime, the inhibition of foliage respiration by light is taken into account by 

considering that this inhibition reduces respiration by 62% (Villard et al., 1995). 

𝑚𝑟 = ∑ (𝑏𝑐𝑜𝑚𝑝. ∙ 𝑓𝑙𝑖𝑣𝑖𝑛𝑔 ∙ [𝑁] ∙ 𝑅𝑇𝑟𝑒𝑓 ∙ 𝑄10_𝑜𝑟𝑔𝑎𝑛

𝑇−𝑇𝑟𝑒𝑓

10 )𝑐𝑜𝑚𝑝.        (26) 

with 𝑏𝑐𝑜𝑚𝑝., the tree compartment biomass (kg of organic matter), 

𝑓𝑙𝑖𝑣𝑖𝑛𝑔, the fraction of living biomass, 

[𝑁], the nitrogen concentration (g kg-1),  

𝑅𝑇𝑟𝑒𝑓, the maintenance respiration per g of N at the reference temperature (15°C), 

T, is the air temperature for aboveground tree compartments or the soil horizon temperature for roots. 

Root maintenance respiration is estimated for each soil horizon separately. 

The fraction of living biomass is fixed to 1 for leaves and fine roots or equals the proportion of sapwood for the 

structural tree compartments. The sapwood proportion is derived from the sapwood area (𝑎𝑠𝑎𝑝𝑤𝑜𝑜𝑑  in cm²) 

determined based on an empirical function of the tree compartment diameter (∅𝑐𝑜𝑚𝑝. in cm): 

𝑎𝑠𝑎𝑝𝑤𝑜𝑜𝑑 = 𝑎 + 𝑏 ∙ ∅𝑐𝑜𝑚𝑝. + 𝑐 ∙ ∅𝑐𝑜𝑚𝑝.
2
         (27) 

Growth respiration is the sum of the tree compartment growth respiration which is proportional to their biomass 

increment (see sect. 1.3.6): 

𝑔𝑟 = ∑ (𝑅𝑔𝑟 ∙ ∆𝑏𝑐𝑜𝑚𝑝.)𝑐𝑜𝑚𝑝.          (28) 

where 𝑅𝑔𝑟 is the growth respiration per unit biomass increment (kgC kgC-1).  

(Jonard et al., 2020, p.910-911) 

1.3.6 Carbon allocation and dimensional growth (from Jonard et al., 2020) 

For each tree, the npp and the carbon retranslocated from leaves and roots (𝑟𝑡𝑙𝑒𝑎𝑓 and 𝑟𝑡𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡in kgC yr-1) are 

distributed among the various tree compartments at the end of the year. 𝑟𝑡𝑙𝑒𝑎𝑓 and 𝑟𝑡𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 are determined as 

follows : 

𝑟𝑡𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 = 𝑏𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 ∙ 𝛿𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 ∙ 𝑟𝑡𝑟𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡    (29) 

where 𝑏𝑙𝑒𝑎𝑓  and 𝑏𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 are the tree leaf and fine root biomasses (kgC), 𝛿𝑙𝑒𝑎𝑓 and 𝛿𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 are the 

leaf and fine root turnover rates (kgC kgC-1 yr-1), and 𝑟𝑡𝑟𝑙𝑒𝑎𝑓  and 𝑟𝑡𝑟𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 are the leaf and fine root 

retranslocation rates (kgC kgC-1).  

 𝑏𝑙𝑒𝑎𝑓 is estimated with an allometric equation based on the stem diameter at breast height (dbh in cm) and on 

the crown to stem diameter ratio (Dd): 

𝑏𝑙𝑒𝑎𝑓 = 𝛼 ∙ 𝑑𝑏ℎ
𝛽 ∙ 𝐷𝑑𝛾          (30) 

𝑏𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 is deduced from the leaf biomass using the fine root to leaf ratio (𝑟𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 𝑡𝑜 𝑓𝑜𝑙𝑖𝑎𝑔𝑒): 

𝑏𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 = 𝑏𝑙𝑒𝑎𝑓 ∙ 𝑟𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡_𝑙𝑒𝑎𝑓        (31) 
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𝑟𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡_𝑙𝑒𝑎𝑓 takes a value between a minimum (𝑟𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡_𝑙𝑒𝑎𝑓_𝑚𝑖𝑛) and maximum (𝑟𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡_𝑙𝑒𝑎𝑓_𝑚𝑎𝑥) ratio 

depending on the tree nutritional status, in accordance with the concept of functional balance (Mäkela 1986). 

This means that a higher ratio is used (more carbon allocation to fine roots) when tree suffers from nutrient 

deficiency. For each nutrient, a candidate ratio is obtained based on a linear relationship depending on the 

nutritional status. The ratio increases when the nutritional status deteriorates and this effect is more pronounced 

for nitrogen (N) > phosphorus (P) > potassium (K) > magnesium (Mg) > calcium (Ca). Among the candidate 

ratios, the maximum is retained in order to account for the fact that the most limiting nutrient has the dominant 

effect. For each nutrient, the nutritional status is bounded between 0 and 1 and calculated based on the foliar 

concentrations (provided in the inventory file) and on the optimum and deficiency thresholds (Mellert and 

Göttlein, 2012). (Jonard et al., 2020, p.911-913) 

𝑆𝑡𝑎𝑡𝑢𝑠(𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡) =
[𝐹𝑜𝑙𝑖𝑎𝑟 𝑁𝑢𝑡𝑟𝑖𝑒𝑛𝑡]−𝐷𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

𝑂𝑝𝑡𝑖𝑚𝑢𝑚−𝐷𝑒𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
        (32) 

The leaf and fine root litter amounts (𝑠𝑙𝑒𝑎𝑓 and 𝑠𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 in kgC yr-1) are estimated based on the turnover rate 

taking into account the retranslocation: 

𝑠𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 = 𝑏𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 ∙ 𝛿𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 ∙ (1 − 𝑟𝑡𝑙𝑒𝑎𝑓 𝑜𝑟 𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡)    (33) 

Allocation priority is given to leaves and fine roots. The carbon allocated to leaves corresponds to the annual 

leaf production (𝑝𝑙𝑒𝑎𝑓  in kgC yr-1) which is equal to the amount of leaves fallen the previous year plus the leaf 

biomass change (∆𝑏𝑙𝑒𝑎𝑓  in kgC yr-1): 

𝑝𝑙𝑒𝑎𝑓 = 𝑏𝑙𝑒𝑎𝑓𝑡−1
 ∙ 𝛿𝑙𝑒𝑎𝑓 + ∆𝑏𝑙𝑒𝑎𝑓          (34) 

where ∆𝑏𝑙𝑒𝑎𝑓  is determined by :  

∆𝑏𝑙𝑒𝑎𝑓 = 𝑏𝑙𝑒𝑎𝑓𝑡
− 𝑏𝑙𝑒𝑎𝑓𝑡−1

         (35) 

with  𝑏𝑙𝑒𝑎𝑓𝑡−1
 and 𝑏𝑙𝑒𝑎𝑓𝑡

 being the tree leaf biomasses corresponding to the previous and the current 

years, respectively. 

The fine root production is then estimated according to the same logic: 

𝑝𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 = 𝑏𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡𝑡−1
∙ 𝛿𝑓𝑟 + ∆𝑏𝑓𝑟         (36) 

where 𝑏𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡𝑡−1
is provided by Eq. (31). 

When the carbon allocated to leaf and fine root is higher than the npp plus the retranslocated carbon (suppressed 

trees with low gpp and npp for their size), the leaf and fine root productions are recalculated so that they do not 

exceed 80% of the available carbon. (Jonard et al., 2020, p.911-913) 

Then, the fruit production (𝑝𝑓𝑟𝑢𝑖𝑡 in kgC yr-1) is estimated with an allometric equation similar to Eq. (30) and is 

considered directly proportional to the light competition index since fructification is known to be favoured when 

tree crowns are exposed to the sun (Greene et al., 2002; Davi et al., 2016). A threshold dbh (𝑑𝑏ℎ𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 in cm) 

is fixed below which no fruit production occurs. (Jonard et al., 2020, p.911-913) 

𝑝𝑓𝑟𝑢𝑖𝑡 =  𝛼 ∙ 𝐿𝐶𝐼 ∙ (𝑑𝑏ℎ − 𝑑𝑏ℎ𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑)
𝛽        (37) 

In this equation, the parameter α takes a default value or is adapted based on the fruit production of the year 

(when the file with the amount of fruit litterfall per year and per tree species is loaded). 
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Part of the carbon is also used to compensate for branch and root mortality. The branch mortality (𝑠𝑏𝑟𝑎𝑛𝑐ℎ in 

kgC yr-1) is described based on a turnover rate or with an equation of the same form as Eq. (30) while the 

structural root mortality (𝑠𝑟𝑜𝑜𝑡  in kgC yr-1) is obtained using a turnover rate. (Jonard et al., 2020, p.911-913) 

After subtracting the leaf, fine root and fruit productions and the root and branch senescence, the remaining 

carbon is allocated to structural tree compartment growth:  

∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 = 𝑛𝑝𝑝 + 𝑟𝑡 − 𝑝𝑙𝑒𝑎𝑓 − 𝑝𝑓𝑖𝑛𝑒 𝑟𝑜𝑜𝑡 − 𝑝𝑓𝑟𝑢𝑖𝑡 − 𝑠𝑏𝑟𝑎𝑛𝑐ℎ − 𝑠𝑟𝑜𝑜𝑡    (38) 

At this stage, the remaining carbon is partitioned between the above- and below-ground parts of the tree 

according to a fixed root to shoot ratio (𝑟𝑟𝑜𝑜𝑡_𝑠ℎ𝑜𝑜𝑡): 

∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑎𝑏𝑜𝑣𝑒 =
∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙

(1+𝑟𝑟𝑜𝑜𝑡_𝑠ℎ𝑜𝑜𝑡)
         (39) 

∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑏𝑒𝑙𝑜𝑤 = ∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙 − ∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑎𝑏𝑜𝑣𝑒      (40) 

The increment in aboveground structural biomass is then used to determine the combined increment in dbh and 

total height (h in m) based on an allometric equation used to predict aboveground woody biomass (Genet et al., 

2011; Hounzandji et al., 2015): 

𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑎𝑏𝑜𝑣𝑒 = 𝛼 + 𝛽( 𝑑𝑏ℎ
2 ∙ ℎ)𝛾        (41) 

Deriving this equation and rearranging terms gives: 

∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑎𝑏𝑜𝑣𝑒 = 𝛽𝛾( 𝑑𝑏ℎ2 ∙ ℎ)𝛾−1∆( 𝑑𝑏ℎ2 ∙ ℎ)        (42) 

∆( 𝑑𝑏ℎ2 ∙ ℎ) =
∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑎𝑏𝑜𝑣𝑒

𝛽𝛾( 𝑑𝑏ℎ2∙ℎ)𝛾−1
         (43) 

The development of the left term provides: 

∆( 𝑑𝑏ℎ2 ∙ ℎ) = (𝑑𝑏ℎ + ∆𝑑𝑏ℎ)2 ∙ (ℎ + ∆ℎ) − 𝑑𝑏ℎ2 ∙ ℎ      (44) 

which can be further developed to isolate ∆ℎ: 

∆ℎ ≅
∆( 𝑑𝑏ℎ2∙ℎ)

𝑑𝑏ℎ2
−

ℎ∙∆𝑑𝑏ℎ2

𝑑𝑏ℎ2
          (45) 

From Eq. (45), we know that the height increment can be expressed as a function of 
∆( 𝑑𝑏ℎ2∙ℎ)

𝑑𝑏ℎ2
. In the following, 

we refer to it as the height growth potential (∆ℎ𝑝𝑜𝑡) since it corresponds to the height increment if all the 

remaining carbon was allocated to height growth. Contrary to the other term of Eq. (45) (
ℎ∙∆𝑑𝑏ℎ2

𝑑𝑏ℎ2
) which is 

unknown, this height growth potential can be evaluated at this step by dividing the result of Eq. (43) by dbh². 

However, depending on the level of competition for light and on the tree size, only part of this height growth 

potential will be effectively realized for height increment. For each tree species, an empirical relationship 

predicting height growth from the height growth potential, the light competition index and the tree size (dbh or 

height) was therefore fitted based on successive inventory: 

∆ℎ = 𝑎 + 𝑏 𝐿𝐶𝐼 + 𝑐 ∆ℎ𝑝𝑜𝑡 + 𝑑 ∆ℎ𝑝𝑜𝑡
2 + 𝑒 ℎ + 𝑓 ℎ2 + 𝑔 𝑑𝑏ℎ + 𝑒𝑟𝑟𝑜𝑟     (46) 

The dbh increment is then determined by rearranging Eq. (44): 

∆𝑑𝑏ℎ = √
∆( 𝑑𝑏ℎ2∙ℎ)+𝑑𝑏ℎ2∙ℎ

(ℎ+∆ℎ)
− 𝑑𝑏ℎ         (47) 
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The increments in root, stem and branch biomass are obtained as follows: 

∆𝑏𝑟𝑜𝑜𝑡 = 𝑟𝑟𝑜𝑜𝑡_𝑠ℎ𝑜𝑜𝑡 ∙ ∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑎𝑏𝑜𝑣𝑒        (48) 

∆𝑏𝑠𝑡𝑒𝑚 = 𝑓 ∙ 𝜌 ∙ ((𝑑𝑏ℎ + ∆𝑑𝑏ℎ)2 ∙ (ℎ𝑠𝑡𝑒𝑚 + ∆ℎ𝑠𝑡𝑒𝑚) − 𝑑𝑏ℎ
2 ∙ ℎ𝑠𝑡𝑒𝑚)     (49) 

∆𝑏𝑏𝑟𝑎𝑛𝑐ℎ = ∆𝑏𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙_𝑎𝑏𝑜𝑣𝑒 − ∆𝑏𝑠𝑡𝑒𝑚        (50) 

with  𝜌, the stem volumetric mass (kgC m-3), 

ℎ𝑠𝑡𝑒𝑚, the stem height (m) 

f, the form coefficient (m3 m-3). 

The stem height (ℎ𝑠𝑡𝑒𝑚) is defined as the total tree height (ℎ, m) for evergreen species and Larix and as the 

Delevoy height (ℎ𝑑𝑒𝑙 , 𝑚), corresponding to the height at which stem diameter is half the diameter at breast 

height, for the other deciduous species. (Jonard et al., 2020, p.911-913) 

The form coefficient (f) is formulated as follows based on Deleuze et al. (2014b): 

𝑓 =
𝜋2∙𝑉𝑜𝑙𝑠𝑡𝑒𝑚

h𝑠𝑡𝑒𝑚∙ (𝑔𝑏ℎ/100)
2 (1 −

1.30

ℎ
)
2

         (51) 

in which the stem volume (𝑉𝑜𝑙𝑠𝑡𝑒𝑚, m³) is expressed as: 

𝑉𝑜𝑙𝑠𝑡𝑒𝑚 = 𝑉𝑜𝑙𝑡𝑟𝑒𝑒 ∙ 𝑆𝑡𝑒𝑚𝑓𝑟𝑎𝑐 ∙ Corr        (52) 

with 𝑉𝑜𝑙𝑡𝑟𝑒𝑒  (m³), the tree total volume, 

 𝑆𝑡𝑒𝑚𝑓𝑟𝑎𝑐 (-), the fraction of the tree volume belonging to the stem, 

 𝐶𝑜𝑟𝑟  (-), a correction factor accounting for the considered cutting circumference. 

The three terms of Eq. (52) are determined through: 

𝑉𝑜𝑙𝑡𝑟𝑒𝑒 =
ℎ∙(𝑔𝑏ℎ/100)2

4∙π

𝑎+𝑏∙
√𝑔𝑏ℎ/100

ℎ +𝑐∙ ℎ
𝑔𝑏ℎ/100

(1−
1.30

ℎ
)
2         (53) 

𝑆𝑡𝑒𝑚𝑓𝑟𝑎𝑐 = d + e ∙ log (
ℎ𝑠𝑡𝑒𝑝

ℎ−ℎ𝑠𝑡𝑒𝑝
) + f ∙

√𝑔𝑏ℎ/100

ℎ
+

𝑔

𝑔𝑏ℎ/100
      (54) 

𝐶𝑜𝑟𝑟 = (1 −
𝐶𝑐𝑢𝑡

3

𝑔𝑏ℎ3
(1 −

1.30

ℎ
)
3

)         (55) 

where a, b, c, d, e, f and g are species specific parameters, 

h𝑠𝑡𝑒𝑝 (m) is the step height, corresponding to the height at which the first sharp decrease of stem 

circumference is observed, 

C𝑐𝑢𝑡 (cm) is the cutting circumference, set to zero for evergreen species and Larix for which stem height 

corresponds to total tree height and set to 𝑔𝑏ℎ 2 ⁄ for the other deciduous species whose stem height is 

defined as the Delevoy height (see above). (Jonard et al., 2020, p.911-913) 

Finally, h𝑠𝑡𝑒𝑝 is obtained using: 

ℎ𝑠𝑡𝑒𝑝 = (𝛼 + 𝛽 ∙ 𝑔𝑏ℎ) ∙ ℎ          (56) 

where 𝛼 and 𝛽 are species specific parameters. 
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The branch and root biomasses are then distributed in 3 categories defined based on the diameter: small 

branches/roots < 4 cm, medium branches/roots between 4 and 7 cm, coarse branches/roots > 7 cm. The 

proportions of small, medium and coarse branches/roots are determined based on equations of the same form as 

those presented in Hounzandji et al. (2015) for oak branches. Until we can adjust these equations on appropriate 

data sets, the parameters of Hounzandji et al. (2015) are also used for beech branches and for oak and beech 

roots. The distribution in root categories has no impact on the functioning of the model since this information is 

not used elsewhere. This is just a model output that the user can ignore or consider as a whole. (Jonard et al., 

2020, p.911-913) 

1.3.7 Crown extension (from Jonard et al., 2020) 

Depending on whether the competition with the neighbouring trees is taken into account or not, the crown 

dynamics can be described by two different approaches. When local competition is not considered (distance-

independent approach), change in crown dimensions are derived from dbh or height increment based on 

empirical relationships: 

∆ℎ𝑐𝑏 = ℎ𝑐𝑏% ∙ ∆ℎ          (57) 

∆ℎ𝑙𝑐𝑒 = (ℎ𝑐𝑏 + ∆ℎ𝑐𝑏) + ℎ𝑙𝑐𝑒% ∙ (ℎ − (ℎ𝑐𝑏 + ∆ℎ𝑐𝑏)) − ℎ𝑙𝑐𝑒     (58) 

∆𝑐𝑟 = 𝐷𝑑𝑝𝑟𝑒𝑑 ∙
∆𝑑𝑏ℎ

200
          (59) 

where ℎ𝑐𝑏% is the proportion of the total height corresponding to the height to crown base estimated 

according to 

  ℎ𝑐𝑏% = 𝑎 + 𝑏 𝑔𝑖𝑟𝑡ℎ + 𝑐 𝐿𝐶𝐼 + 𝑑 𝐿𝐶𝐼2       (60) 

ℎ𝑙𝑐𝑒% is the proportion of the crown length corresponding to (ℎ𝑙𝑐𝑒 − ℎ𝑐𝑏) (ℎ − ℎ𝑐𝑏)⁄ , the distance 

from the crown base to the height of largest crown extension (ℎ𝑙𝑐𝑒, m) obtained from 

 ℎ𝑙𝑐𝑒% =  𝑎 +  𝑏 𝑔𝑏ℎ +  𝑐 ∗  𝐿𝐶𝐼 +  𝑑 ∗  𝑔𝑏ℎ ∗  𝐿𝐶𝐼     (61) 

∆𝑐𝑟 is the change in crown radius (in m) whatever the direction; 

𝐷𝑑𝑝𝑟𝑒𝑑 is the crown to stem diameter ratio estimated by Eq. (25). (Jonard et al., 2020, p.913-914) 

Alternatively, the changes in crown dimensions can be described based on the competition with the neighbouring 

trees (distance-dependent approach). The space around a target tree is divided into 4 sectors according to the 4 

cardinal directions (North between 315° and 45°, East between 45° and 135°, South between 135° and 225°, 

West between 225° and 315°). In each sector, the tree which is the closest to the target tree is retained as a 

competitor if its height is higher than the hcb of the target tree. Beyond a certain distance (i.e., two times the 

maximal crown radius: 10 m), no competitor is considered. For each main direction, the model calculates an 

hlce at equilibrium (ℎ𝑙𝑐𝑒𝑒𝑞  in m) for the target tree. This hlce at equilibrium is located between a minimum (ℎ𝑐𝑏 

in m) and a maximum (ℎ𝑙𝑐𝑒𝑚𝑎𝑥 in m). ℎ𝑙𝑐𝑒𝑚𝑎𝑥  is obtained by determining the higher intersection between the 

potential crowns of the target tree and the competitor. The potential crown of a tree is the crown that this tree 

would have had in absence of competition and is considered as having the shape of a half ellipsoid centred on 

the tree trunk and with the semi-axis lengths equal to the tree potential crown radius (𝑐𝑟𝑝𝑜𝑡  in m, see below) and 

to the crown length (ℎ − ℎ𝑐𝑏). ℎ𝑙𝑐𝑒𝑒𝑞  is positioned between the minimum and the maximum values according 
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to the competition intensity estimated based on the target tree and the competitor heights (ℎ𝑡𝑎𝑟𝑔𝑒𝑡 and ℎ𝑐𝑜𝑚𝑝 in 

m) as well as the hcb of the target tree: 

ℎ𝑙𝑐𝑒𝑒𝑞 = ℎ𝑐𝑏 + (ℎ𝑙𝑐𝑒𝑚𝑎𝑥 − ℎ𝑐𝑏) ∙ 𝑚𝑎𝑥 (0,𝑚𝑖𝑛 (1,
ℎ𝑐𝑜𝑚𝑝−ℎ𝑐𝑏

ℎ𝑡𝑎𝑟𝑔𝑒𝑡−ℎ𝑐𝑏
))     (62) 

The four values of ℎ𝑙𝑐𝑒𝑒𝑞  are then averaged (ℎ𝑙𝑐𝑒𝑒𝑞_𝑚𝑒𝑎𝑛). 

Finally, the change in ℎ𝑙𝑐𝑒 is determined as follows: 

if ℎ𝑙𝑐𝑒 < ℎ𝑙𝑐𝑒𝑒𝑞_𝑚𝑒𝑎𝑛,  

∆ℎ𝑙𝑐𝑒 = min (∆ℎ𝑙𝑐𝑒𝑚𝑎𝑥 , ℎ𝑙𝑐𝑒𝑒𝑞_𝑚𝑒𝑎𝑛 − ℎ𝑙𝑐𝑒)        (63) 

else, 

∆ℎ𝑙𝑐𝑒 = max (−∆ℎ𝑙𝑐𝑒𝑚𝑎𝑥 , ℎ𝑙𝑐𝑒𝑒𝑞_𝑚𝑒𝑎𝑛 − ℎ𝑙𝑐𝑒)        (64) 

where ∆ℎ𝑙𝑐𝑒𝑚𝑎𝑥  is the maximum change in ℎ𝑙𝑐𝑒 allowed by the model.  

The change in ℎ𝑐𝑏 is obtained with the same logic: 

if ℎ𝑐𝑏 < ℎ𝑐𝑏𝑒𝑞_𝑚𝑒𝑎𝑛,  

∆ℎ𝑐𝑏 = min (∆ℎ𝑐𝑏𝑚𝑎𝑥 , ℎ𝑐𝑏𝑒𝑞_𝑚𝑒𝑎𝑛 − ℎ𝑐𝑏)        (65) 

else, 

∆ℎ𝑐𝑏 = max (−∆ℎ𝑐𝑏𝑚𝑎𝑥 , ℎ𝑐𝑏𝑒𝑞_𝑚𝑒𝑎𝑛 − ℎ𝑐𝑏)       (66) 

where ℎ𝑐𝑏𝑒𝑞_𝑚𝑒𝑎𝑛  is the ℎ𝑐𝑏 estimated from the tree height based on ℎ𝑐𝑏% (Eq. 60).  

(Jonard et al., 2020, p.913-914) 

The change in the four crown radii is calculated based on crown radii at equilibrium (𝑐𝑟𝑒𝑞  in m) which are 

estimated by considering the competitive strength of the target and neighbouring trees. For a given direction, 

𝑐𝑟𝑒𝑞  is calculated based on the potential (free growth) crown radius of the target tree (𝑐𝑟𝑝𝑜𝑡_𝑡𝑎𝑟𝑔𝑒𝑡  in m) and of 

its competitor (𝑐𝑟𝑝𝑜𝑡_𝑐𝑜𝑚𝑝 in m), the distance between the two trees (d in m) and the crown overlap ratio (𝑟𝑜𝑣𝑒𝑟𝑙𝑎𝑝 

in m m-1): 

𝑐𝑟𝑒𝑞 =
𝑐𝑟𝑝𝑜𝑡_𝑡𝑎𝑟𝑔𝑒𝑡

𝑐𝑟𝑝𝑜𝑡_𝑡𝑎𝑟𝑔𝑒𝑡+𝑐𝑟𝑝𝑜𝑡_𝑐𝑜𝑚𝑝
∙ 𝑑 ∙ 𝑟𝑜𝑣𝑒𝑟𝑙𝑎𝑝_𝑡𝑎𝑟𝑔𝑒𝑡        (67) 

The potential crown radius (𝑐𝑟𝑝𝑜𝑡) of a tree if determined by: 

𝑐𝑟𝑝𝑜𝑡 =
𝑑𝑏ℎ

200
∙ 𝐷𝑑𝑝𝑟𝑒𝑑 ∙ 𝑠ℎ          (68) 

where Ddpred is the crown to stem diameter ratio estimated by Eq. (25) and sh is a coefficient allowing 

to shift from the mean to the maximum Ddpred. 

The crown overlap ratio is estimated by considering neighbouring trees of the same species two by two and by 

calculating the ratio between the sum of their crown radii and the distance between the corresponding tree stems. 

This overlap ratio accounts for the capacity of a tree species to penetrate in neighbouring crowns. (Jonard et al., 

2020, p.913-914) 
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The change in crown radius is then determined as follows for each direction: 

if 𝑐𝑟 < 𝑐𝑟𝑒𝑞 ,  

∆𝑐𝑟 = min (∆𝑐𝑟𝑚𝑎𝑥 , 𝑐𝑟𝑒𝑞 − 𝑐𝑟)          (69) 

else, 

∆𝑐𝑟 = max (−∆𝑐𝑟𝑚𝑎𝑥 , 𝑐𝑟𝑒𝑞 − 𝑐𝑟)          (70) 

with ∆𝑐𝑟𝑚𝑖𝑛 and ∆𝑐𝑟𝑚𝑎𝑥 being respectively the minimum and the maximum change in 𝑐𝑟 allowed by 

the model. They are obtained similarly as 𝑐𝑟𝑝𝑜𝑡: 

∆cr𝑚𝑎𝑥 =
∆𝑑𝑏ℎ

200
∙ 𝐷𝑑 ∙ 𝑠ℎ         (71) 

 (Jonard et al., 2020, p.913-914) 

1.3.8 Tree harvesting and mortality (from Jonard et al., 2020) 

During the simulation, thinning can be achieved at each annual step either (i) by selecting the trees from a list 

or a map or according to tree characteristics (tree species, age, dbh, height), or (ii) by defining the number of 

trees to be thinned per diameter class using an interactive histogram, or (iii) by loading a file listing the trees 

that must be thinned. In addition, the thinning methods developed for GYMNOS and QUERGUS are compatible 

with HETEROFOR. They allow to reach a target basal area, density or relative density index by thinning from 

below or from above or by creating gaps (Ligot et al., 2014). (Jonard et al., 2020, p.914) 

When the npp of a tree is not sufficient to ensure a normal leaf and fine root development (for suppressed trees 

and/or after a severe drought), the leaf biomass is reduced and induces a defoliation which is estimated as 

follows: 

𝐷𝑒𝑓 =
𝑏𝑙𝑒𝑎𝑓−𝑏𝑙𝑒𝑎𝑓_𝑐𝑜𝑟𝑟

𝑏𝑙𝑒𝑎𝑓
∙ 100         (72) 

where 𝑏𝑙𝑒𝑎𝑓  and 𝑏𝑙𝑒𝑎𝑓_𝑐𝑜𝑟𝑟  are respectively the leaf biomass estimated with Eq. (30) and the leaf 

biomass corrected to match the available carbon (see sect. 1.3.6). (Jonard et al., 2020, p.914) 

Tree mortality occurs when trees reach a defoliation of 90%, considering that a tree with less than 10% of its 

leaves is in an advanced stage of decline and is unlikely to recover (Manion, 1981). Hence, HETEROFOR takes 

into account the mortality resulting from carbon starvation due to light competition and/or water stress (stomatal 

closure). (Jonard et al., 2020, p.914) 

1.3.9 Growth reconstruction (from Jonard et al., 2020) 

HETEROFOR was adapted to allow the user to run it in reverse mode starting from the known increments in 

dbh and h to reconstruct individual npp using exactly the same parameters and equations as in the normal mode. 

To achieve a reconstruction, an inventory file with tree measurements must be loaded to create the initial step. 

From this initial step, the reconstruction tools can be launched and requires another inventory file with tree 

measurements achieved one or several years later. Based on these two inventories, HETEROFOR calculates the 

mean dbh and h increments for each tree and use the model equations to reconstruct each step and evaluate 

among other individual npp. The npp is obtained by re-arranging Eq. (38) in which the carbon allocated to the 

structural biomass is calculated from the dbh and h increments using Eq. (42), (40) and (39). The carbon 
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allocated to leaf, fine root and fruit production is determined respectively with Eq. (34), (36) and (37) while the 

amount re-translocated from leaves and roots before senescence is evaluated with Eq. (29). Finally, the terms of 

Eq. (38) accounting for the leaf and fine root litter were determined with Eq. (33). In addition to two stand 

inventories, the reconstruction tool also requires a file listing the trees which were cut or died between the two 

inventory dates and the last year during which they were present in the stand. (Jonard et al., 2020, p.914) 

1.3.10 Water balance 

The water balance module operates at an hourly time step and simulates the partitioning of incident rainfall into the main 

forest water fluxes and pools, namely, interception (i.e., water storage on foliage and bark, and evaporation), throughfall, 

stemflow, water movements between soil horizons and deep drainage, transpiration and soil water uptake in the different 

soil horizons, and soil evaporation (Fig. 2.2). 

 

Figure 2.2: Schematic representation of the water fluxes and pools in the water balance module. Rainfall is 

divided into throughfall reaching directly the forest floor and a pre-stemflow component intercepted by the 

foliage and the bark. Once the foliage and bark are saturated, the water surplus increases the throughfall flux 

and flows along the branches and the trunk to generate stemflow. The throughfall and stemflow fluxes enter in 

the upper part of the soil and then, move from one horizon to the other according to the Darcy’s law. For a soil 

horizon hr, the water input fluxes can be the drainage from the upper horizon (Dhr-1) and the capillary rise from 

the lower horizon (CRhr+1) that depend on the water potential gradient between the concerned horizons and on 

their hydraulic conductivity. The output fluxes are the drainage (Dhr) and the capillary rise (CRhr), the root 

water uptake (UProot(hr)) and the surplus (Shr) that appears when the horizon water content exceeds the saturated 

water content. One part of this latter flux can directly leaves the system as deep drainage (DD) when preferential 

flow is considered, in addition to the water drainage of the last horizon. In parallel, water evaporates from 

foliage, bark and soil and is taken up by roots to enable tree transpiration. The evapo-transpiration fluxes are all 

calculated with the Penman-Monteith equation.  

Surface runoff and groundwater level rise are not yet considered in the current HETEROFOR version. Instead, when 

saturation is reached in a soil layer, the water surplus is transferred to the horizon below or is lost when occurring in the 

last horizon.  

In a first step, the parameters considered as constant during the leaved and leafless periods are estimated. Then, the 

various water fluxes are calculated at an hourly time step. The default option for the water balance module calculates the 

water fluxes at the stand level by summing properties estimated at the tree level (maximum foliage and bark storage 

capacities, throughfall and stemflow proportions). For this option, tree transpiration is calculated at the tree level and 

summed at the stand scale. Stand transpiration is then used to estimate root water uptake in the different soil horizons 

assuming that all trees are taking up water in the same reservoirs in which soil water is redistributed homogeneously 
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between two hourly time steps. This hypothesis can be justified by soil anisotropy, which induces a higher horizontal 

than vertical soil conductance. This is justified since water movements through the same horizon depend only on its own 

hydrological properties while the presence of one horizon with a low conductance can slow down vertical water 

movement in the upper horizons (Todd and Mays, 2005). Moreover, as sediments are preferentially deposited on their 

longest side, the vertical conductance is decreased with regards to the horizontal one (Cristiano et al., 2016) so that the 

ratio of the horizontal vs vertical conductance ranges between 2 and 10 in alluvial soils and amounts to 100 in clay soils 

(Todd and Mays, 2005).      

The user can select an alternative option ‘activate fine spatial resolution’ to perform water balance on an individual scale. 

In this case, all the water fluxes (throughfall, stemflow, foliage, bark and soil evaporation, transpiration, water uptake, 

soil water movements and drainage) are calculated at the individual level. For this option, the model distributes the total 

soil volume in individual soil volumes (called pedon). 

The pedon area (𝑎𝑝𝑒𝑑𝑜𝑛) is determined proportionally to the leaf area of the associated tree (but is limited to two times 

its crown projection): 

𝑎𝑝𝑒𝑑𝑜𝑛 =
𝑎𝑙𝑒𝑎𝑓

𝐴𝑙𝑒𝑎𝑓
. 𝐴𝑠𝑡𝑎𝑛𝑑           (73) 

with 𝑎𝑙𝑒𝑎𝑓, the tree leaf area (m²) 

𝐴𝑙𝑒𝑎𝑓, the total stand leaf area (m²) 

𝐴𝑠𝑡𝑎𝑛𝑑, the total stand area (m²) 

In sparse stands, all the stand area is not allocated to the trees and the remaining area is considered as a pedon without 

any associated tree. With the fine spatial resolution, the model performs a water balance for each tree pedon and also for 

the remaining pedon (without tree). Contrary to the default option, the alternative option supposes no water redistribution 

among pedons. This hypothesis could become more appropriate than the perfect redistribution hypothesis when soil dries 

(Friedman and Jones, 2001), at least beyond the air entry value (Assouline and Or, 2006). The two options allow the user 

to test two contrasted hypotheses regarding soil water redistribution in the horizontal dimension. In the following 

description, variables calculated at the stand scale are represented with capital letters while lowercase letters are used for 

variables at the tree level. In some cases, when the equation is the same at the tree and the stand level, the variables are 

represented only with capital letters to avoid unnecessary duplications.  

Foliage and bark storage capacity 

The maximum foliage storage capacity of a tree (𝑐𝑓𝑜𝑙𝑖𝑎𝑔𝑒_𝑚𝑎𝑥, l) is calculated by multiplying the foliage storage capacity 

of the corresponding tree species by the tree leaf area: 

𝑐𝑓𝑜𝑙𝑖𝑎𝑔𝑒_𝑚𝑎𝑥 = 𝑎𝑙𝑒𝑎𝑓 ∙ 𝑐𝑓𝑜𝑙𝑖𝑎𝑔𝑒_𝑠𝑝          (74) 

with 𝑐𝑓𝑜𝑙𝑖𝑎𝑔𝑒_𝑠𝑝, the foliage storage capacity for the species sp (mm or l per m² of leaf). 

To obtain it at the stand level (𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒_𝑚𝑎𝑥 , l), the model sums the maximum foliage storage capacity of all the trees. 

Bark storage capacity depends on season (i.e., leafed and leafless periods) and on tree species. It is derived from a linear 

model proposed by André et al. (2008a) predicting the individual stemflow (sf, l) produced during a rain event as a 

function of tree girth (gbh, cm) and rainfall amount (R, mm):  

𝑠𝑓 =  𝑎 +  𝑏 . 𝑔𝑏ℎ +  𝑐 . 𝑅 +  𝑑 . 𝑔𝑏ℎ . 𝑅 +  𝜏 +  𝛿 +  𝜀       (75) 
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where a (l), b (l cm-1), c (m²) and d (m² cm-1) are fixed effect parameters varying with tree species and season, 

𝜏 and 𝛿 are random factors characterizing the tree and the rain event variability and ε account for the residuals. 

As it multiplies the rainfall amount in Eq. (75), the term “c + d.gbh” may be interpreted as an estimate of the stemflow 

rate (sfrate, l mm-1). In parallel, André et al. (2008a) determined the rainfall threshold for stemflow appearance (Rmin, mm), 

defined as the amount of rainfall required to produce stemflow at the base of the trunk. This threshold was found to be 

independent of tree size while it depends on both season and tree species. Multiplying the sfrate estimations by Rmin values 

for the corresponding species and season provides estimates of the tree bark storage capacity (cbark, l), namely, the amount 

of water accumulated on branch and trunk bark before stemflow occurs at tree base: 

𝑐𝑏𝑎𝑟𝑘 = (𝑐 + 𝑑 ∙ 𝐶130) ∙ 𝑅𝑚𝑖𝑛          (76) 

The individual cbark estimates are then summed over all trees of a same species for each season to determine leafless (ll) 

and leaved (ld) stand bark storage capacity (𝐶𝑏𝑎𝑟𝑘_𝑠𝑝_𝑙𝑙 , 𝐶𝑏𝑎𝑟𝑘_𝑠𝑝_𝑙𝑑, l). As shown by André et al. (2008a), the seasonal 

variation of the bark storage capacity is not significant since the corresponding changes in the three parameters (c, d and 

Rmin) offset each other. We maintained, however, the distinction between seasons since the parameters of Eq. (75) were 

also used to estimate throughfall and stemflow proportions (described hereafter), which are clearly season-dependent. 

Throughfall and stemflow proportions 

For a given tree, the proportion of stand rainfall reaching the ground at the base of the trunk as stemflow may be calculated 

by dividing the stemflow rate (see above) by the pedon or stand area ( 𝑎𝑝𝑒𝑑𝑜𝑛  𝑜𝑟 𝐴𝑠𝑡𝑎𝑛𝑑, m²) depending on the selected 

option (tree vs stand scale water balance): 

%𝑠𝑓 =
𝑐+𝑑∙𝐶130

𝑎𝑝𝑒𝑑𝑜𝑛
 𝑜𝑟 

𝑐+𝑑∙𝐶130

𝐴𝑠𝑡𝑎𝑛𝑑
          (77) 

For the water balance at the stand scale, the stemflow proportion per tree species is then calculated separately for the 

leafless and the leaved periods (%𝑆𝐹𝑠𝑝_𝑙𝑙 , %𝑆𝐹𝑠𝑝_𝑙𝑑) by summing the corresponding tree stemflow proportions. The 

stemflow proportion is also calculated at the stand scale for each period (%𝑆𝐹𝑙𝑙 , %𝑆𝐹𝑙𝑑). Finally, tree and stand level 

throughfall proportions are obtained directly from the stemflow proportions: 

%tfll = 1 −%𝑠𝑓ll  or  %TFll = 1 −%𝑆𝐹ll         (78) 

%tfld = 1 −%𝑠𝑓ld  or  %TFld = 1 −%𝑆𝐹ld        (79) 

Absorbed radiation proportions 

During the leaved period, the radiation absorbed by the trees is provided by the SAMSARALIGHT library either for the 

whole period (simplified radiation balance, default option) or for every hour of key phenological dates (detailed radiation 

balance, alternative option). It may be determined either by considering absorption by tree crowns as a function of leaf 

area density and ray path length through the crown by applying the Beer-Lambert law, or by specifying relative crown 

radiation absorption coefficients for each species. At the tree scale, the proportion of incident radiation absorbed per unit 

of leaf area during the vegetation period (%𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑐𝑎𝑛𝑜𝑝𝑦_𝑚²) is calculated as the ratio of the radiation absorbed by 

the crown over the whole vegetation period (𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑐𝑟𝑜𝑤𝑛 , 𝑀𝐽) divided by the corresponding incident radiation (RAD, 

MJ m-²) and the tree leaf area:  

%𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑙𝑒𝑎𝑓_𝑚² =
𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑐𝑟𝑜𝑤𝑛

𝑅𝐴𝐷∙𝑎𝑙𝑒𝑎𝑓
         (80) 
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At the stand scale, this proportion is obtained by summing the radiation absorbed by each crown and dividing it by the 

incident radiation and the leaf area of the whole stand: 

%𝑎𝑅𝐴𝐷𝑠𝑡𝑎𝑛𝑑_𝑙𝑒𝑎𝑓_𝑚² =
∑ 𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑐𝑟𝑜𝑤𝑛𝑡𝑟𝑒𝑒

𝑅𝐴𝐷∙𝐴𝑙𝑒𝑎𝑓
         (81) 

Similarly, the proportion of incident radiation absorbed per unit of bark area is obtained, at the tree and stand scales 

respectively, by 

%𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑏𝑎𝑟𝑘_𝑚² =
𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑡𝑟𝑢𝑛𝑘

𝑅𝐴𝐷∙𝑎𝑏𝑎𝑟𝑘
          (82) 

with  𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑡𝑟𝑢𝑛𝑘, the radiation absorbed by the trunk of a given tree (MJ),  

𝑎𝑏𝑎𝑟𝑘, the tree bark area (m²) 

 

%𝑎𝑅𝐴𝐷𝑠𝑡𝑎𝑛𝑑_𝑏𝑎𝑟𝑘_𝑚² =
∑ 𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑡𝑟𝑢𝑛𝑘𝑡𝑟𝑒𝑒

𝑅𝐴𝐷∙𝐴𝑏𝑎𝑟𝑘
          (83) 

with 𝐴𝑏𝑎𝑟𝑘, the stand bark area (m²) 

At both scale (tree and stand), the proportion of incident radiation transmitted to the understorey is the transmitted 

radiation (𝑡𝑟𝑎𝑛𝑠𝑅𝐴𝐷,MJ 𝑚−2), determined as the difference between the incident radiation and the radiation absorbed 

by the tree(s), divided by the incident radiation: 

%𝑡𝑟𝑎𝑛𝑠𝑅𝐴𝐷 =
𝑡𝑟𝑎𝑛𝑠𝑅𝐴𝐷

𝑅𝐴𝐷
           (84) 

The radiation transmitted to the understory is then partitioned into the radiation intercepted by the ground vegetation and 

that reaching the soil by applying Beer-Lambert law considering the ground vegetation leaf area index (described later 

in Ground vegetation transpiration and soil evaporation). 

In the following sections, all these proportions are used to estimate the hourly absorbed or transmitted radiations based 

on the hourly incident radiation.  

For the leafless period, the proportions of incident radiation intercepted by the trunks and the branches and transmitted 

to the understory are obtained based on the Beer-Lambert law using the bark area index (i.e. bark surface divided by the 

stand or pedo area, BAI, m2 -2) calculated from the bark biomass, density and thickness: 

%𝑎𝑅𝐴𝐷𝑏𝑎𝑟𝑘_𝑚² =
1−exp (−𝑘∙𝐵𝐴𝐼)

𝐵𝐴𝐼
          (85) 

%𝑡𝑟𝑎𝑛𝑠𝑅𝐴𝐷 =
exp (−𝑘∙𝐵𝐴𝐼)

𝐵𝐴𝐼
          (86) 

Interception and evaporation of water stored on foliage and bark 

Based on the preceding calculations, the water balance module starts updating the different water fluxes and pools for 

every hourly time step. First water evaporation from foliage and from bark is computed using the Penman Monteith (P-

M) equation (Monteith, 1965) at the tree or stand scale. The latent heat flux density is calculated as follows: 

𝜆. 𝐸 =
∆𝑅+

𝜌.𝑐𝑝.𝑉𝑃𝐷

𝑟𝑎

∆+𝛾(
𝑟𝑎+𝑟𝑠
𝑟𝑎

)
            (87) 

with  λ.E: latent heat flux density (W m-2), 

λ: water latent heat of vaporization = 2454000 J kg-1 (Teh, 2006), 
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γ: psychometric constant = 0.658 mbar K-1 (Teh, 2006), 

∆: slope of the saturated vapour pressure curve (mbar K-1): 

∆≈
𝑑𝑒𝑠(𝑇)

𝑑𝑇
=

25029.4 ∙𝑒𝑥𝑝[
17.269.𝑇

𝑇+237.3
]

(𝑇+237.3)2
,         (88) 

 ρ: moist air density = 1.209 kg m-3, 

cp: moist air specific heat capacity = 1010 J kg-1 K-1, 

T: air temperature (°C), 

R: absorbed radiation per unit of leaf or bark area (Watt per m² of leaf/bark), 

ra: aerodynamic resistance (s m-1), the inverse of aerodynamic conductance, ga: 

𝑟𝑎 =
1

𝑔𝑎
            (89) 

rs: surface resistance (s m-1), the inverse of surface conductance, gs: 

𝑟𝑠 =
1

𝑔𝑠
             (90) 

VPD: the vapour pressure deficit (mbar or hPa) calculated as follows based on the air temperature and the relative 

humidity: 

𝑉𝑃𝐷 = 𝑒𝑠(𝑇) − 𝑒𝑟          (91) 

with  𝑒𝑠: saturated vapour pressure (mbar): 

𝑒𝑠(𝑇) = 6.1078 . 𝑒𝑥𝑝 [
17.269𝑇

𝑇+237.3
]         (92) 

𝑒𝑟: air vapour pressure (mbar): 

𝑒𝑟 =
𝑅𝐻

100
. 𝑒𝑠(𝑇𝑟)           (93) 

where RH is the relative humidity (10-2 hPa hPa-1)   

The radiation absorbed hourly per unit of leaf area (ℎ_𝑎𝑅𝐴𝐷𝑙𝑒𝑎𝑓_𝑚², W.m-2) is obtained by multiplying the proportion of 

incident radiation absorbed per leaf area unit by the hourly incident radiation (h_RAD, W m-2):  

ℎ_𝑎𝑅𝐴𝐷𝑙𝑒𝑎𝑓_𝑚² = %𝑎𝑅𝐴𝐷𝑙𝑒𝑎𝑓_𝑚² ∙ ℎ_𝑅𝐴𝐷         (94) 

Similarly, the hourly absorbed radiation per unit of bark area (ℎ_𝑎𝑅𝐴𝐷𝑏𝑎𝑟𝑘_𝑚², W.m-2) is obtained by multiplying the 

proportion of incident radiation absorbed by the bark by the hourly incident radiation:  

ℎ_𝑎𝑅𝐴𝐷𝑏𝑎𝑟𝑘_𝑚² = %𝑎𝑅𝐴𝐷𝑏𝑎𝑟𝑘_𝑚² ∙  ℎ_𝑅𝐴𝐷        (95) 

The aerodynamic resistance is defined as the inverse of the aerodynamic conductance, which represents the ease for a 

water vapour molecule to get away from its original location once it has been evaporated. Similarly, the surface resistance 

is the inverse of surface conductance that represents the ease for water molecules to migrate through the surface-air 

interface. The aerodynamic resistance depends mainly on wind speed and turbulence while the surface resistance is a 

function of the water diffusivity through the surface. 
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According to Teh (2006) and depending on the scale considered (tree or stand), the mean canopy air resistance may be 

obtained by integrating the canopy air conductance (ga, m.s-1) values estimated at 11 height levels between the mid-crown 

or mid-canopy height and the dominant height for the foliage and between half of the total or dominant height and the 

dominant height for the bark: 

𝑔𝑎 = 0.006 ∙ √
𝑊𝑆

𝑙𝑠𝑝
           (96) 

with  lsp, the mean leaf width,  

WS, the wind speed (m s-1). 

The mid-canopy height is determined as the mid-height between the dominant height of the stand (hd, m), defined as the 

mean total height of the 100 biggest trees per ha, and the canopy base height (hcb, m), defined as the mean height to 

crown base of the 100 smallest trees per ha. At the tree scale, the integration is done between the mid-crown height and 

the total height for the foliage and between half of the total height and the total height for the bark. 

WS is estimated at the different heights (h, m) based on the dominant height wind speed (𝑊𝑆ℎ𝑑, m s-1) and on the wind 

speed attenuation coefficient (𝛼): 

𝑊𝑆 = 𝑊𝑆ℎ𝑑 ∙ 𝑒
−[𝛼∙(1−

ℎ

ℎ𝑑
)]

           (97) 

where 𝑊𝑆ℎ𝑑 is calculated according to Jetten (1996) based on the measured wind speed and its height of 

measurement:  

𝑊𝑆(ℎ) = 𝑊𝑆(𝑧𝑚) ∙
𝑙𝑛[

(𝑧𝑒−𝑑𝑚)
𝑧0𝑚
⁄ ]

𝑙𝑛[
(𝑧𝑚−𝑑𝑚)

𝑧0𝑚
⁄ ]

∙
𝑙𝑛[

(ℎ−𝑑𝑓)
𝑧0𝑓
⁄ ]

𝑙𝑛[
(𝑧𝑒−𝑑𝑓)

𝑧0𝑓
⁄ ]

        (98) 

with  h is the height at which wind speed is estimated (in this case the dominant height), 

ze is the reference height (m) fixed to 50 m, 

zm is the wind speed measurement height (2.5 m), 

dm is the surface roughness height (m) of the meteorological station fixed to 0.08 m, 

z0m is the zero plane displacement (m) of the meteorological station fixed to 0.015 m, 

df is the surface roughness height (m) of the forest and estimated as 0.75 ∙ ℎ𝑑 and 

z0f is the zero plane displacement (m) of the meteorological station fixed to 0.1 ∙ ℎ𝑑. 

While no surface resistance is considered for the foliage evaporation (infinite conductance), the bark conductance (m s-

1) depends on the bark storage at the previous time step (𝑝𝑟𝑒𝑣𝑆𝑏𝑎𝑟𝑘_𝑠𝑝, l) and the bark storage capacity (𝐶𝑏𝑎𝑟𝑘_𝑠𝑝, l) 

according to 

𝑔𝑠_𝑏𝑎𝑟𝑘_𝑠𝑝 = 𝑔𝑠_𝑏𝑎𝑟𝑘_𝑚𝑖𝑛 + (𝑔𝑠_𝑏𝑎𝑟𝑘_𝑚𝑎𝑥 − 𝑔𝑠_𝑏𝑎𝑟𝑘_𝑚𝑖𝑛) ∙
𝑝𝑟𝑒𝑣𝑆𝑏𝑎𝑟𝑘_𝑠𝑝

𝐶𝑏𝑎𝑟𝑘_𝑠𝑝
      (99) 

The latent heat flux density is then converted to hourly water evaporation (EV, l per hour per m² of leaf): 

𝐸𝑉𝑓𝑜𝑙𝑖𝑎𝑔𝑒 𝑜𝑟 𝑏𝑎𝑟𝑘_𝑚² =
𝜆.𝐸

𝜆

𝑑𝐻2𝑂
∙ 1000 ∙ 60 ∙ 60                     (100) 

with  E, the mass of water evaporated (kg m-2 s-1) and 
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dH2O, the water density (998 kg m-³) 

Hourly tree or stand foliage evaporation (EVfoliage_stand, l.h-1) is obtained by multiplying EVfoliage from Eq. (100) by the tree 

or stand leaf area: 

𝐸𝑉𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = 𝐸𝑉𝑓𝑜𝑙𝑖𝑎𝑔𝑒_𝑚² ∙ (𝑎𝑙𝑒𝑎𝑓  𝑜𝑟 𝐴𝑙𝑒𝑎𝑓)                     (101) 

Similarly, hourly evaporation from bark (EVbark, l h-1) is determined separately for each tree or tree species by 

𝐸𝑉𝑏𝑎𝑟𝑘 = 𝐸𝑉𝑏𝑎𝑟𝑘_𝑠𝑝_𝑚² ∙ (𝑎𝑙𝑒𝑎𝑓  𝑜𝑟 𝐴𝑏𝑎𝑟𝑘𝑠𝑝)                     (102) 

where Abark_sp is the bark area for the tree species sp (m²). 

Evaporation from foliage and from bark cannot be larger than the corresponding amounts of water stored on these 

surfaces, namely, 𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒(l) and 𝑆𝑏𝑎𝑟𝑘_𝑠𝑝 (l) (see next section). Therefore, the following conditions are set: 

𝐸𝑉𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = min (𝐸𝑉𝑓𝑜𝑙𝑖𝑎𝑔𝑒 , 𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒)                      (103) 

𝐸𝑉𝑏𝑎𝑟𝑘 = min (𝐸𝑉𝑏𝑎𝑟𝑘 , 𝑆𝑏𝑎𝑟𝑘_𝑠𝑝)                       (104) 

Partitioning of rainfall into interception, throughfall and stemflow 

Rainfall passing through the canopy can be intercepted by the foliage, the branches and the stems of the tree(s). These 

reservoirs saturate progressively and the water then flows along the trunks to the tree base(s) to produce stemflow or 

drips from the canopy to the ground as throughfall. For some of the parameters (i.e., storage capacities, stemflow 

proportions) showing contrasting values depending on the season, the leaved and the leafless periods are distinguished 

to describe these processes. In addition, several intermediate state variables are considered, namely:  

- tree or stand rainfall (𝑅𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑 , l) = 𝑅 ∙ (𝐴𝑝𝑒𝑑𝑜𝑛 𝑜𝑟 𝐴𝑠𝑡𝑎𝑛𝑑);                 (105) 

- foliage storage (𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒 , l) corresponding to the amount of water stored on the tree or stand foliage; 

- previous stand foliage storage (𝑝𝑟𝑒𝑣𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒 , l) being the tree or stand foliage storage at the previous time step; 

- remaining foliage storage capacity (𝑅𝑒𝑚𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒 , l), defined as 

𝑅𝑒𝑚𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = 𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒 − (𝑝𝑟𝑒𝑣𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒 − 𝐸𝑉𝑓𝑜𝑙𝑖𝑎𝑔𝑒)                   (106) 

- non-intercepted rainfall (𝑢𝑛𝑖𝑛𝑡𝑅, l). 

For the leaved period, the foliage storage and the non-intercepted rainfall are updated at every time step considering 

various cases: 

if (𝑅𝑒𝑚𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒 > 0) { 

 if (𝑅𝑒𝑚𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒 > 𝑅𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑) { 

  𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = 𝑝𝑟𝑒𝑣𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒 − 𝐸𝑉𝑓𝑜𝑙𝑖𝑎𝑔𝑒 + 𝑅𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑 

  𝑢𝑛𝑖𝑛𝑡𝑅 = 0 }  

else { 

  𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = 𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒  

  𝑢𝑛𝑖𝑛𝑡𝑅 = 𝑅𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑 − 𝑅𝑒𝑚𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒}  

else { 

 𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = 𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒  

 𝑢𝑛𝑖𝑛𝑡𝑅 = 𝑅𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑} 
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For the leafless period, we have 𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = 0, which gives 𝑢𝑛𝑖𝑛𝑡𝑅 =  𝑅𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑)  

Throughfall and stemflow fluxes are then calculated separately for the leaved and leafless periods. For both periods, tree 

or stand throughfall and pre-stemflow (𝑝𝑟𝑒𝑆𝐹, l) are considered as complementary fractions of the non-intercepted 

rainfall. Pre-stemflow is the amount of rain deviated towards the branches and the trunk but not necessarily reaching the 

base of the trunk due to storage and evaporation losses. At the stand level, pre-stemflow is estimated separately for each 

tree species. 

𝑇𝐹𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑡𝑎𝑛𝑑 = %TF ∙ 𝑢𝑛𝑖𝑛𝑡𝑅                      (107) 

𝑝𝑟𝑒𝑆𝐹𝑡𝑟𝑒𝑒 𝑜𝑟 𝑠𝑝 = %𝑆𝐹 ∙ 𝑢𝑛𝑖𝑛𝑡𝑅                      (108) 

At this stage, the following state variables are used: 

- the tree or species bark storage (𝑆𝑏𝑎𝑟𝑘 , l) = amount of water stored in the bark of a given tree or in that of all the 

trees of a same tree species, 

- the previous tree or species bark storage (𝑝𝑟𝑒𝑣𝑆𝑏𝑎𝑟𝑘 , l) = tree or species bark storage at the previous time step; 

- the remaining bark storage capacity of a given tree or species (𝑅𝑒𝑚𝐶𝑏𝑎𝑟𝑘, l): 

𝑅𝑒𝑚𝐶𝑏𝑎𝑟𝑘 = 𝐶𝑏𝑎𝑟𝑘 − (𝑝𝑟𝑒𝑣𝑆𝑏𝑎𝑟𝑘 − 𝐸𝑉𝑏𝑎𝑟𝑘)                     (109) 

Similarly as above for foliage storage and non-intercepted rainfall, various cases are distinguished to hourly update the 

bark storage and the stemflow volume (𝑆𝐹, l) of each tree or species: 

if (𝑅𝑒𝑚𝐶𝑏𝑎𝑟𝑘 > 0) { 

 if (𝑅𝑒𝑚𝐶𝑏𝑎𝑟𝑘 > 𝑝𝑟𝑒𝑆𝐹) { 

  𝑆𝑏𝑎𝑟𝑘 = 𝑝𝑟𝑒𝑣𝑆𝑏𝑎𝑟𝑘 − 𝐸𝑉𝑏𝑎𝑟𝑘 + 𝑝𝑟𝑒𝑆𝐹 

  𝑆𝐹 = 0 }  

else { 

  𝑆𝑏𝑎𝑟𝑘 = 𝐶𝑏𝑎𝑟𝑘 

  𝑆𝐹 = 𝑝𝑟𝑒𝑆𝐹 − 𝑅𝑒𝑚𝐶𝑏𝑎𝑟𝑘}  

else { 

 𝑆𝑏𝑎𝑟𝑘 = 𝐶𝑏𝑎𝑟𝑘 

 𝑆𝐹 = 𝑝𝑟𝑒𝑆𝐹} 

At the stand scale, stemflow is obtained by summing stemflow fluxes over the tree species: 

𝑆𝐹𝑠𝑡𝑎𝑛𝑑 = ∑ 𝑆𝐹𝑠𝑝𝑠𝑝                        (110) 

Tree transpiration 

As for evaporation from foliage and bark, the Penman Monteith equation (see Eq. 87) is used to estimate hourly tree 

transpiration during the vegetation period. In this case, the radiation absorbed per unit of leaf area by each tree 

(ℎ_𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑙𝑒𝑎𝑓_𝑚², Watt per m² of leaf) is considered and is obtained by:  

ℎ_𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑙𝑒𝑎𝑓_𝑚² = %𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑙𝑒𝑎𝑓_𝑚² ∙  ℎ_𝑅𝐴𝐷                    (111) 

The individual aerodynamic resistance is determined from Eq. (96) to Eq. (98) applied between the height of largest 

crown extension (hlce, m) and the dominant height. The individual surface resistance ( 𝑟𝑠_𝑓𝑜𝑙𝑖𝑎𝑔𝑒 , s m-1) is defined as the 

inverse of the foliage stomatal conductance (𝑔𝑠_𝑓𝑜𝑙𝑖𝑎𝑔𝑒 , m s-1). In the model version 1.0 presented in Jonard et al. (2020) 
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and de Wergifosse et al. (2020a), the water balance was calculated before photosynthesis, and the stomatal conductance 

for water was estimated based on a potential x modifier approach considering soil and climate conditions as well as 

individual tree characteristics (HETEROFOR 1.0) and did not depend on atmospheric CO2 concentration. In the new 

model version 1.1, the two processes (water balance and photosynthesis) were more closely coupled and the stomatal 

conductance for water balance was calculated in the same way as for the photosynthesis (see sect. 1.3.4) using the 

formulation of Ball et al. (1987) adapted to the tree level by accounting for the influence of tree height (Schäfer et al., 

2000). This modification allows taking the effect of atmospheric CO2 concentration on stomatal conductance for water 

transpiration into account.  

As the first version of the model was used for the chapters 3 and 4, we described below the potential x modifier approach 

for estimating stomatal conductance which was however not anymore used for the new simulations (chapter V). This 

approach allows to account for the increase in stomatal conductance with radiation and for the negative effect of 

increasing vapour pressure deficit and soil water potential (Granier and Breda, 1996; Tuzet et al., 2003; Buckley, 2017). 

For similar soil and climate conditions, the stomatal conductance is acknowledged to be higher for trees with a larger 

sapwood to leaf area ratio and to decreases with crown height as stomata of top leaves close earlier to avoid cavitation 

when water stress occurs (Ryan and Yoder, 1997; Schäfer et al., 2000). 

𝑟𝑠_𝑓𝑜𝑙𝑖𝑎𝑔𝑒 =
1

𝑔𝑠_𝑓𝑜𝑙𝑖𝑎𝑔𝑒
                        (112) 

𝑔𝑠_𝑓𝑜𝑙𝑖𝑎𝑔𝑒 = 𝑔𝑠0_𝑓𝑜𝑙𝑖𝑎𝑔𝑒 ∙
𝑎𝑠𝑎𝑝𝑤𝑜𝑜𝑑

𝑎𝑙𝑒𝑎𝑓
∙
1

ℎ𝑙𝑐𝑒
∙ 𝑀𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ∙ 𝑀𝑠𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟 ∙ 𝑀𝑣𝑝𝑑                  (113) 

with 𝑔𝑠0_𝑓𝑜𝑙𝑖𝑎𝑔𝑒: the reference stomatal conductance (m s-1), 

𝑎𝑠𝑎𝑝𝑤𝑜𝑜𝑑

𝑎𝑙𝑒𝑎𝑓
: the sapwood to leaf area ratio (m² m-²) calculated at the tree level (see Eq. 27 in sect. 1.3.5), 

𝑀𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛: the radiation modifier = 
ℎ_𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑙𝑒𝑎𝑓_𝑚²

ℎ_𝑎𝑅𝐴𝐷𝑡𝑟𝑒𝑒_𝑙𝑒𝑎𝑓_𝑚²+𝑝𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛
,                           (114) 

 where pradiation is a parameter characterizing stomatal response to radiation. 

𝑀𝑠𝑜𝑖𝑙 𝑤𝑎𝑡𝑒𝑟: the soil water modifier = 𝑒−𝑝1𝑆𝑊(𝑝𝐹−2.5)
𝑝2𝑆𝑊

 when pF > 2.5, 1 otherwise                                 (115) 

where pF (cm) is the base-10 logarithm of the mean soil water potential (ϕ) (mean value of the various 

horizons weighted based on root proportion, see below in the “root water uptake” section for calculation 

details of the soil water potential) and p1SW and p2SW are two parameters characterizing the stomatal 

response to soil water potential. 

𝑀𝑣𝑝𝑑, the VPD modifier = 1.0 − 𝑝𝑉𝑃𝐷 ∙ ln 𝑉𝑃𝐷.                                          (116) 

where pVPD is a species-dependent parameter characterizing stomatal response to vapour pressure 

deficit. 

The latent heat flux density (W m-²) determined by applying this parametrization to Eq. (87) is then converted to tree 

transpiration (TRtree, l h-1) using the same approach as for foliage evaporation that was described in Eq. (100) and Eq. 

(101). Finally, TRtree is corrected by multiplying it by the proportion of green leaves (greenProp) and by the fraction of 

leaves not covered with water (1 −
𝑆𝑓𝑜𝑙𝑖𝑎𝑔𝑒

𝐶𝑓𝑜𝑙𝑖𝑎𝑔𝑒 
), considering that transpiration occurs from photosynthetically active and dry 

leaves only.  
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Ground vegetation transpiration and soil evaporation 

The Penman Monteith equation is also used to estimate ground vegetation transpiration and soil evaporation at the tree 

and stand scale.  For this purpose, the radiation transmitted to the understory is subdivided for each time step into the 

radiation absorbed by per unit of leaf area of the ground vegetation (ℎ_𝑎𝑅𝐴𝐷𝑔𝑟𝑑_𝑣𝑒𝑔_𝑚², Watt per m² of leaf) and the 

radiation absorbed by the soil (ℎ_𝑎𝑅𝐴𝐷𝑠𝑜𝑖𝑙_𝑚², W.m-2) through application of the Beer-Lambert law: 

ℎ_𝑎𝑅𝐴𝐷𝑔𝑟𝑑_𝑣𝑒𝑔_𝑚² =
%𝑡𝑟𝑎𝑛𝑠𝑅𝐴𝐷∙𝑟𝑎𝑑∙(1−exp (−𝑘∙𝐿𝐴𝐼𝑔𝑟𝑑_𝑣𝑒𝑔.𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑡𝑎𝑛𝑑))

𝐿𝐴𝐼𝑔𝑟𝑑_𝑣𝑒𝑔.𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑡𝑎𝑛𝑑
                         (117) 

ℎ_𝑎𝑅𝐴𝐷𝑠𝑜𝑖𝑙_𝑚² = %𝑡𝑟𝑎𝑛𝑠𝑅𝐴𝐷 ∙ 𝑟𝑎𝑑 ∙ exp (−𝑘 ∙ 𝐿𝐴𝐼𝑔𝑟𝑑𝑣𝑒𝑔 ∙ 𝑔𝑟𝑒𝑒𝑛𝑃𝑟𝑜𝑝𝑠𝑡𝑎𝑛𝑑)                 (118) 

where k is the extinction coefficient fixed to 0.5 (Teh, 2006), LAIgrd_veg is the leaf area index of the ground 

vegetation calculated as the difference between the ecosystem LAI and the tree or stand LAI, greenPropstand is 

the proportion of remaining green leaves at the stand level. 

The energy effectively available for soil evaporation is obtained by subtracting the soil heat flux density (G, W m-2) from 

ℎ_𝑎𝑅𝐴𝐷𝑠𝑜𝑖𝑙_𝑚². G is estimated based on the temperature gradient and the soil thermal conductivity (K, fixed to 0.25 W 

m-1 K-1) as follows: 

𝐺 = 𝐾 ∗
𝑇𝑠𝑢𝑟𝑓−𝑇𝑖𝑛𝑡
𝑡ℎ𝑜𝑟𝑔

100
⁄

                        (119) 

with 𝑇𝑠𝑢𝑟𝑓  (°C), the temperature at the soil surface, considered as equal to air temperature (T) 

𝑇𝑖𝑛𝑡  (°C), the temperature at the interface between the organic layers and the mineral soil (see supplementary 

materials in Jonard et al., 2020 for more information on the way 𝑇𝑖𝑛𝑡  is obtained), 

𝑡ℎ𝑜𝑟𝑔 (m), the thickness of the organic layer. 

For ground vegetation transpiration and soil evaporation, the aerodynamic resistance is computed by applying Eq. (96) 

to (98) between the ground level and the dominant height. 

The surface resistances of the ground vegetation (𝑟𝑠_𝑔𝑟𝑑_𝑣𝑒𝑔) and of the soil (𝑟𝑠_𝑠𝑜𝑖𝑙) are the reciprocals of the ground 

vegetation and soil conductances, respectively. The ground vegetation conductance (𝑔𝑠_𝑔𝑟𝑑_𝑣𝑒𝑔, m s-1) is estimated based 

on the same approach as 𝑔𝑠_𝑓𝑜𝑙𝑖𝑎𝑔𝑒 for tree transpiration while the soil conductance (𝑔𝑠_𝑠𝑜𝑖𝑙, m s-1) depends on the relative 

extractable water (see below for computation details) of the forest floor at the previous time step (𝑝𝑟𝑒𝑣𝑅𝐸𝑊𝑓𝑜𝑟𝑒𝑠𝑡_𝑓𝑙𝑜𝑜𝑟): 

𝑔𝑠_𝑠𝑜𝑖𝑙 = 𝑔𝑠_𝑠𝑜𝑖𝑙_𝑚𝑖𝑛 + (𝑔𝑠_𝑠𝑜𝑖𝑙_𝑚𝑎𝑥 − 𝑔𝑠_𝑠𝑜𝑖𝑙_𝑚𝑖𝑛) ∙  𝑝𝑟𝑒𝑣𝑅𝐸𝑊𝑓𝑜𝑟𝑒𝑠𝑡_𝑓𝑙𝑜𝑜𝑟                  (120) 

The latent heat flux density (W m-²) is then converted to ground vegetation transpiration (TRgrd_veg, l h-1) and soil 

evaporation (EVsoil, l h-1) using the same approach as for tree transpiration and foliage evaporation, Eq. (100) and Eq. 

(101).  
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Soil hydraulic properties 

The modelling of water uptake distribution among soil horizons and of water transfer from a horizon to another requires 

estimates of the hydraulic properties for all soil horizons. The relationship between the soil water content (θ, m³ m-³) and 

the absolute matric potential (h, cm) is described by the van Genuchten function 

𝜃 = 𝜃𝑟 + 𝑆 ∙ (𝜃𝑠 − 𝜃𝑟)                                 (121) 

that can be rearranged under the form 

𝑆 =
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
 and                                  (122) 

𝑆 = [1 + (𝛼|ℎ|)𝑛]−(1−
1

𝑛
)
                                 (123) 

with θr, the residual water content (m³ m-³),  

θs, the saturated water content (m³ m-³), 

S, the relative water content 

α and n, two parameters 

The Mualem-van Genuchten function allows to estimate the soil hydraulic conductivity based on the relative water 

content and the saturated conductivity. 

𝐾 = 𝐾0 (𝑆
𝜆 {1 − (1 − 𝑆

𝑛
𝑛−1⁄ )

1−
1

𝑛}

2

)                      (124) 

with  K, the hydraulic conductivity (cm day-1),  

K0, the saturated conductivity (cm day-1) and 

λ, a parameter. 

These two functions (Eqs 64 and 65) partly share the same parameters which are estimated based on soil horizon 

properties (i.e., organic carbon content, 𝐶𝑜𝑟𝑔, particle size distribution). For organic horizons, values from Dettmann et 

al. (2014) are used for α, n and λ (α = 0.251, n = 1.75, λ = 0.5) and the equation of Päivänen (1973) for Sphagnum peat 

is considered for 𝐾0.  

𝐾0 = 10
(−2.321−13.22∙𝜌𝑏∙

1000

1000000
)∙24∙60∙60

                     (125) 

with 𝜌𝑏 = bulk density (kg m-³) 

For mineral horizons, pedotransfer equations elaborated by Weynants et al. (2009) are used: 

ln 𝛼 = −4.3003 − 0.0097 ∙ 𝑐𝑙𝑎𝑦 + 0.0138 ∙ 𝑠𝑎𝑛𝑑 − 0.0992 ∙ 𝐶𝑜𝑟𝑔                   (126) 

ln(𝑛 − 1) = −1.0846 − 0.0236 ∙ 𝑐𝑙𝑎𝑦 − 0.0085 ∙ 𝑠𝑎𝑛𝑑 + 0.0001 ∙ 𝑠𝑎𝑛𝑑2                 (127) 

ln𝐾0 = 1.9582 + 0.0308 ∙ 𝑠𝑎𝑛𝑑 − 0.6142 ∙ 𝜌𝑏 − 0.1566 ∙ 𝐶𝑜𝑟𝑔                   (128) 

𝜆 = −1.8642 − 0.1317 ∙ 𝑐𝑙𝑎𝑦 + 0.0067 ∙ 𝑠𝑎𝑛𝑑                     (129) 

with clay and sand, the clay and sand content of the soil (10-2 g g-1) respectively 

𝐶𝑜𝑟𝑔, the organic carbon content of the soil (g kg-1) and 
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𝜌𝑏, the bulk density (g cm-³). 

Water uptake distribution among soil horizons 

Once tree and ground vegetation hourly transpiration has been calculated, the module sums transpiration on all trees for 

the stand approach and add the ground vegetation transpiration to obtain the hourly stand transpiration, corresponding to 

the stand water uptake. Then, tree or stand water uptake is distributed among the horizons according to a method described 

in Couvreur et al. (2012). This method assumes that water absorption occurs preferentially in horizons where the water 

potential (matric potential, h, plus a gravimetric component), ϕ, is higher. Moreover, it considers that the amount of water 

uptake is proportional on the one hand to the difference between the horizon water potential and the averaged water 

potential weighted by the fine root proportion of the whole soil profile and on the other hand to the fine root proportion 

of the horizon. This can be transcribed as: 

𝑈𝑃𝑟𝑜𝑜𝑡(ℎ𝑟) = 𝑈𝑃𝑟𝑜𝑜𝑡 . fℎ𝑟 + 𝐾𝑐𝑜𝑚𝑝  . 3600. (ϕℎ𝑟 − ∑ ϕℎ𝑟 . fℎ𝑟
𝑁
ℎ𝑟=1 ). 10. fℎ𝑟 . (𝐴𝑝𝑒𝑑𝑜𝑛 𝑜𝑟 𝐴𝑠𝑡𝑎𝑛𝑑)               (130) 

with UProot and UProot(hr), the total water uptake and the water uptake of the hr horizon respectively (l h-1), 

fhr, the fine root proportion of the horizon hr, 

 Kcomp, the compensatory conductivity set to 1.10-9 (s-1), 

 ϕhr, the horizon water potential (cm). 

The right term of Eq. (130) is null when integrated on all the horizons. Then, it does not change the total amount of water 

uptake but it refines its distribution. Moreover, this method can generate water uplift that can occur when the top horizons 

are much drier than the deep ones. 

Water balance of the soil horizons 

At the tree and stand scale, the module performs an hourly water balance for each soil horizon hr (numbered from the 

topsoil) and updates its water content (𝜃ℎ𝑟, m3 m-3) as follows: 

𝜃ℎ𝑟 = 𝜃ℎ𝑟_𝑝𝑟𝑒𝑣 +
(𝐼𝑁ℎ𝑟−𝑂𝑈𝑇ℎ𝑟)

998∙𝑉ℎ𝑟
                      (131) 

with  θhr_prev, the water content of the hr horizon at the previous time step (m³ m-³), 

Vhr, the volume of the hr horizon (m³), 

INhr, the sum of the input water fluxes (l) and 

OUThr, the sum of the output water fluxes (l). 

The input fluxes are the drainage (𝐷, l) and the water surplus (𝑆, l) from the upper horizon (hr-1) and the capillary rise 

(𝐶𝑅, l) from the lower horizon (hr+1) described hereafter and represented in Fig. 2.2: 

𝐼𝑁ℎ𝑟 = 𝐷ℎ𝑟−1 + 𝑆ℎ𝑟−1 + 𝐶𝑅ℎ𝑟+1                      (132) 

The output fluxes are the drainage, the soil evaporation (𝐸𝑠𝑜𝑖𝑙 , l), the root water uptake (𝑈𝑃𝑟𝑜𝑜𝑡, l) and the capillary rise 

from the current horizon (hr) (Fig. 2.2): 

𝑂𝑈𝑇ℎ𝑟 = 𝐷ℎ𝑟 + 𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟) + 𝑈𝑃𝑟𝑜𝑜𝑡(ℎ𝑟) + 𝐶𝑅ℎ𝑟                    (133) 
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The water transfer (WT, l) between the horizon hr and hr+1 (considered as drainage if directed downward or as capillary 

rise if directed upward) is estimated with the Darcy law and the average conductivity between the horizons is calculated 

according to the upwind scheme that takes into account the horizon water potential (e.g. An and Noh, 2014).  

𝑊𝑇 =
𝐾ℎ𝑟,ℎ𝑟+1

24
∙ (

∆ℎ𝑚

∆𝑧
+ 1) ∙ (𝐴𝑝𝑒𝑑𝑜𝑛  𝑜𝑟 𝐴𝑠𝑡𝑎𝑛𝑑) ∙ 100                   (134) 

with 𝐾ℎ𝑟,ℎ𝑟+1 = {
𝐾ℎ𝑟+1, 𝜙ℎ𝑟+1 > 𝜙ℎ𝑟
𝐾ℎ𝑟 , 𝜙ℎ𝑟+1 ≤ 𝜙ℎ𝑟

 (cm day-1)                   (135) 

∆ℎ𝑚

∆𝑧
=

|ℎℎ𝑟+1|−|ℎℎ𝑟|
𝑡ℎℎ𝑟+𝑡ℎℎ𝑟+1

2
∙100

                      (136) 

where th (m) is the horizon thickness. 

To ensure the mass conservation, a variable time step (∆𝑡, s) is considered based on a stability criterion derived from the 

Peclet number. 

∆𝑡 =
𝜃ℎ𝑟𝑝𝑟𝑒𝑣 ∙𝑡ℎℎ𝑟

10∙
𝐾ℎ𝑟

100∙24∙3600

                         (137) 

This criterion is calculated for each horizon and the minimum value is retained. Still, the mass conservation is tested for 

the whole soil profile at the end of each hour. If the water balance error exceeds 0.01 mm, the time step is divided by 10 

(with 1000 as a maximum). The hourly water transfer is then obtained by cumulating the discretized values of water 

transfer.  

For the top horizon, 𝐷ℎ𝑟−1 is initialized at 𝑇𝐹 + 𝑆𝐹 and 𝐶𝑅ℎ𝑟 is set to 0. For the current horizon, if 𝑊𝑇 ≥ 0, 𝐷ℎ𝑟 = 𝑊𝑇, 

else 𝐷ℎ𝑟 = 0 and 𝐶𝑅ℎ𝑟+1 = −𝑊𝑇.  

Soil evaporation occurs only in organic horizons. The amount of water evaporated from the horizon hr ( 𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟), l) is 

obtained by taking the minimum value between the remaining water to evaporate (𝑟𝑒𝑚𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟), l) and the volume of 

extractable water in the horizon (𝑉𝐸𝑊ℎ𝑟 = 𝐸𝑊ℎ𝑟 ∙ (𝐴𝑝𝑒𝑑𝑜𝑛 or 𝐴𝑠𝑡𝑎𝑛𝑑), l). For the upper organic horizon, 𝑟𝑒𝑚𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟) 

is initialized to the total amount of water evaporated from the soil and is progressively decremented by subtracting 

𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟) for the deeper organic horizons: 

𝑟𝑒𝑚𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟) = 𝑟𝑒𝑚𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟−1) − 𝐸𝑉𝑠𝑜𝑖𝑙(ℎ𝑟−1)                     (138) 

In both mineral and organic horizons, if the water balance leads to a soil horizon water content higher than saturation, 

the soil horizon water content is set to the value of the saturated water content and a surplus is calculated. Part of this 

surplus is passed to the next horizon (𝑆ℎ𝑟−1) while the rest is considered as preferential flows and is added to the deep 

drainage (DD). 

𝑆ℎ𝑟−1 = 𝐼𝑁ℎ𝑟 − (𝜃𝑠_ℎ𝑟 − 𝜃ℎ𝑟_𝑝𝑟𝑒𝑣) ∙ 𝑉ℎ𝑟 ∙ 998 ∙ (1 − 𝜈ℎ𝑟) − 𝑂𝑈𝑇                   (139) 

with  vhr, the additional coarse fraction of the horizon (m³ m-³), not accounted for in the bulk density. 

The deep drainage is calculated as the sum of 𝐷ℎ𝑟  and 𝑆ℎ𝑟−1 of the last horizon plus the preferential flows. 

Before passing to the next horizon, 𝐷ℎ𝑟−1 takes the value of 𝐷ℎ𝑟  and 𝐶𝑅ℎ𝑟 the value of 𝐶𝑅ℎ𝑟+1. 

Absolute and relative extractable water 

The absolute extractable water (𝐸𝑊, mm) is defined as the amount of water stored in the soil that can be used by the 

plants: 
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𝐸𝑊 = ∑ (𝜃ℎ𝑟 − 𝜃wp _ℎ𝑟) ∙ 𝑡ℎℎ𝑟 ∙ (1 − 𝜈ℎ𝑟)
𝑛
ℎ𝑟=1                     (140) 

where θwp_hr is the water content of the soil horizon at the wilting point (m³ m-³), 

𝜈ℎ𝑟  is the additional coarse fraction of the horizon (m³ m-³), not accounted for in the bulk density, 

𝑡ℎℎ𝑟  is the horizon thickness (mm). 

The relative extractable water (𝑅𝐸𝑊, mm) corresponds to the ratio between this value of extractable water and the 

reference extractable water at the field capacity (𝐸𝑊𝑟𝑒𝑓 , mm): 

𝑅𝐸𝑊 =
𝐸𝑊

𝐸𝑊𝑟𝑒𝑓
                        (141) 

with 𝐸𝑊𝑟𝑒𝑓 = ∑ (𝜃fc _ℎ𝑟 − 𝜃wp _ℎ𝑟) ∙ 𝑡ℎℎ𝑟 ∙ (1 − 𝜈ℎ𝑟)
𝑛
ℎ𝑟=1                                            (142) 

where θfc_hr is the water content of the soil horizon at the field capacity (m³ m-³). 

2. MODEL PARAMETERIZATION 

2.1. PHENOLOGY 

Two different sets of phenological parameters were used in the project. The first was created to evaluate the three 

phenological models implemented (two-phase optimum, two-phase sigmoid and one-phase) against observations from 

different sites in Wallonia (Chap. 3) and was used for the first simulation round at the Walloon scale with the one-phase 

model (Chap. 4). Then, for the simulation at the European scale (Chap. 5), I took advantage of an existing set of 

parameters from Duputié et al. (2015) considering a slightly modified version of the two-phase optimum model for oak 

and the two-phase sigmoid for beech. 

The parameters used to calculate the start of budburst at the Walloon scale were determined using observations from the 

Pan European Phenology dataset (PEP725), which provides data about phenological observations across different 

European countries, though not in Belgium. We selected 129 sites on the western border of Germany covering the 

latitudes of our 6 study plots (49.5-51.0°N), for which the budburst dates of a representative tree were available at least 

between 1951 and 2015. The daily minimum, maximum and mean temperatures required to achieve the calibration came 

from the meteorological stations of the DWD Climate Data Center (Deutscher Wetterdienst). Phenological data from 

each site were assigned to the nearest meteorological station (5 different stations were sufficient). The calibration was 

carried out with the Phenological Modeling Platform software (Chuine et al., 2013). This module enables the user to 

perform a Bayesian calibration procedure using the algorithm of Metropolis et al. (1953). Some of the parameters can 

also be fixed. In our case, the chilling starting date of the two-phase model were fixed to the 1st of November of the 

previous year (e.g., Chiang and Brown, 2007; Roberts et al., 2015) in order to enhance the accuracy of the other parameter 

calibration. The length of the budburst period (necessary to determine the budburst shift), the leaf development, yellowing 

and falling rates were all adjusted from phenological observations conducted on 20 trees in the six Walloon study sites 

used to evaluate the model (Chap. 3). The parameter values can be found in Table 3.1. For this set, the parameters for 

common hornbeam were fixed to those of European beech given their similar morphology, which is a relatively rough 

approximation (Table 3.S1). However, the parameters for common hornbeam, as well as for many other tree species, 

were then adapted based on literature data by Frédéric André (Kramer et al., 1994a; Vitasse et al., 2011).  

The parameter set from Duputié et al. (2015) to calculate budburst at the European scale was also calibrated from 

observations of the PEP725 dataset using PMP but on a larger number of countries and sites. Leaf yellowing and fall 
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parameters were fitted with the observations provided for 13 ICP Forests study sites located in Belgium, Germany, France 

and Romania, which are part of the sites used for the simulation round at the European scale (Chap. 5). 

2.2. LIGHT INTERCEPTION (FROM ANDRÉ ET AL., SUBMITTED) 

The calibration of HETEROFOR light interception module was carried out by resorting to hemispherical 

photographs, which allowed assessing undercover radiation and its spatiotemporal variation. Observations were 

obtained in 19 uneven-aged forest stands in the Belgian Ardennes dominated by beech and sessile oak, covering a 

wide range of proportions of both species from pure beech stands to stands mainly dominated by oak. These 

measured quantities were then compared to model outputs so as to estimate parameters of the radiative transfer. 

The calibration exercise focused on the three main species found at the study sites, namely, sessile oak, European 

beech and common hornbeam, and parameters were estimated separately for each of the three species. So as to 

simplify the optimization process and to avoid instability and non-uniqueness issues, the values for some of the 

parameters were determined either based on literature or through separate fitting. (André et al., submitted) 

Among the parameters, k and Ω are both factors of a same product and cannot be estimated separately without 

fixing one of them. As a result, Ω was set to 1, considering then no clumping of canopy elements within tree crowns. 

Therefore, k is the only optimized parameter for the ‘Turbid medium’ mode whereas in the case of the ‘Porous 

envelop’ mode, the canopy openness (p) is the only free parameter and has been optimized. (André et al., submitted) 

The parameters were optimized resorting to a Bayesian procedure with iterative Markov Chain Monte Carlo 

(MCMC) carried out through the DiffeRential Evolution Adaptive Metropolis (DREAM) algorithm, using more 

specifically the DREAM(zs) version for greater efficiency (Vrugt, 2016). The R version of the algorithm 

implemented within the ‘BayesianTools’ package (Hartig et al, 2019) was used. (André et al., submitted) 

The light interception module was calibrated while also considering tree growth based on stand inventory data 

(long-term monitoring plots in Wallonia). Two different optimization strategies were tested and compared. The first 

strategy consists in a two steps optimization, optimizing first the radiative balance parameters based on the radiation 

data and fixing then these parameters to the median value of their retrieved posterior distribution for the 

optimization of the tree growth parameters based on the stand inventory comparison data. The second strategy 

combined the optimization of both the radiative balance and the tree growth parameters using both sets of data in 

one single run. (André et al., submitted) 

2.3. TREE GROWTH 

The HETEROFOR model requires parameters most of which are species-specific. For the growth module, the 

HETEROFOR model was first calibrated for three deciduous species: indigenous oak, beech and hornbeam as described 

in Jonard et al. (2020). In the last year, prior to the simulations at the European scale (Chap. 5), additional species have 

been incorporated into the model: birch, common spruce, Douglas-fir, Scots pine, silver fir, sycamore maple, European 

larch, Atlas cedar, red oak, ash, cherry, small-leaved lime and chestnut. Some of these species parameters (e.g. specific 

leaf area, leaf size, leaf/needle turnover, leaf retranslocation, taper function, volume functions, drought sensitivity) were 

obtained directly from the literature on functional traits, tree ecophysiology or dendrometry. The parameters used for 

carbon allocation were obtained by fitting allometric relationships predicting, for example, leaf biomass or aboveground 

woody biomass from dbh and/or height. To make these adjustments, we benefited from biomass data gathered for meta-

analyses (André and Ponette, 2003; André et al., 2010; Falster et al., 2015; Ung et al., 2017; Schepaschenko et al., 2017). 
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Then, for some other parameters, similarly to the phenological parameterization, two different parameter sets were used. 

The first was calibrated with individual observations from Walloon sites (see Jonard et al. 2020 for more details) and was 

used for the simulations at the Walloon scale (Chap. 4). The second was calibrated based on the observations from 36 

ICP Forest sites across Europe. The simulations at the European scale described in Chap. 5 are based on this second set 

of parameters. The main parameters that changed from one parameter set to the other are those associated with 

relationships predicting some tree dimensions (crown base height and crown radius) based on dbh and/or tree height (Eq. 

57 to 61), the parameters to estimate height growth (Eq. 47) and those to calculate the npp to gpp ratio (or CUE) (Eq. 

23). A particularity of the height growth and npp to gpp ratio functions is that their calibration required to run the model 

using the reconstruction mode (see sect. 1.3.9). For this reason, the calibration results were evaluated in details as 

described in Chap. 5. Finally, the values of the first parameter set can be found in Table 2 of Jonard et al. (2020) while 

those of the second parameter set are located in Table 5.S5. 

2.4. WATER CYCLE 

For the water cycle module, most of the model parameters were taken directly from the literature and can be found in 

Table 3.1. As a result, there has been no significant parameter change during the project. For the soil hydraulic properties, 

the saturation θs was based on the 0.999 quantile of measured soil water contents when data were available. For horizon 

without soil water content sensor, θs was interpolated from the closest horizons. Then, the wilting point water content 

was determined using the obtained saturated water content and the Eq. (123) with a matric potential, h, of 15000. When 

no data were available, these values were determined according to pedotransfer functions (Eq. 121 to 129).  
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HETEROFOR 1.0: A SPATIALLY EXPLICIT MODEL FOR 

EXPLORING THE RESPONSE OF STRUCTURALLY COMPLEX 

FORESTS TO UNCERTAIN FUTURE CONDITIONS – PART 2: 

PHENOLOGY AND WATER CYCLE 

Based on  

de Wergifosse L, André F, Beudez N, de Coligny F, Goosse H, Jonard F, Ponette Q, Titeux H, Vincke C, Jonard M 

(2020) HETEROFOR 1.0: a spatially explicit model for exploring the response of structurally complex forests to 

uncertain future conditions–Part 2: Phenology and water cycle. Geosci. Model Dev. 13(3): 1459-1498. 

ABSTRACT 

Climate change affects forest growth in numerous and sometimes opposite ways and the resulting trend is often difficult 

to predict for a given site. Integrating and structuring the knowledge gained from the monitoring and experimental studies 

into process-based models is an interesting approach to predict the response of forest ecosystems to climate change. 

While the first generation of models operates at stand level, one needs now spatially explicit individual-based approaches 

to account for individual variability, local environment modification and tree adaptive behaviour in mixed and uneven-

aged forests supposed to be more resilient under stressful conditions. The local environment of a tree is strongly 

influenced by the neighbouring trees which modify the resource level through positive and negative interactions with the 

target tree. Among others, drought stress and vegetation period length vary with tree size and crown position within the 

canopy. 

In this paper, we describe the phenology and water balance modules integrated in the tree growth model HETEROFOR 

(HETEROgenous FORest) and evaluate them on six heterogeneous sessile oak and European beech stands with different 

levels of mixing and development stages and installed on various soil types. More precisely, we assess the ability of the 

model to reproduce key phenological processes (budburst, leaf development, yellowing and fall) as well as water fluxes. 

Two two-phase models differing regarding their response function to temperature during the chilling period (optimum 

and sigmoid functions) and a simplified one-phase model are used to predict budburst. The two-phase model with the 

optimum function is the least biased (overestimation of 2.46 days) while the one-phase model best accounts for the 

interannual variability (Pearson’s r = 0.68).  For the leaf development, yellowing and fall, predictions and observation 

are in accordance. Regarding the water balance module, the predicted throughfall is also in close agreement with the 

measurements (Pearson’s r = 0.856, bias = -1.3%) and the soil water dynamics across the year is well-reproduced for 

all the study sites (Pearson’s r comprised between 0.893 and 0.950, and bias between -1.81 and -9.33%). The model also 
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well reproduced individual transpiration for sessile oak and European beech with similar performances at the tree and 

stand scale (Pearson’s r of 0.84 – 0.85 for sessile oak and 0.88 – 0.89 for European beech). The good results of the model 

assessment will allow us to use it reliably in projection studies to evaluate the impact of climate change on tree growth 

in structurally complex stands and test various management strategies to improve forest resilience. 

1. INTRODUCTION 

Climate projections for the future indicate a substantial increase in air temperature all over Europe (between 1.0 and 

5.5°C depending on the greenhouse gas emission scenario) and changes in precipitation regime according to the region 

(Jacob et al., 2014; Kovats et al., 2014). Climate extremes (e.g. heat waves and droughts) are also predicted to increase 

in intensity and frequency (Dai, 2013; Jacob et al., 2018). These changing climate conditions affect forest growth and 

mortality (Allen et al., 2015; Teskey et al., 2015; Charru et al., 2017; Kornhuber et al., 2019) and have an impact on the 

provision of ecosystem services (Hassan et al., 2005; Shvidenko et al., 2005; Rasche et al., 2013). Among others, forests 

play an important role in regulating the climate system by sequestering carbon in biomass and soil (Myhre et al., 2013; 

Le Quéré et al., 2018) and by determining water and energy exchanges with the atmosphere through their 

evapotranspiration and land surface properties (e.g. albedo, roughness) (Bonan, 2008; Stocker et al., 2013).  

Since climate change affects some tree growth processes positively and others negatively and given the interactions 

among factors as well as the feedback and acclimation mechanisms, it is not easy to predict the resulting effect on tree 

growth at a given site (Lindner et al., 2014; Herr et al., 2016). Knowledge about climate change has been acquired based 

on long-term monitoring studies that are limited to the observed changes (Bussotti and Pollastrini, 2017; Etzold et al., 

2019) and on experiments of environment manipulation generally analysing one or two factors at a time on a limited 

period (Ainsworth and Long, 2005; Norby et al., 2010; Wolkovich et al., 2012; Meir et al., 2015). In order to apprehend 

the complex functioning of forest ecosystems, the use of process-based modelling is a complementary approach that 

allows integrating and structuring the existing knowledge and making extrapolations for unprecedented conditions like 

those projected for the coming decades. 

Process-based models were originally built to predict forest growth response to environmental changes at stand level 

without accounting for management operations and canopy heterogeneity. Such models were therefore suitable for pure 

even-aged stands but hardly manage to simulate mixed and structurally-complex stands (Dufrêne et al., 2005; Pretzsch 

et al., 2007). Yet, nowadays, a promising way to adapt forests to climate change is to progressively turn them into uneven-

aged and mixed stands using continuous cover forestry and natural-disturbance based management to improve their stress 

resistance and resilience (DeRose and Long, 2014; Messier et al., 2015; Anderegg et al., 2018). To account for the spatial 

heterogeneity, some process-based models were designed or adapted to simulate various tree cohorts (Collalti et al., 

2016). However, this approach only considers the vertical dimension of spatial heterogeneity while implementing 

innovative forestry practices in structurally complex stands requires to account for the horizontal dimension through a 

spatially explicit approach at tree level (Pacala and Deutschman, 1995; Pretzsch et al., 2007; Berger et al., 2008; Bravo 

et al., 2019). 

To reproduce the complexity of forest ecosystem functioning in mixed and structured forests, models must take individual 

variability, local environment and tree adaptive behaviour into account (Berger et al., 2008). Tree size and species 

influence physiological and morphological properties that in turn affect the main growth processes (Binkley et al., 2013). 

Considering average individuals is therefore a rough approximation and does not allow accounting for all the variability 

within a heterogeneous forest (Berger et al., 2008). Even in cohort-based approaches, tree grouping can only be done on 
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a limited number of criteria that are not necessarily representative of the whole tree diversity. The local environment of 

a tree is strongly influenced by the neighbouring trees which modify the resource level through positive and negative 

interactions with the target tree (Grossiord et al., 2014). As trees compete for limited resources, neighbouring trees can 

decrease light, water and nutrient availability. Tree species can however develop strategies to avoid competition by using 

different temporal and spatial niches (complementarity, Grossiord, 2018). Positive interactions may also occur when the 

neighbouring trees improve the growing conditions of the target trees (facilitation, Pretzsch et al., 2013). Finally, trees 

adapt their morphology and physiological behaviour to the local environmental conditions by optimizing carbon 

allocation in order to maximise the acquisition of the limiting resource (Petritan et al., 2009; Yuang et al., 2019). 

As this study focus on phenology and water cycling, we briefly review how these processes are influenced by tree 

characteristics and local environment. Phenology timing varies among tree species, which favours early-leafing species 

but can also expose them to late frosts (Lopez et al., 2008; Liu et al., 2018). Many studies report that leaf development 

starts earlier and leaf senescence occurs later in the understory compared to the overstory (Gill et al., 1998; Seiwa 1999a; 

Augspurger and Bartlett, 2003; Schieber, 2006; Vitasse, 2013; Gressler et al., 2015) which allows the understory trees to 

benefit from a longer growing period and consequently, to increase their productivity (Jolly et al., 2004). Warmer 

temperatures in the understory is one of the hypotheses advanced to explain this difference in budburst between under- 

and overstory (Augspurger and Bartlett, 2003; Schieber, 2006). Using a construction crane, Vitasse (2013) tested this 

hypothesis by transplanting seedlings of 5 tree species at 30 and 35 m height in the canopy. He observed that the budburst 

of the seedling growing at these heights was much earlier than that of the dominant trees. He concluded that the main 

factor to explain this difference in budburst is driven by ontogeny (tree age and height) as stated by Seiwa (1999b) and 

that the vertical profile in temperature within the canopy only plays a secondary role. To capture the differences in 

budburst between understorey and dominant trees, ontogeny must be taken into account in priority.  

Drought stress occurs when trees cannot anymore adjust their water use to soil water availability, which reduces growth 

and can even lead to mortality at short or medium term due to hydraulic failure or progressive carbon starvation 

(McDowell and Allen, 2015; Meir et al., 2015; Greenwood et al., 2017). The stomatal control of water use varies among 

tree species and depends on tree size (Martínez-Vilalta and Lloret, 2016). In general, stomatal conductance decreases 

with tree height which can be related to the fact that taller trees experience higher hydraulic resistance, higher soil-to-leaf 

water potential differences and are more vulnerable to cavitation (Grote et al., 2016). For the same climate conditions 

above the forest canopy, water demand varies with the degree of crown shading (local microclimate) which depends on 

the crown position within the canopy (Bennett et al., 2015). All in all, dominant trees are more susceptible to drought 

stress and mortality since they are more exposed to stressful conditions (excessive radiation, high vapour pressure deficit 

and elevated temperature) and present a higher risk of cavitation (Grote et al., 2016; Rötzer et al., 2017). In addition, as 

dominant trees have higher evapotranspiration rates, the soil water reserves in their surroundings is more rapidly depleted 

which is however partly compensated by deeper rooting and horizontal water redistribution. These dominant trees 

reduced water availability for suppressed ones but, at the same time, decrease their evaporation demand. 

Complementarity in water use can occur when trees of different size and species take up water from different soil layers 

(Schwendenmann et al., 2015). This can also result in facilitation through hydraulic lift (Zapater et al., 2011). Mixed and 

structured stands promote facilitation and complementarity in water use but can also lead to faster exploitation of soil 

water reserves (Schäfer et al., 2018). 

Modelling the complex functioning of heterogeneous forests is rather challenging. A more detailed representation of tree 

interactions comes at the price of a higher complexity, eventually lower robustness and longer computing times. One 

needs however spatially explicit individual-based models for gaining a mechanistic and comprehensive understanding of 
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tree interactions and for comparing various spatial representations of stand structure in order to select the best one for the 

considered function (Berger et al., 2008; Bravo et al., 2019). Among others, such models allow to take tree spatial 

configuration into account and distinguish between stands composed of the same trees but with a contrasted spatial 

aggregation (e.g. intimate vs patch-wise mixture). However, very few models of this type currently exist. For all these 

reasons, we decided therefore to develop a spatially explicit individual-based model called HETEROFOR for 

HETEROgeneous FOrest.  

The processes regulating the carbon fluxes and the dimensional growth constitute the core of the HETEROFOR model 

and are described in Chap.2. Here, we focus on the description of two modules essential for predicting the impact of 

climate change on tree growth: phenology and water balance (Park et al., 2016; Choat et al., 2018). Phenology is described 

at the species level with the possibility to make it dependent on tree size. Water balance can be achieved at the tree level 

or at the stand level by aggregation of individual tree properties. We used data from long-term forest monitoring to 

evaluate the capacity of the model to reproduce key phenological phases (budburst, leaf development, yellowing and fall) 

and the soil water content dynamics as well as to estimate individual transpiration, stand throughfall and deep drainage. 

Evaluating each module separately is necessary to ensure the consistency of the whole model (Soares et al., 1995).  

2. MATERIAL AND METHODS 

2.1. MODEL DESCRIPTION 

Section moved in the chapter 2 (sect. 1.3.2 for phenology and 1.3.10 for water cycle) 

2.2. PARAMETER DETERMINATION 

Section moved in the chapter 2 (sect. 2.1 for phenology and 2.4 for water cycle) 
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Table 3.1: Description of the phenological and water balance module parameters for sessile oak and European 

beech and origin of their value 

Symbol Description Units Value Origin 

      Sessile oak European beech  
Storage capacity      
cfoliage_sp foliage storage capacity l per m² of leaf 0.272 0.174 André et al. (2008b) 

cbark_sp_ll bark storage capacity c parameter (leafless) l mm-1 -9.08 -9.53 André et al.  (2008b) 

dbark_sp_ll bark storage capacity d parameter (leafless) l cm-1 mm-1 0.16 0.18 André et al.  (2008b) 

R_min_sp_ll stemflow rainfall threshold (leafless) mm 6 1.5 André et al.  (2008b) 

cbark_sp_ld bark storage capacity c parameter (leaved) l mm-1 -4.21 -4.15 André et al.  (2008b) 

dbark_sp_ll bark storage capacity d parameter (leaved) l cm-1 mm-1 0.08 0.09 André et al. (2008b) 

R_min_sp_ld stemflow rainfall threshold (leaved) mm 10.9 3.4 André et al.  (2008b) 

Evaporation of water on foliage and trunk   
lsp mean leaf width of the species sp m 0.08 0.07 measured 

gs_bark_min bark minimum vapour conductance m.s-1 0.0077519 soil values x 100 

gs_bark_max bark maximum vapour conductance m.s-1 0.125 soil values x 100 

Tree transpiration      
gs0_foliage reference stomatal conductance m s-1 308.4 281.9 calibrated (Jonard et al., 2011) 

pradiation parameter of the stomatal response to radiation W m-² 37.2 calibrated (Jonard et al., 2011) 

p1sw parameter 1 of the stomatal response to soil water potential adimensional 0.127 0.527 calibrated (Jonard et al., 2011) 

p2sw parameter 2 of the stomatal response to soil water potential adimensional 5 3 calibrated (Jonard et al., 2011) 

prew_sensitivity parameter of the stomatal response to vapour pressure deficit adimensional -11.1 -2.15 calibrated (Jonard et al., 2011) 

Soil evaporation      
k extinction coefficient adimensional 0.5 Teh (2006) 

gs_soil_min soil minimum vapour conductance m s-1 7.75E-05 Dufrêne (2005) 

gs_soil_max soil maximum vapour conductance m s-1 0.00125 Dufrêne (2005) 

Phenology     

       Two-phase model (optimum chilling)  

t0 chilling starting date day of year  305 (1st of November) Chuine (2000) 

Tmin, Tmax, Topt minimal, maximal and optimal chilling temperatures °C -35.08, 41.61, 0.26 -9.89, 42.87, 2.85 calibrated 

C* chilling threshold °C 50.25 5.82 calibrated 

Fb, Fc forcing parameters adimensional -0.07, 11.23 -0.05, -1.43 calibrated 

Tb_for base temperature for forcing °C -20.0 fixed 

F* forcing threshold °C 46.72 94.18 calibrated 

       Two-phase model (sigmoid chilling)  

t0 chilling starting date day of year 305 (1st of November) Chuine (2000) 

Ca, Cb, Cc chilling parameters adimensional 0.37, -6.48, -7.91 1.17, -29.21, -13.51 calibrated 

C* chilling threshold °C 132.82 153.80 calibrated 

Fb, Fc forcing parameters adimensional 0.23, 13.17 0.19, 15.58 calibrated 

Tb_for base temperature for forcing °C 0 Chuine (2000) 

F* forcing threshold °C 9.72 4.77 calibrated 

       One-phase model (no chilling)   

t1 forcing starting date day of year  57 (26th of Feb) 44 (13th th of Feb) calibrated 

Fb, Fc forcing parameters adimensional -0.12, 18.28 -0.08, 11.77 calibrated 

Tb_for base temperature for forcing °C 0 Chuine (2000) 

F* forcing threshold °C 12.88 28.12 calibrated 

F* forcing threshold °C 46.72 94.18 calibrated 

       Other phases    

t2a_shift budburst shift Days 12.0 15.0 calibrated 

LD* leaf development threshold °C 260.0 312.0 calibrated 

t3 ageing starting date day of year  213 (1st of August) Dufrêne et al. (2005) 

Tb_age base temperature for ageing °C 20.0 Dufrêne et al. (2005) 

A* ageing threshold °C 230.0 Dufrêne et al. (2005) 

y leaf yellowing parameter adimensional 0.07557 0.1384 calibrated 

Y* yellowing threshold °C 0.01 fixed 

Rfall falling rate s m-1 d-1 0.010 0.007 calibrated 

Fampl frost amplifier coefficient adimensional 3.0 2.0 calibrated 

 

2.3. SITE DESCRIPTION 

Six sessile oak (Quercus petraea (Matt.) Liebl.) and European beech (Fagus sylvatica L.) stands located in Wallonia 

(Belgium) were used to evaluate the model. They all belong to long-term ecological research sites (Belgium LTER 

network). Three of them were located in Baileux and were monitored since 2001. The three other stands were part of the 

level II plot network of ICP Forests since 1998 and were located in Louvain-la-Neuve, Chimay and Virton. These sites 

were selected as their contrasted stand structure, species composition, soil and climate make them suitable for testing the 

ability of the model to account for structure complexity in various ecological conditions (at the regional scale). 

2.3.1 Stand characteristics 

The experimental site of Baileux was installed to study the impact of species mixture on forest ecosystem functioning 

(Jonard et al., 2006, 2007, 2008; André et al., 2008a, 2008b) and consisted of three plots. Two plots were located in 

stands dominated either by sessile oak or by European beech and the third one presents a mixture of both species. In these 
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plots, sessile oak trees originated from a massive regeneration in 1880 and displayed the typical Gaussian distribution of 

even-aged stands, while European beech trees appeared progressively giving rise to an uneven-aged structure with all 

diameter classes represented. The stand in Chimay was an ancient coppice-with-standards, presently composed of mature 

sessile oak trees with an important hornbeam understorey. The stands in Louvain-la-Neuve and Virton were both more 

or less even-aged stands dominated by European beech but differed in their age, with much older trees in Louvain-la-

Neuve than in Virton (130 vs 60 years old in 2009). All stand characteristics are provided in Table 3.2. 

2.3.2 Soil properties 

The Baileux, Chimay and Virton stands were all located on Cambisol but with some nuances, ranging from Dystric to 

the Calcaric variants in Chimay and Virton, respectively, while an Abruptic Luvisol was found in Louvain-la-Neuve 

(FAO soil taxonomy). All sites presented a moder humus, except Virton for which mull was observed. In Baileux, Chimay 

and Louvain-la-Neuve, the soil developed from the parent bedrock mixed with aeolien loess deposition that occurred at 

the interglacial period. In Virton, the soil originated only from the bedrock weathering. The parent materials were 

sandstone and shales, clayey sandstone and hard limestone bedrocks in Baileux, Chimay and Virton, respectively. In 

Louvain-la-Neuve, the soil was almost exclusively built from the loess deposits. These differences in parent material 

generated contrasted physical and chemical soil properties (Table 3.3). 

The soil textures also varied significantly among sites. Based on the USDA taxonomy, the soil texture was silty clayey 

loam and silty loam in Baileux and Louvain-la-Neuve, respectively. In Chimay and Virton, finer soil textures were 

observed with a clayey loam and a clay texture, respectively. In relation to the texture, drainage was good in Baileux and 

Louvain-la-Neuve, while the presence of inflating clay triggered the appearance of a shallow water table during the wet 

period and drought cracks during summer in Chimay. In Virton, despite the high clay content in the lower horizons, 

drainage was good due to the existence of faults in the bedrock (Table 3.3). 

Finally, stoniness and drainage influenced the estimate of the maximum extractable water reserve (Eq. 142 in Chap. 2 

sect. 1.3.10). While the beech-dominated and mixed stands in Baileux and in Virton showed the lowest water reserve, 

the highest value was found in Louvain-la-Neuve, with intermediate values for the oak stand in Baileux and in Chimay 

(Table 3.3). 

Table 3.2: Initial stand characteristics for the main tree species and for the whole stands 

Stand 

Inventory year 

Species Tree density 

(N/ha) 

Basal Area  

(m²/ha) 

C130 

(cm) 

Dominant Height  

(m) 

LAI 

(m²/m²) 

Baileux (oak) 

2001 

Sessile oak 

European beech 

Common hornbeam 

Total 

187 

118 

152 

468 

16.2 

4.0 

1.3 

21.6 

100.6 (26.5) 

46.4 (35.6) 

31.4 (11.4) 

63.7 (40.4) 

21.9 

15.5 

11.6 

22.2 

 

 

 

4.17 

Baileux (beech) 

2001 

Sessile oak 

European beech 

Total 

72 

217 

297 

6.4 

16.5 

23.1 

103.3 (18.1) 

87.5 (41.5) 

90.3 (38.5) 

23.0 

25.0 

24.8 

 

 

4.86 

Baileux (mixed) 

2001 

Sessile oak 

European beech 

Common hornbeam 

Total 

118 

352 

9 

484 

12.9 

17.0 

0.1 

30.0 

115.5 (21.0) 

91.2 (39.3) 

22.6 (17.3) 

101.2 (42.0) 

24.5 

25.7 

9.4 

25.9 

 

 

 

5.99 

Chimay 

1999 

Sessile oak 

Common hornbeam 

Total 

63 

634 

697 

13.1 

5.3 

18.4 

158.7 (35.0) 

30.5 (10.8) 

42.4 (40.1) 

20.4 

15.8 

19.2 

 

 

3.96 

Louvain-la-Neuve 

1999 

Sessile oak 

European beech 

Total 

21 

87 

108 

4.7 

24.6 

29.4 

165.9 (23.0) 

179.1 (53.6) 

176.6 (49.6) 

30.9 

32.1 

32.9 

 

 

6.34 

Virton 

1999 

Sessile oak 

European beech 

Common hornbeam 

Total 

5 

340 

22 

425 

1.3 

16.8 

0.4 

23.3 

190.0 (10.0) 

70.9 (31.7) 

48.4 (15.4) 

73.6 (36.0) 

24.1 

24.0 

14.5 

24.0 

 

 

 

6.93 

 



73 

 

Table 3.3: Soil and meteorological characteristics of the different study sites (2001-2016 period)   

Stand Location Altitude 

(m) 

Soil type Soil texture 

(USDA) 

Max extractable 

water (mm) 

Annual 

rainfall 

(mm) 

Mean air 

temperature 

(°C) 

Baileux 

(beech/mixed/oak) 

50°01’N, 

4°24’E 

305-312 Cambisol Silt (clay) 

loam 

178/154/239 1075 9.8 

Chimay 50°06’N, 

4°16’E 

260 Dystric 

Cambisol 

Clay loam 205 940 9.7 

Louvain-la-Neuve 50°41’N, 

4°36’E 

130 Abruptic 

Luvisol 

Silt loam 450 818 11.0 

Virton 49°31’N, 

5°34’E 

370 Calcaric 

Cambisol 

Clay 167 1060 9.9 

 

2.3.3 Climate 

Even if the same type of climate occurred all over Belgium (temperate oceanic), the study sites were located in different 

bioclimatic zones (Van der Perre et al., 2015). Louvain-la-Neuve was in the Hesbino-brabançon zone with the highest 

average temperatures (11.0°C) between 2001 and 2016 and the driest conditions (818 mm). Despite their close locations, 

Baileux and Chimay were part of different zones. Baileux was in “Basse et moyenne Ardenne” while Chimay was in 

“Fagne, Famenne et Calestienne”. Average temperatures are similar for both locations (i.e., 9.8°C in Baileux and 9.7°C 

in Chimay). Yet, a consistent difference in terms of precipitation is observed. Baileux being more elevated, it receives on 

average 1075 mm of precipitation each year while only 940 mm are measured in Chimay with respect to the rainfall-

altitude relationship (Poncelet, 1956). Finally, Virton was part of the “Basse Lorraine” with elevated annual rainfall 

(1060 mm) and intermediate average temperature values (9.9°C) (Table 3.3). 

For Chimay, Louvain-la-Neuve and Virton, we used data from the meteorological stations of the PAMESEB network. 

The records covered the 1999-2018 period. A tipping bucket located at 1 m height was used to monitor rainfall. Global 

radiation was registered with a pyranometer, air temperature with a resistance sensor thermistor, relative humidity with 

a psychrometer and wind speed with an anemometer. All these devices were placed at 1.5 m height. Data were collected 

at 12 min intervals and were then averaged hourly. For Baileux, an independent meteorological station managed by our 

laboratory was used to collect meteorological data since 2002. The devices were identical to those described before. Air 

temperature, relative humidity and rainfall were monitored at 1.5 m. Wind speed and global radiation were taken at 2.5 

m above the ground. 

2.4. MODEL EVALUATION 

The various routines to calculate the budburst starting date were tested and the two-phase model with the optimum 

response function for chilling was retained for the evaluation of the water balance module as this approach performed 

better (see sect. 3.1.1).  

2.4.1 Phenology 

The phenological observations available on the level II sites of Chimay, Louvain-la-Neuve and Virton were used to 

evaluate the model predictions. These phenological observations were carried out on 20 dominant and co-dominant 

sessile oaks in Chimay (2012-2014) and 20 dominant and co-dominant European beeches in Louvain-la-Neuve and 

Virton (2012-2016) according to the ICP Forests manual (Beuker et al., 2016). They consisted of weekly observations of 

the percentage of budburst, yellowing and leaf fall depending on the season. As the model predicted the budburst for an 

average tree, we evaluated it with the budburst observations of the median tree. In addition, we visually assessed the 

agreement between the predicted and observed increase in leaf biomass proportion (leafProp) during the leaf development 

period and between the predicted and observed decrease in green leaf proportion (greenProp) and in leafProp during leaf 

yellowing and leaf fall, respectively. We did not perform a statistical evaluation for these latter variables as the 
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corresponding processes were not calibrated independently in the model. Finally, as there were no data available for trees 

of different social status, we could not directly evaluate the option ‘Phenology at tree level’. We evaluated however its 

impact on tree growth predictions for the three stands in Baileux.   

2.4.2 Water balance 

Regarding the water balance module, the evaluation was conducted using variables integrating most of the processes 

described in the model. The observed throughfall, extractable water dynamics, individual transpiration and deep drainage 

(considered in the next section) were compared to model predictions. For the evaluation of the throughfall, extractable 

water and drainage predictions, we used simulations carried out at the stand scale since the corresponding observations 

cannot be related to a particular tree. Regarding individual tree transpiration, the approaches at the two scales were 

compared (tree vs stand).    

For the evaluation of throughfall predictions, only independent throughfall data collected in Chimay, Louvain-la-Neuve 

and Virton between 2000 and 2016 were used as the rainfall partitioning routine was calibrated based on data from the 

Baileux forest (André et al., 2008a, 2008b). The collecting devices consisted of three long gutters connected to plastic 

barrels. The throughfall volume was measured weekly based on the height of water in the barrels. A log transformation 

of both the observations and the predictions was necessary to remove the heteroscedasticity.  

Individual tree transpiration predictions were evaluated against sap flux measurements obtained using Granier type 

thermal dissipation sensors and based on a thermal dissipation approach (Granier, 1985). These measurements were taken 

every 15 minutes on 16 sessile oak and 16 European beech trees of different sizes in the three stands of Baileux between 

April and September 2003 (Jonard et al., 2011). 

Extractable water (EW) was estimated based on Eq. (80) using soil water content measurements taken between 2005 and 

2017 in Baileux and for the 2015-2018 period in the other sites. Soil water content was measured hourly using time-

domain reflectometry (TDR) sensors (CS616, Campbell Scientific, Shepshed, UK) inserted into the main horizons (3 to 

5 different soil depths depending on the site). Given some horizons were not equipped with TDR, MEW can differ slightly 

between the evaluation and the values displayed in Table 3.3.  In order to decrease the influence of the soil disturbance 

due to the instrument installation, the first year of records was discarded. Indeed, Walker et al. (2004) showed that 

inserting a moisture sensor in a soil disturbed its hydraulic properties and water content during at least 9 months. The 

electrical signal from the TDR was transformed in relative dielectric permittivity and then converted into soil volumetric 

water content (m³ m-³) using the equation of Topp et al. (1980) for Baileux and resorting to our own calibration for the 

other sites (established based on gravimetric measurements of soil water content). 

2.4.3 Drainage 

Deep drainage can represent a large water output but is difficult to measure directly. Among the existing indirect 

approaches to estimate this component, we retained the mass-balance method using chloride ion (Cl-) as tracer. This 

method has been widely used to estimate groundwater recharge (e.g. Bazuhair and Wood,1996; Ting et al., 1998; Scanlon 

et al., 2002) but can  be applied to assess deep percolation as well (Willis et al., 1997). It relies on the fact that Cl- is not 

subject to any chemical transformations in the soil and undergoes only temporary storage in soil (Öberg, 2003). The only 

Cl- input in our study plots comes from throughfall and stemflow and can be determined from Cl- deposition data obtained 

from monthly chemical analyses of throughfall and stemflow samples. For the deep drainage, which constitutes the only 

output, the Cl- concentration is also obtained from monthly chemical analyses of soil solution collected with zero-tension 

lysimeters at 1 m depth in the three stands of Baileux between 2008 and 2016 and between 2013 and 2016 for the other 

sites. Deep drainage was estimated yearly by considering that the Cl- amount leaving the soil through drainage was equal 
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to the Cl- input from throughfall and stemflow. As there is a clear annual pattern with a recharge and a discharge period 

in our study sites, the annual time step is therefore required to verify the hypothesis that chloride concentration in rainfall 

and in the soil are in a steady-state balance. Based on Eq. (83), the deep drainage flux was estimated and compared to 

our predictions.  

𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒 = (𝑇ℎ𝑟𝑜𝑢𝑔ℎ𝑓𝑎𝑙𝑙 + 𝑆𝑡𝑒𝑚𝑓𝑙𝑜𝑤).
[𝐶𝑙]𝑇ℎ𝑟𝑜𝑢𝑔𝑓𝑎𝑙𝑙−𝑆𝑡𝑒𝑚𝑓𝑙𝑜𝑤

[𝐶𝑙]𝐷𝑟𝑎𝑖𝑛𝑎𝑔𝑒
      (83) 

with  [Cl]Throughfall-Stemflow, Cl- concentration in throughfall and stemflow and 

[Cl]Drainage, Cl- concentration in drainage water 

2.4.4 Statistical analyses 

To test the quality of the predictions, different statistical tests and indexes were used. The absolute bias, defined as the 

difference between the mean observation and prediction, and the relative bias, corresponding to the ratio between the 

absolute bias and the mean observation, were calculated to detect any over- or underestimation. To assess the precision 

of the predictions, the Root Mean Square Error (RMSE) was used and calculated as follows: 

RMSE=√
∑(𝑜𝑏𝑠−𝑝𝑟𝑒𝑑)2

𝑛
           (84) 

with  n the number of observations. 

When the range of values differed considerably for one variable between the different sites, the RMSE was divided by 

the range, i.e. the difference between the maximum and the minimum values. This Normalised Root Mean Square Error 

(NRMSE) is much more adapted for comparisons in these situations. 

The agreement between observations and predictions was also evaluated with the Pearson’s correlation coefficient (r) 

and with a regression test conducted to analyse the linear relationship between observed and predicted values. As both 

predictions and observations are subject to uncertainties, we used Deming regression. Then, we tested whether the 

regression line confidence interval (95%) included the identity line. These tests were realized with the mcr package in R. 

3.  RESULTS 

3.1.  EVALUATION OF MODEL PERFORMANCE 

3.1.1 Phenology 

On average, the budburst was best predicted with the two-phase model with the optimum response function for chilling 

(bias = 2.46 days compared with 8.23 and -5.88 days for the one-phase and two-phase with sigmoid response function 

for chilling models, respectively). However, this option was less appropriate to capture the inter-annual variations 

(Pearson’s r = 0.537) than the one-phase model (Pearson’s r = 0.680). The temporal variability was very poorly estimated 

with the two-phase model with the sigmoid response function for chilling, which displayed an inverse trend for the 

ranking among years (Pearson’s r = -0.277) (Fig. 3.1b). Moreover, as this model was not able to trigger the end of the 

chilling period for some years in Louvain-la-Neuve (for European beech), all results for beech budburst on this site were 

considered as unreliable and were consequently not represented on Fig. 3.1. The predicted leaf development displayed a 

good agreement with observations (Fig. 3.2). 

Simulated leaf yellowing and leaf fall were also evaluated by comparison with observations. While the leaf ageing 

threshold was taken from Dufrêne et al. (2005), the yellowing parameter determining the length of the yellowing period 
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was adjusted with the five years of data from Chimay (sessile oak), Louvain-la-Neuve and Virton (European beech). 

Therefore, only the yellowing start was independently evaluated. The prediction of the start of the yellowing displayed a 

low absolute bias (2.7 days) and RMSE (7.0 days). However, a weak correlation (0.056) was found between predictions 

and observations (data not shown).  

For the temporal dynamics of leaf yellowing and leaf fall, the agreement between model predictions and observations 

was just assessed visually since the parameter regulating these processes (yellowing, falling rate and falling frost 

amplifier) were adjusted with the same data. The overall agreement was good. The simulated decrease of green leaf 

proportion was similar for all sites as the photoperiod reduction is identical for each site and year (Fig. 3.3a, c and e). 

The only noticeable difference came from the yellowing starting date, which depended on air temperature. For Chimay 

(sessile oak), a close agreement was found between predictions and observations. For Louvain-la-Neuve (European 

beech), predictions were correctly centred but the predicted trend was more abrupt and the start of the decrease displayed 

some delay, except in 2012. For Virton (European beech), the decreasing trend was correctly displayed but the decrease 

start was less precise in 2016 (Fig. 3.3e). 
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(a) Two-phase model with optimum response function for chilling 

 
(b) Two-phase model with sigmoid response function for chilling 

 
(c) One-phase model (no chilling) 

 
Figure 3.1: Comparison of the observed and predicted budburst of the median tree in Chimay, Virton and 

Louvain-la-Neuve for the three phenological variants implemented. The quality of the predictions is indicated by 

the RMSE, the absolute bias and the Pearson’s correlation coefficient (r). 

Concerning the leaf fall, the temporal dynamics was correctly represented in Chimay (sessile oak). In Louvain-la-Neuve 

(European beech), the model predicted a slightly too slow decrease in leaf proportion in 2012 and 2015. For the other 

years, the observed and predicted leaf proportion matched well even if the predicted start of the fall appeared later than 

in the observations for some years. In Virton (European beech), the predictions were well centred with regards to the 

observations but the decrease in leaf proportion was a bit too fast in 2012 (Fig. 3.3b, d and f). 
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(a) Chimay (oak) 

 
(b) Louvain-la-Neuve (beech) 

 
(c) Virton (beech) 

 
Figure 3.2: Observed and predicted increase in leaf proportion in Chimay, Louvain-la-Neuve and Virton during 

the budburst and leaf development phase (data from 2012-2016). Observations are missing in Chimay for 2013, 

in Louvain-la-Neuve for 2012 and 2013 and in Virton for 2013. 

The option ‘phenology at tree level’ was used to test if the agreement between predicted and observed basal area 

increment could be improved. With the default phenology option, HETEROFOR tended to overestimate the growth of 

dominant trees and underestimate that of suppressed trees (Jonard et al., 2020). With the option ‘phenology at tree level’, 

this bias was partially resorbed. The slope of the Deming regression went from 0.74 to 0.84 for sessile oak and from 0.79 

to 0.88 for European beech, being much closer to the identity line (Fig. 3.S3). This was however at the price of slightly 

lower Pearson’s correlation. 
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(a) Chimay (oak) - yellowing 

 

(b) Chimay (oak) - falling 

 
(c) Louvain-la-Neuve (beech) - yellowing 

 

(d) Louvain-la-Neuve (beech) - falling 

 
(e) Virton (beech) - yellowing 

 

(f) Virton (beech) - falling 

 

 
Figure 3.3: Observed and predicted temporal dynamics in leaf yellowing and in leaf fall in Chimay, Louvain-la-

Neuve and Virton (data from 2012-2016). Yellowing is represented by the decrease in green leaf proportion (left) 

and leaf fall by the decrease in total leaf proportion (right). 

3.1.2 Water balance 

For each site, the main water fluxes affecting the water balance were calculated daily, summed up and the annual values 

were averaged for the 2002-2016 period (Table 3.4). Depending on the site, 65 to 78% of the rainfall reached the floor 

as throughfall and 6 to 13% as stemflow. The remaining 16 to 22% was intercepted by the tree foliage and the bark and 

evaporated. Then, 31 to 45% of the water received as rainfall returned in the atmosphere through tree transpiration. The 

remaining 26 to 44% were lost from the ecosystem through drainage. 

3.1.3 Rainfall partitioning 

Rainfall partitioning was correctly reproduced by the HETEROFOR model. Across all considered sites (Virton, Chimay 

and Louvain-la-Neuve), the mean bias of throughfall predictions was very limited (-1.3%) and non-significant (P value 

of the paired t-test = 0.316). The confidence interval of the linear relationship between the logarithm of the observed and 

predicted throughfall contained the identity line corresponding to the perfect match (upper part of Fig. 3.4). The 

correlation between predictions and observations amounted to 0.86 and the RMSE to 16.62 mm which corresponded to 
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34.2% of the mean througfall (48.6 mm). The separate examination of the different sites revealed that throughfall in 

Virton (European beech) were very well predicted but that a slight underestimation of the throughfall predictions in 

Chimay (sessile oak) was compensating an overestimation of similar magnitude in Louvain-la-Neuve (European beech) 

(Fig. 3.S1). 

 

 
Figure 3.4: Comparison of the log-transformed observed and predicted monthly throughfall in Chimay (oak), 

Louvain-la-Neuve (beech) and Virton (beech) between 2000 and 2016 (upper part) and comparison of observed 

and predicted annual drainage in all study stands between 2008 and 2016 (lower part). The quality of the non-

transformed predictions is indicated by the RMSE, the relative bias and the Pearson’s correlation coefficient (r). 

The shaded area represents the confidence interval of the Deming regression (95%) of observations on 

predictions and the solid line corresponds to the identity line. 

3.1.4 Transpiration 

The model well reproduced individual transpiration for sessile oak and European beech in the Baileux site (in 2003) with 

similar performances at the tree and stand scale (Pearson’s r of 0.84 – 0.85 for sessile oak and 0.88 – 0.89 for European 

beech). For European beech, the tree approach corrected the slight bias observed with the stand approach due to an 

overestimation of high transpiration values. Regarding sessile oak, the small underestimation of transpiration remained 

whatever the scale considered (Fig. 3.5). 
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(a) Oak trees with water balance at stand scale 

 

(b) Beech trees with water balance at stand scale 

 
(c) Oak trees with water balance at tree scale 

 

(d) Beech trees with water balance at tree scale 

 
Figure 3.5: Comparison of the observed and predicted daily transpiration of sessile oak and European beech in 

2003 considering the tree and the stand scale for the water balance calculation. The quality of predictions is 

indicated by the RMSE, the relative bias and the Pearson’s correlation coefficient (r). The shaded area 

represents the confidence interval of the Deming regression (95%) of observations on predictions and the solid 

line corresponds to the identity line. 

3.1.5 Soil water content 

As the temporal variation of the extractable water was affected by all the water fluxes, it was used to check the 

performances of the water balance module (Fig. 3.6). A clear seasonal pattern appeared. At the beginning of the vegetation 

period, the extractable water values (EW) were highest. Then, tree and ground vegetation transpiration progressively 

depleted the water reserve which was partly recharged with rainfall events. Depending on their frequency, duration and 

intensity, the decline in EW was more or less pronounced and available water could reach levels close to zero. For all the 

sites, the Pearson’s correlation between observed and predicted relative extractable water ranged from 0.893 to 0.950. 

These high correlation values and the graph inspection show that the seasonal pattern was precisely reproduced by the 

HETEROFOR model. NRMSE values range from 10.54 to 13.96% while relative bias values were around -2 and -3% in 

Baileux-oak, Baileux-mixed and Chimay and close to -8 and -9 % in Baileux-beech, Louvain-la-Neuve and Virton. These 

higher negative bias in the latter stands originated mainly from the model underestimation of the high values of EW (i.e. 

during wet periods). Despite these similar statistical results, the amount of extractable water in Virton displayed some 

peculiarities with regards to the other stands. Indeed, the observed EW levels fluctuated considerably more than in the 

other sites with frequent peaks both for high and low values that were not represented by the model. Finally, apart from 

Virton where some discrepancy between observations and predictions can be pointed out, the model quality did not 

decrease in Chimay or Virton during the 2018 summer that was categorized as exceptionally dry by the Royal 

Meteorological Institute of Belgium. The comparison of the tree and stand approach in 2003 indicates that the extractable 

water calculated at the tree scale progressively deviated from that obtained at the stand scale during the course of the 
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vegetation period and became slightly lower, especially in Baileux-oak and Baileux-mixed (Fig. 3.S2). On these graphs, 

one may notice the heterogeneity in extractable water within the various stands. 

(a) Baileux-oak 

 

(b) Baileux-beech 

 
(c) Baileux-mixed 

 

(d) Chimay 

 
(e) Louvain-la-Neuve 

 

(f) Virton 

 
Figure 3.6: Temporal dynamics of observed and predicted extractable water amount (mm) in the various stands. 

The prediction quality is indicated by the NRMSE, the relative bias and the Pearson’s correlation coefficient (r). 

3.1.6 Drainage 

The predicted deep drainage was compared with estimates calculated on a yearly basis using Cl as a tracer. The RMSE 

(100.6 mm) and the bias (-19.9%) were quite large but a surprisingly good correlation was found between the predicted 

and estimated drainage (Pearson’s r = 0.963). Due to the systematic bias, the identity line was not within the confidence 

interval of the Deming regression despite a regression slope of 0.97 (lower part of Fig. 3.4).  

4. DISCUSSION 

In order to predict the impact of global changes on forests, it is crucial to integrate and structure the existing knowledge 

in process-based models. However, this first step is not sufficient. A detailed documentation of the models as well as an 

evaluation of their performances are also needed in order to use them knowing exactly their strengths and limits. While 

most models were described in scientific articles or reports, their evaluation was often limited to one or two sites used to 

illustrate the model functioning and was generally based on integrative response variables such as radial tree growth 
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(Vanclay and Skovsgaard, 1997; Schmidt et al., 2006). Yet, to provide robust predictions of tree growth under changing 

conditions, the model must be able to accurately reproduce not only the observed tree growth but also the intermediate 

processes describing resource availability (light, water and nutrient) (Soares et al., 1995). In the following section, we 

discuss the quality of the predictions for two main drivers of tree growth (phenology and water balance) in relation with 

the concepts used to describe them. 

4.1. PHENOLOGY 

The two-phase model with the optimum response function for chilling was the least biased variant for predicting budburst. 

However, the one-phase model including only the forcing period better captured the inter-annual variability. While the 

bias is likely to originate from the model calibration (data used for calibration were observations from western Germany) 

and could be corrected, the ability of the model to predict temporal variability is more representative of its structural 

quality. The gap between observations and predictions can seem high. Yet they are comparable to the considerable 

observation uncertainty, which amounts, for budburst, typically to an order of magnitude of one to two weeks (Liu et al., 

2021).  It is common that models accounting only for the forcing period better represent the observations of budburst 

temporal variability (Leinonen and Kramer, 2002; Fu et al., 2014; Basler, 2016). Two reasons can explain this. First, in 

areas where the chilling requirements are always met as in Western Europe, the chilling parameters are not enough 

constrained by the observations and therefore more difficult to calibrate. When few phenological observations are 

available, taking the chilling into account increases the model complexity without improving the accuracy of the 

predictions (Leinonen and Kramer, 2002; Fu et al., 2014). Secondly, two-phase models predict the break of 

endodormancy (end of chilling) and the start of budburst while they are only calibrated from budburst observations. When 

endodormancy break observations are used for the calibration, the chilling parameters are estimated more accurately 

(Chuine et al., 2016) but these data are difficult to obtain and consequently very scarce (Jones et al., 2013). 

Similarly to Chuine et al. (2016), we advise to use a two-phase model (with the optimum response function for chilling) 

when endodormancy break observations are available or for long-term simulations with climate conditions beyond the 

range used for the model calibration. For example, for trees located at the southern margins of their species distribution 

area, the expected rise in winter temperature could prevent the fulfilling of their chilling requirements and inhibit budburst 

(Clark et al., 2014). This phenomenon would only be captured by a two-phase model. When few phenological data are 

available for calibration, one-phase model should be preferred, especially for simulations with climate conditions similar 

to those used for the calibartion. This highlights the importance of having both one and two-phase options to describe 

budburst. Most process-based models listed in Table 3.5 had however only one phenological variant except 4C.  

A possible improvement of the two-phase phenological models would be to integrate the photoperiod effect on budburst. 

Indeed, some recent studies have shown evidences that photoperiod can compensate for a lack of chilling temperature 

that would prevent the buds to open and for an early frost episode that would trigger budburst before winter (Vitasse and 

Basler, 2013; Pletsers et al., 2015). This mechanism is particularly present for late-successional species like beech and 

oak trees and is regularly cited as a key element to simulate the phenology under climate change (Basler and Körner, 

2012). Some models tried to account for the photoperiod effect simply by replacing chilling by photoperiod (Kramer, 

1994b; Schaber and Badeck, 2003) but, in this way, failed to represent the combined effect of these variables. Recently, 

a few models integrating the compensatory effect of photoperiod on chilling have appeared. However, these models 

include more phenological parameters for similar predictive ability (Gauzere et al., 2017). It remains indeed difficult to 

disentangle the co-varying effect of chilling and day length with in situ measurements (Flynn and Wolkovich, 2018) since 

photoperiod variations only occur for sites with different latitudes where other confusing factors play a role as well 

(Primack et al., 2009). Therefore, many data is necessary to calibrate these models. Then, we decided to privilege the 
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accuracy of our phenological model to a more process-based approach but we are looking forward for improvements in 

these kinds of models and a more consensual body of literature.  

The better growth predictions obtained for the small trees when the phenology was calculated at the individual scale 

highlights the importance of the “phenological avoidance strategy” displayed by understory trees. This had already been 

mentioned by Lopez et al. (2008) who observed that early-leafing species received between 45 and 80% of their photon 

flux during the budburst period. Moreover, a simulation study showed that a one (two) week lengthening of the understory 

vegetation period with regards to the overstory in both spring and autumn generated a productivity increase of 32% (55%) 

on such a short period (Jolly et al., 2004). 

4.2. WATER BALANCE 

In a first step, the annual water fluxes predicted by HETEROFOR were compared to measurements and predictions of 

other studies (Table 3.4). Then, some water fluxes were individually evaluated when data was available. Finally, some 

potential improvement of the water balance module were discussed. 

Various studies were taken from the literature to compare our water module predictions with observations. They cover a 

range of annual rainfall comprised between 425 and 1476 mm (Table 3.4), which is comparable to what can be found in 

Belgium. The proportions of rainfall converted to stemflow obtained with HETEROFOR (6.1 to 13.1%) are within the 

range reported in the literature (0.6 to 20.4%). This large observation spectrum comes from the important seasonal (higher 

stemflow proportion in winter than during the vegetation period) and species differences (stemflow importance is higher 

for beech than oak trees), which features are accounted for in HETEROFOR. However, the mean value from the literature 

(7.3% of rainfall) is close to the average value for the six study sites (10.3%). The proportions of intercepted rainfall 

(15.9 to 22.0%) and throughfall (64.8 to 78.0%) are also consistent with the ranges reported in other studies (1.9 to 31.0% 

and 59.8 to 83.1%). Moreover, we observed a good matching between the average values (respectively 19.5 and 73.8% 

from literature and 19.4% and 70.2% for our study sites). For transpiration, the range found in the literature is large (14.8 

to 52.3% for an average value of 31.9%), which is not surprising since inter-annual and inter-site variabilities are high 

for this variable (Schipka et al., 2005; Vincke et al., 2005). The predicted transpiration proportions are less variable (31.2 

to 44.9%) and their average value of 36.0% is slightly superior to the mean observed transpiration (31.9%). Regarding 

drainage, no direct measurements can be made; all the estimates from the literature come from indirect methods or 

modelling also subject to uncertainties. The range of drainage values reported in the literature (13 to 70%) is very large 

and contains that obtained with HETEROFOR (26.3 to 44.2%). The mean predicted drainage (39.7%) is close to the 

mean value of the literature (37.5%). By this comparison with the water fluxes reported in the literature, we show that 

HETEROFOR provides plausible estimates of the various components of the water cycle. 
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Table 3.4: Predicted annual water fluxes and the corresponding percentage of rainfall in brackets for the 

different study sites during the period 2002-2016. The minimum, maximum and mean values from literature are 

indicated with the number of studies (n) they are based on. The studies taken into account were restricted to 

sites dominated by beech or by oak in temperate regions with similar meteorological conditions. Data from the 

same site were averaged so that long monitoring studies do not influence too much the average value.  

Site/Study Rainfall 

(mm) 

Stemflow 

(mm) (%R) 

Throughfall 

(mm) (%R) 

Interception 

(mm) (%R) 

Transpiration 

(mm) (%R) 

Drainage 

(mm) (%R) 

Baileux-beech 1059 124 (11.7) 728 (68.7) 207 (19.5) 366 (34.5) 428 (40.4) 

Baileux-mixed 1059 139 (13.1) 686 (64.8) 233 (22.0) 331 (31.2) 432 (40.8) 

Baileux-oak 1059 94 (8.9) 763 (72.0) 202 (19.1) 343 (32.4) 465 (43.9) 

Chimay 897 55 (6.1) 700 (78.0) 143 (15.9) 351 (38.7) 384 (42.3) 

Louvain-la-Neuve 800 81 (10.1) 545 (68.1) 174 (21.8) 353 (44.9) 206 (26.3) 

Virton 1014 123 (12.1) 705 (69.5) 186 (18.3) 361 (34.4) 464 (44.2) 

Van der Salm (2004) oak 

Van der Salm (2004) beech 

725 

891 

- 

- 

- 

- 

177 (24.4) 

241 (27.0) 

338 (46.6) 

356 (40.0) 

123 (17.0) 

138 (15.5) 

Min literature value 425 5.0 (0.6) 209.9 (59.8) 19.0 (1.9) 117.5 (14.8) 82.0 (13.0) 

Max literature value 1476 162.0 (20.4) 864.0 (83.1) 241.0 (31.0) 397.0 (52.3) 626.0 (70.0) 

Mean literature value 805.2 44.3 (7.3) 514.6 (73.8) 109.2 (19.5) 263.5 (31.9) 312.1 (37.5) 

n  9 (20) 13 (23) 12 (23) 24 (22) 11 (13) 

Papers included in the literature review: Cepel, 1967. Aussenac, 1968. Aussenac, 1970. Lemée, 1974. Nagy, 1974. Szabo, 1975. Aussenac and Boulangeat, 1980. Matzner and Ulrich, 1981. Rowe, 1983. 

Bücking and Krebs, 1986. Gerke, 1987. Giacomin and Trucchi, 1992. Neal et al., 1993. Leuschner, 1994. Ulrich et al., 1995. Heil, 1996. Tarazona et al., 1996. Bellot and Escarre, 1998. Didon-Lescot, 

1998. Herbst et al., 1998. Nizinski and Saugier, 1998. Forgeard et al., 1980. Granier et al., 2000. Bent, 2001. Michopoulos et al., 2001. Knoche et al., 2002. Mosello et al., 2002. Dripps, 2003. Bastrup-

Birk and Gundersen, 2004. Hanson et al., 2004. Ladekarl et al., 2005. Schipka et al., 2005. Vincke et al., 2005. Carlyle-Moses and Price, 2006. Christiansen et al., 2006. Roberts and Rosier, 2006.Schmidt, 

2007. Herbst et al., 2008. Staelens et al., 2008. Ahmadi et al., 2009. Müller and Bolte, 2009. Risser et al., 2009. Gebauer et al., 2012.  

Comparing predicted and observed throughfall is interesting to evaluate the water balance module since throughfall is an 

integrative variable depending on the water storage capacity of foliage, on evaporation, and on the proportion of 

stemflow. The good agreement between observations and predictions indicates that the partitioning of rainfall when 

passing through the canopy and the evaporation of the water intercepted by foliage and bark are well described. Among 

the different models of the Table 3.5, no one accounts separately for stemflow and throughfall but other models not 

included in the list consider the two fluxes separetly (e.g. Gotilwa+ and Castanea). Yet, separating throughfall and 

stemflow is important, especially for structurally-complex stands. In these stands, rainfall interception cannot be 

simulated based on a mean foliage storage capacity and a mean partitioning between throughfall and stemflow since these 

parameters vary with stand composition and structure. Our tree-level approach estimating foliage storage capacity and 

stemflow proportion based on individual tree characteristics allows to overcome this difficulty. Moreover, if one wants 

to accurately describe the nutrient cycle, partitioning rainfall is essential as nutrient concentrations in stemflow and 

throughfall can be 10 to 100 times higher than in rainfall due to dry and wet deposition and canopy exchange (Levia and 

Herwitz, 2000; André et al., 2008c; van Stan and Gordon, 2018). Even if the rainfall partitioning can still be improved 

from a theoretical perspective (e.g., including canopy drainage after rain events or the impact of wind on the foliage 

storage capacity like in Hörmann et al. (1996) or Muzylo et al. (2009)), we chose to limit the level of complexity in order 

to avoid calibration difficulties. 

HETEROFOR satisfyingly reproduced individual tree transpiration with similar prediction quality for the tree and stand 

approach regarding the water balance calculation. For European beech, the water balance calculation at the tree scale 

allowed even correcting the small bias which appeared with the stand approach (Fig. 3.5). The year selected for the 

simulation (2003) was particularly dry and hot during summer, which allowed to cover a large range of meteorological 

and soil water conditions. It is indeed interesting to test the tree approach under dry conditions since horizontal water 

redistribution is much less efficient in this case.  

Twenty to thirty percent of the transpiration variability remained unexplained by the model, which can be partly ascribed 

to model inaccuracies but also to the large uncertainty associated with the sap flux measurements. Among others, the 



86 

 

measurements made by Jonard et al. (2011) did not take the azimuthal variation of the sap flux into account since only 

one sensor per tree was installed.  

This first evaluation of tree transpiration predictions indicates that no loss of precision occurred with the tree scale 

approach while this detailed spatial representation could have increased the variability of transpiration predictions since 

it generated some heterogeneity in soil water availability (Fig. 3.S2). These good results show that the water balance 

calculation at the tree scale provides a promising tool to better understand the individual variability and local environment 

effects on tree water use and sensitivity to drought. This must be considered in a dynamics of continuous improvement 

of the model and will require more transpiration measurements and in-depth comparisons of predictions and observations.  

The amount of extractable water (EW), directly influenced by tree transpiration and soil evaporation, is also a key element 

of the water cycle, driving, among others, the drought resistance of a stand. The temporal dynamics of EW was well 

captured by HETEROFOR as evidenced by the high correlations (Pearson’s coefficient comprised between 0.893 and 

0.950) between observed and predicted EW for the various study sites (Fig. 3.6). These correlations are within the high 

end of the range reported for similar models. With the BALANCE model, Gröte and Pretzsch (2002) obtained a Pearson’s 

correlation of 0.85 between the observed and predicted soil water content of the upper soil (0-20 cm horizon) in a beech 

forest in Germany (Freising). Applying BALANCE on three broadleaved stands of oak or beech in Germany, Rötzer et 

al. (2005) were also able to correctly reproduce soil water content dynamics but they mentioned a significant decrease in 

the quality of predictions during the 2003 drought due to an overestimation of the soil drying, which was not observed 

with HETEROFOR in 2018. Comparing the observed soil water content at various soil depths with that predicted by the 

4C model in mixed oak and pine forest (Brandeburg, Germany), Gutsch et al. (2015) obtained Pearson’s correlations 

ranging from 0.59 to 0.74. In an oak stand in Tennessee (USA), Hanson et al. (2004) compared the ability of nine process-

based forest models to reproduce soil water dynamics in the 0-35 cm horizon of the soil and obtained correlations ranging 

from 0.81 to 0.96.  

In the study of Hanson et al. (2004), relative bias was evaluated as well for soil water content and ranged between -1.3 

and 4.0%. These values are comparable to those found in this study yet a bit lower. Furthermore, discrepancies between 

predicted and observed EW occurred during limited periods. Several reasons can be advanced to explain them. Errors in 

the prediction of the budburst date can result in a too early or too late restarting of tree transpiration and induce an 

inaccurate depletion of the soil extractable water during the vegetation period. In order to distinguish this error source 

from the others, one could force the model with the observed budburst date. This option is however not yet implemented 

in the model. The lack of agreement between observed and predicted EW could also be ascribed to the strong 

heterogeneity of soil properties in forest ecosystems. Similarly, local rainfall events recharging soil extractable water 

during summer (often associated with thunderstorms) are sometimes not correctly taken into account when missing 

meteorological data (due to failed sensors or other technical problems) are replaced by rainfall data of a meteorological 

station further away.  

Simplifications and errors in the model conception may also generate divergence between observations and predictions. 

However, this structural uncertainty can be limited by selecting the most appropriate concepts. HETEROFOR predicts 

water transfer between soil horizons using the Darcy law. We tried to implement an approach of intermediate complexity 

between simple bucket models and the Richards equations. From a theoretical point of view, the Richards approach is 

the most state-of-the-art but requires very long calculation times (Fatichi et al., 2016) and is usually implemented in 

models specifically dedicated to water flow simulations (in Table 3.5, only one of the models, MAESPA, use them). 

Forest ecosystem models generally use simpler approaches such as the bucket model declined in a large variety of forms 

(Table 3.5). These models consider one or several buckets with a specified water storage capacity that is filled with 
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rainfall and is emptied by evapotranspiration. If the soil water content is at field capacity, water is transferred to the 

underlying layer and finally lost by drainage. Improved versions can account for transfer between buckets in unsaturated 

conditions using the Darcy law (leaky bucket model).  

Our water transfer routine discretises the soil in horizons whose thickness varies from a few centimetres (upper horizons) 

to half a meter (deeper horizons). Compared to the numerical resolution of Richards equation which requires thin soil 

layers (1 to 2 cm), our vertical discretisation of the soil profile is quite coarse and inaccurately predict the advance of the 

wetting front. As the tree transpiration and photosynthesis depend on the soil water conditions of the whole soil profile, 

this inaccuracy has very limited implications on the simulated tree growth. In our approach, water transfer during a time 

step is calculated based on the horizon water potentials estimated at the end of the previous time step. As such, the model 

makes the hypothesis that the water content does not change significantly during the time step, which is certainly not the 

case close to the wetting front and cannot ensure mass conservation. In order to limit this problem, the model uses an 

adaptive time step estimated based on the Peclet number described in Eq. (77). This allows to ensure mass conservation. 

Finally, another reason that could explain the discrepancy between predictions and observations is the presence of 

macropores that cause preferential flows. These water fluxes defined as water movements in the soil along preferred 

pathways that bypass the soil matrix (Hardie et al., 2011) can be generated by soil shrinkage, root growth, chemical 

weathering, cycles of freezing and thawing or bioturbation (Aubertin, 1971). These macropores are more frequent in 

forest soils than in agricultural soils as the latter are often ploughed and homogenized. They are however difficult to 

characterize given their strong spatial heterogeneity in both vertical and horizontal directions (Aubertin, 1971). 

Adaptations of the Richards equations can be used to account for the preferential flows (dual porosity and dual 

permeability) but require a good characterisation of soil macropores (not possible to achieve routinely in forest soils 

given their heterogeneity) and are still more complicated to solve than the classical Richards equations. We implemented 

in the model the transfer of the soil water surplus (when water saturation is reached) to the underlying horizon and the 

possibility to redirect part of this surplus as deep drainage to account empirically for preferential flows. Indeed, 

preferential flows in macropores become significant only when rainfall exceeds the water infiltration rate in the soil 

matrix and accumulates in the soil surface. The fraction of the water surplus considered as preferential flows is an 

empirical parameter reflecting the macroporosity of the site. 
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The performances of the soil water transfer routine can also be checked based on the deep drainage flux. In this study, 

we compared the deep drainage estimated with HETEROFOR and with the chloride mass balance approach. The mean 

drainage predicted with HETEROFOR was 379 mm per year while the average drainage obtained with the chloride 

approach amounted to 472 mm per year, which corresponds to a bias of -19.9%. The correlation between the two types 

of estimate amounted to a Pearson’s coefficient of 0.963, with a RMSE value of 100.6 mm. These values depict a constant 

negative bias in the predictions that can easily be seen on the lower part of Fig. 3.4. It is hard to tell whether the gap 

originates from the model or the method used to estimate drainage from the chloride approach. It is more likely that the 

bias must be ascribed to both. Indeed, on the one hand, even if the use of chemical tracers to estimate drainage or 
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groundwater recharge is commonly used (Scanlon et al., 2002), its application remains subject to uncertainties. First, the 

chloride method supposes that the main chloride source is rainfall and that the other sources can be neglected (Murphy 

et al., 1996). This hypothesis is not always fulfilled due to anthropogenic chloride introduction (road salting, wastewater) 

or when chloride is present in the bedrock (Ping et al., 2014). Then, preferential flows have been regularly highlighted as 

an error source since the associated water fluxes are not well sampled by zero-tension lysimeters (Tyler and Walker, 

1994; Nkotagu, 1996). Finally, this method displays better results when rainfall and soil water is richer in chloride (e.g., 

sites close to the sea with high marine deposits or with low drainage flux) because the chemical analyses are more accurate 

for higher concentrations (Sammis et al., 1982; Grismer et al., 2000).  

On the other hand, modelling errors could explain the bias presence. One of them could be the overestimation of the 

transpired water amount. However, deep drainage tends to produce during winter while transpiration only takes place 

during the vegetation period (spring and summer). Therefore, if transpiration was overestimated we should observe an 

underestimation of the EW during spring and summer (low values), which is not the case (Fig. 3.6). 

Hanson et al. (2004) measured deep drainage at the watershed level by accounting for rainfall and stream flow outputs 

and compared their measurements with the predictions of several models. Their multi-model comparison displayed 

similar RMSE (65.5 to 225.6 mm) and relative bias (-27.6 to 20.5 %) values but the Pearson’s coefficient displayed by 

HETEROFOR is definitely located in the high tail of the study range (0.61 to 0.95). However, the performances of their 

models are not strictly comparable to ours since the reference method for estimating drainage differs (Sammis et al., 

1982; Grismer et al., 2000; Obiefuna and Orazulike, 2011).  

4.3.  SIMULATING PHENOLOGY AND WATER BALANCE IN HETEROGENEOUS STANDS 

Increasing the functional trait diversity and promoting uneven-aged stands are among the management strategies that 

foresters can use to make their forests more resistant to stressful conditions and more resilient after a disturbance (Pedro 

et al., 2015; Jactel et al., 2017; Anderegg et al., 2018). With the growing interest for mixed and uneven-aged stands, 

various attempts have been made to better account for stand structure in process-based forest models. Some of these 

models present very detailed 3D representations of individual tree structure but describe generally only specific 

physiological processes (e.g. LIGNUM, EMILION, MAESPA). Such models are very useful tools for analysing 

outcomes of eco-physiological experiments and obtain a better understanding of specific eco-physiological processes 

(e.g. drought sensitivity) in structurally complex stands. Since they are generally computationally expensive and applied 

to one or a limited number of individuals, they can however not be used for simulating long-term forest dynamics 

according to various climate and forest management scenarios. Other individual-based models can be applied on all the 

trees of a stand in long-term simulations but at the cost of a coarse representation of physiological processes (e.g. 

SORTIE/BC). These models are interesting to analyse tree growth dynamics in heterogeneous forests but are less suitable 

for taking into account the changing environment. Since they simplify stand structure representation, cohort-based models 

can afford a detailed process-based description of the main processes involved in tree growth (e.g. 4C, ANAFORE, 

PSIM-DNDC, 3D-CMCC, see Table 3.5 for model characteristics). Here, the compromise is made on the spatial 

representation which accounts for the vertical gradient in growing conditions but not for the horizontal heterogeneity. 

Such models can indeed not distinguish between stands composed of the same trees but with various degrees of spatial 

aggregation (e.g. intimate vs patch-wise mixture). Similarly, some individual-based models choose to sacrifice the 

horizontal heterogeneity of some processes (e.g. iLand and Hybrid that calculate most of the water balance at stand scale, 

see Table 3.5 for model characteristics). 
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To simulate the impact of management in heterogeneous forests under changing conditions, we developed a spatially 

explicit individual-based approach designed to account for individual variability, local environment and adaptive 

behaviour of trees (Berger et al., 2008). The compromise was not achieved by strongly reducing the complexity of a 

particular aspect (spatial representation, process description or spatial or temporal coverage) but instead we tried to 

develop a balanced approach in which each aspect is described with the same level of complexity.  

Among the existing individual-based models, BALANCE and NOTG-3D are close to HETEROFOR since they were 

designed according to the same philosophy. They present however some substantial conceptual differences (Table 3.5). 

Except BALANCE for leaf yellowing, HETEROFOR is the only model determining budburst, leaf yellowing and fall at 

the tree level. While rainfall partitioning is only calculated in HETEROFOR, the spatial representation of local climate 

conditions in the canopy is finer in BALANCE and NOTG-3D that consider different canopy layers or voxels. Regarding 

transpiration, HETEROFOR and BALANCE implement the widely used Penman-Monteith equation while it is 

determined as part of detailed energy budget in NOTG-3D. Finally, they all describe soil water dynamics at the individual 

scale but HETEROFOR displays a more mechanistic approach for describing soil water transfer among horizons (bucket 

vs Darcy model).  

In HETEROFOR, some processes were described at two spatial scales (tree or stand level) in order to have the opportunity 

to compare the two approaches and choose the most appropriate one depending on the pursued objective. The 

phenological timing is species dependent and can optionally vary with tree size. This option (phenology at tree level) is 

interesting since it accounts for both the ontogeny effect and the vertical gradient in climate conditions. With this option, 

a longer vegetation period is assigned to the understory compared to the overstory, which allows improving radial growth 

predictions by correcting the growth underestimation in small trees and the overestimation in bigger ones (Fig. 3.S3). 

This first attempt to describe phenology at tree scale is quite empirical and incomplete and could be adapted in the future 

as knowledge on inter-individual phenology differences improves (e.g. Delpierre et al., 2017; Marchand et al., 2020). 

Individual phenology observations for trees of all social status will be necessary to better calibrate and evaluate this 

module in an iterative cycle of model improvement.  

For the water balance, HETEROFOR accounts for a direct tree size effect on stomatal conductance (stomatal conductance 

is inversely proportional to the height of largest crow extension) and for an indirect effect on the sapwood to leaf area 

ratio whose both components depends on tree size (sect. 1.3.4 in Chap. 2). In addition, individual transpiration is a 

function of the radiation intercepted by the tree, the local wind speed and of the soil water availability. Finally, the tree 

adaptive behaviour to the local environment is described by an adaptation of the foliage biomass to local competition 

conditions and by specific leaf area varying with crown position within the canopy (sect. 1.3.6 and 1.3.7 in Chap. 2). 

Whatever the considered scale (tree or stand), HETEROFOR was able to correctly reproduce individual tree transpiration. 

Additional sap flux measurements as well as a characterization of the horizontal soil water content heterogeneity (using 

GPR technique for example) would be very useful to further evaluate the model performances and still enhance its ability 

to describe the complex hydrological functioning of heterogeneous forest. Among the possible improvements, mortality 

representation could be enhanced by considering hydraulic failure during severe droughts (Martin-StPaul et al., 2017). 

Another model improvement would be to take the interaction between the water cycle and the phenology into account by 

integrating a drought effect on budburst, leaf yellowing and fall as reported in some observation studies (Sanz-Perez and 

Castro-Diez, 2010; Xie et al., 2018). 
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5. CONCLUSION 

In this paper, two key modules of HETEROFOR are described in details and evaluated in 4 sites / 6 stands. The 

phenological module correctly predicts the leafed period, which is essential to simulate light interception by trees, 

evapotranspiration, photosynthesis and respiration. With the hydrological module, HETEROFOR properly estimates 

rainfall interception, individual transpiration, soil water and deep drainage. Reproducing correctly the soil water dynamics 

is necessary to adequately predict photosynthesis since stomatal conductance closely depends on it. In addition, the 

description of the nutrient cycling requires accurate estimates of the water fluxes since water is the main vehicle for 

nutrient transport.  

Our spatially explicit individual-based approach allows describing phenology and water balance in structurally-complex 

stands by partly accounting for the tree size effect on phenology and on tree transpiration, for the local environment 

modification (radiation and water availability) and for the adaptive behaviour of trees to local conditions (e.g. tree leaf 

area). Given the complexity of the functioning of heterogeneous forests, there are still a lot of ways to explore to improve 

the model, which will be done progressively as part of an iterative approach based on the prediction comparison with 

observations. Our model will also be used to compare various spatial representation scales (tree, cohort, stand) and 

determines the most appropriate one depending on the considered process and the pursued objective. 

Simulating properly resource availability is necessary to produce robust predictions of tree growth under changing climate 

conditions. The next steps will be to extend the model validation to other European sites (see Chap. 5) to cover a larger 

range of ecological conditions and to use HETEROFOR to simulate stands dynamics under various management options 

and climate scenarios. 
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6. SUPPLEMENTARY MATERIALS 

Table 3.S1: Description of some model parameters for European hornbeam (regarding light interception, 

respiration, carbon allocation and tree dimension increment) and origin of their value.  

Symbol Description Units Value Origin 

Light interception    
k extinction coefficient m-1 1.10 fitted with light measurements 

Respiration    
rnpp_gpp parameters of the npp to gpp ratio function (α/ in Eq. 8)  0.65/0.0 fitted with tree growth data of the study sites 

RTref maintenance respiration per g of N at reference temperature (15°C) 
mol CO2  

gN-1 h-1 
5.15E-05 fitted with tree growth data of the study sites 

Carbon allocation    
bleaf parameters of the leaf biomass function (α//γ in Eq. 15) kgC 15.382/1.34/0.00 Jonard et al. (2006) 

bstructural_above 
parameters of the aboveground  

structural biomass (α//γ in Eq. 26) 
kgC 0.0/533.1/0.996 fitted with data from André and Ponette (2003) 

f stem form factor (0.5) m3 m-3 0.515 fitted with data from André and Ponette (2003) 

ρ stem volumetric mass kgC m-3 858.53 fitted with data from André and Ponette (2003) 

sbranch parameters of the branch mortality function (α//γ as in Eq. 15) kgC 0.00037/2.170/0.0 fitted with data from André and Ponette (2003) 

pfruit parameters of the fruit production function (α/ in Eq.22) kgC 0.005/2.17 fitted with litterfall data from the study sites 

dbhthreshold threshold dbh for fruit production cm 5.0 field observations 

Tree dimension increment    
hlce% fraction of the height corresponding to the largest crown extension m m-1 0.505 fitted with tree inventory data from the study sites 

hcb% fraction of the height corresponding to the crown base m m-1 0.392 fitted with tree inventory data from the study sites 

Dd parameters of the crown to stem diameter function (α//γ/δ in Eq. 10) m m-1 10.17/0/1674/0 fitted wih tree inventory data from the study sites 
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(a) Chimay (oak) 

 
(b) Louvain-la-Neuve (beech) 

 
(c) Virton (beech) 

 
Figure 3.S1: Comparison of the log-transformed observed and predicted monthly throughfall in Chimay 

(sessile oak), Louvain-la-Neuve (European beech) and Virton (European beech) between 2000 and 2016. 

The shaded area represents the confidence interval of the Deming regression (95%) of observations on 

predictions and the solid line corresponds to the identity line. 
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(a) Baileux-beech 

 
(b) Baileux-mixed 

 
(c) Baileux-oak 

 
Figure 3.S2: Temporal dynamics of soil extractable water simulated with the tree approach in the three 

stands of Baileux for 2003. The shaded area represents the 80% confidence interval of the values obtained 

for the various pedons. For comparison, the mean extractable water calculated with the stand approach is 

represented with a dashed line. 

  



95 

 

 

(a) oak trees with phenology at stand scale 

 

(b) Beech trees with phenology at stand scale 

 
(c) Oak trees with phenology at tree scale 

 

(d) Beech trees with phenology at tree scale 

 
Figure 3.S3: Comparison of observed and predicted basal area increments for sessile oak and European 

beech considering the two phenology modalities (tree vs stand scale). The quality of predictions is 

indicated by the RMSE, the relative bias and the Pearson’s correlation coefficient (r). The shaded area 

represents the confidence interval of the Deming regression (95%) of observations on predictions and the 

solid line corresponds to the identity line. 
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CO2 FERTILIZATION, TRANSPIRATION DEFICIT AND 

VEGETATION PERIOD DRIVE THE RESPONSE OF MIXED 

BROADLEAVED FORESTS TO A CHANGING CLIMATE IN 

WALLONIA 

Based on 

de Wergifosse L, André F, Goosse H, Caluwaerts S, de Cruz L, de Troch R, Jonard M (2020) CO2 fertilization, 

transpiration deficit and vegetation period drive the response of mixed broadleaved forests to a changing climate 

in Wallonia. Ann. For. Sci. 77(3): 1-23. 

 ABSTRACT 

Context: Forest net primary production (NPP) reflects forest vitality and is likely to be affected by climate change. 

Aims:Simulating the impact of changing environmental conditions on NPP and two of its main drivers 

(transpiration deficit and vegetation period) in six Belgian stands and decomposing the site effect. 

Methods: Based on the tree growth model HETEROFOR, simulations were performed for each stand between 

2011 and 2100 using three climate scenarios and two CO2 modalities (constant vs time-dependent). Then, the 

climate conditions, soils and stands were interchanged to decompose the site effect in these three components. 

Results: In a changing climate with constant atmospheric CO2, NPP values remained constant due to a 

compensation of the negative effect of increased transpiration deficit by a positive impact of longer vegetation 

periods. With time-dependent atmospheric CO2, NPP substantially increased, especially for the scenarios with 

higher greenhouse gas (GHG) emissions. For both atmospheric CO2 modalities, the site characteristics modulated 

the temporal trends and accounted in total for 56 to 73% of the variability. 

Conclusion: Long-term changes in NPP were primarily driven by CO2 fertilization, reinforced transpiration 

deficit, longer vegetation periods and the site characteristics. 
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1. INTRODUCTION 

Forests affect the climate in various and complex ways, through biophysical and biogeochemical effects. They can 

have a warming or a cooling effect depending on the way they modify albedo and evapotranspiration compared to 

other land covers (Bonan, 2008; Stocker et al., 2013). In addition, forest ecosystems decrease the concentration of 

atmospheric carbon dioxide (CO2) by carbon storage in the soil and in tree biomass (Myhre et al., 2013; Le Quéré 

et al., 2018). On another hand, most of the processes involved in forest ecosystem functioning are climate sensitive 

(Parmesan and Yohe, 2003; Kint et al., 2012; Charru et al., 2017). Climate changes could therefore seriously affect 

forest dynamics and the provision of ecosystem services (Temperli et al., 2012; Mina et al., 2017) that in turn 

affect climate (Seidl et al., 2014; Thom et al., 2017).  

Many environmental manipulation experiments and monitoring studies have highlighted the effects of atmospheric 

CO2 concentration, air temperature and soil water availability on forest net primary production (NPP). The 

fertilizing effect of atmospheric CO2 was pointed out from free-air or chamber CO2 enrichment experiments 

(Ainsworth and Long, 2005; Ainsworth and Rogers, 2007; Thompson et al., 2017). Norby et al. (2005) found that 

NPP increased by 20-25% when the CO2 level was elevated to 550 ppm. On the long run, however, this increase 

was constrained by nutrient availability (Norby et al., 2010; Warren et al., 2015).  

Furthermore, global remote sensing and local observational studies have shown that the increase in air temperature 

tends to advance the budburst date and therefore lengthens the vegetation period (Menzel et al., 2006; Jeong et al., 

2011; Richardson et al., 2013; Park et al., 2016; Flynn and Wolkovich, 2018) and favours NPP (Baldocchi, 2008; 

Dragoni et al., 2011; Richardson et al., 2013; Fu et al., 2017). Moreover, respiration and photosynthesis, which 

have an opposite effect on biomass production, are both stimulated by warmer temperatures (Zhang et al., 2017).  

Concerning water availability, it is well known that soil water deficit during the vegetation period triggers stomatal 

closure and reduces carbon assimilation. In addition, it reduces the mineralization, uptake and transport of nutrients 

(Bréda et al., 2006; Lisar et al., 2012; Osakabe et al., 2014). Syntheses and meta-analyses of rainfall experiments 

generally report decreases in photosynthesis, NPP, aboveground biomass and soil respiration (Wu et al., 2010; 

Paschalis et al., 2020). During prolonged water stress periods, tree mortality may occur due to hydraulic failure or 

carbon starvation (McDowell et al., 2008; Adams et al., 2017). For instance, a particularly drastic rainfall exclusion 

experiment conducted during a five-year period in a Mediterrannean broadleaf forest (Q. ilex, A. unedo and P. 

latifolia) led to a 15% decrease in soil water content, lowered the aboveground biomass production by 83% and 

increased mortality rate by 46% (Ogaya and Peñuelas, 2007). Similarly, different studies have highlighted the 

same trends but with a lower effect during the 2003 drought (Ciais et al., 2005; Bréda et al., 2006; Granier et al., 

2007). 

The Intergovernmental Panel on Climate Change (IPCC) has adopted different greenhouse gas (GHG) emission 

scenarios called Representative Concentration Pathway (RCPs). Two commonly-used scenarios are RCP4.5 and 

RCP8.5 and feature CO2 concentrations of 540 and 940 ppm in 2100, respectively. Regarding Atlantic Europe (see 

Fig. S1 in Jacob et al., 2014), the climate projections for the two abovementioned scenarios at the end of the 21st 

century are characterised by an increase in air temperature (between +1.3 °C and +4.2 °C), changes in annual 

precipitation (-1% to +9%), in high-temperature extremes, in drought events, and by a decrease in summer 
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precipitation (-5 to -25%) compared to the 1971-2000 period (Jacob et al., 2014; Kovats et al., 2014; Jacob et al., 

2018).  

The projected climate changes are likely to alter the forest dynamics (Lindner et al., 2014). However, the resulting 

trend is difficult to estimate due to the opposite and interacting effects of climate on the processes regulating forest 

productivity. To estimate tree growth in unprecedented conditions, process-based models (PBM), which integrate 

knowledge from in-situ experiments, are recommended since they allow the integration of a wide range of effects 

(Pretzsch et al., 2015). However, the future forest evolution will not be uniform but is more likely to be site-

dependent. Indeed, the different components of the site effect - climate, soil and stand - can modify the forest 

response to changing conditions (Holdridge, 1967; Tucker et al., 2008; Steenberg et al., 2015) and therefore PBM 

must account for them.  

The response of a given tree species to climate change depends on the local climate (first component of the site 

effect). For sites at the upper limit of the temperature distribution range of a tree species, an increase in temperature 

would be detrimental for the development of this tree species while it could be positive in colder sites. The same 

reasoning also holds for a rainfall reduction, which could induce water stress more frequently on drier sites but 

could be beneficial on wetter ones. In Wallonia, an increase in temperature of 2 °C would confine European beech 

(Fagus Sylvatica (L.)) in its tolerance limits while sessile oak (Quercus petraea (Matt.) Liebl.) would remain in 

optimal growing conditions (Petit et al., 2017). The climate change effect can then be modulated by the soil 

properties. Indeed, greater soil depth and water holding capacity decrease the negative impact of drought events 

on NPP (Phillips et al., 2016). Finally, the stand characteristics generate differences in the forest response to 

climate change. Different effects constitute the stand effect: the tree species identity and diversity and the stand 

structure and density. The tree species identity effect simply depicts that all tree species do not exhibit the same 

functional traits such as phenological timing (Vitasse et al., 2009; Cole and Sheldon, 2017) or drought sensitivity 

(Leuzinger et al., 2005; Scherrer et al., 2011). Consequently, they display different phenological and stomatal 

responses to a rise of temperature (Primack et al., 2009) and a change in soil water content or in CO2 levels (Medlyn 

et al., 2001; Jonard et al., 2011; Raftoyannis and Radoglou, 2002). Additionally, when these tree species coexist 

in the same stand, the response to climate change is even more difficult to predict since it can be affected by 

complementarity, facilitation and selection effects (Grossiord, 2019; Bello et al., 2019a). For instance, Anderegg 

et al. (2018) observed that mixing species with a high diversity of hydraulic traits decreases their sensitivity to 

drought. On the other hand, an intensive water use by some tree species mixtures could lead more rapidly to water 

stress (Pretzsch and Biber, 2016). The stand structure modifies the response to climate change since trees respond 

differently depending on their size, age or social status. Dominant trees seem to be more sensitive to climatic stress 

than dominated ones, which can be explained by a higher vulnerability to hydraulic stress (McDowell and Allen, 

2015) and a stronger exposition to atmospheric conditions (Bennett et al., 2015). When soil water availability 

decreases, small trees keep their stomata open for longer since the position of their crown within the canopy limits 

the evaporative demand (Carl et al., 2018). Finally, tree density also affects the stand response to climate change 

as it is positively related to stand leaf area index and, consequently, to evapotranspiration (Bello et al., 2019b). 

During drought events, thinned broadleaved stands generally exhibit a lower growth decrease due to reduced 

competition for water among remaining trees (Sohn et al., 2016). Understanding the effect of stand characteristics 
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on forest response to climate change is essential since the forester can adapt it while the adaptability of the soil is 

much more limited and is practically inapplicable for the climate. In conclusion, sites subject to similar changes 

in climate conditions can display very different responses due to their climate, soil and stand characteristics. This 

was already pointed out based on observations by Boisvenue and Running (2006) and can be found in simulation 

studies (Reyer, 2015). 

In order to produce realistic projections of NPP for the 21st century, one must take into account the future climate 

under various GHG emission scenarios, the soil properties and the stand characteristics. Yet, most of the currently-

existing PBM are stand-scale models accounting for the climate and soil effects but only partly integrating the 

spatial and structural complexity of the stand. However, structurally-complex stands (uneven-aged and mixed) 

tend to be favoured by the foresters in order to improve the resilience of their forests (Bauhus et al., 2013; DeRose 

and Long, 2014). To simulate correctly such stands, spatially explicit and individual-based approaches are required 

(Seidl et al., 2005). 

In this study, we will address the question of how and to what extent changing climate and CO2 conditions will 

impact forest productivity in six contrasting and structurally-complex stands in Wallonia and assess how the site 

components and thinning operations modulate the response. To do so, we will use HETEROFOR (Jonard et al., 

2020; de Wergifosse et al., 2020), a process-based tree growth model running at the individual level with different 

climate projections based on three GHG emission scenarios.  

Wallonia is within a climatic zone that deserves more studies on the impact of climate change on forests since this 

effect is quite uncertain there for several reasons. Under the current climate conditions, Wallonia is located at the 

transition between areas where forest growth is limited by temperature, and consequently by the length of the 

growing period, in the North and by water availability in the South (Bastrup-Birk et al., 2016). In the future, 

warmer temperatures are expected all over Europe, a rainfall increase in the Northern temperature-limited areas 

and inversely a precipitation decrease in the Southern water-limited areas (IPCC, 2013; Kovats et al., 2014). 

Therefore, while most simulation studies agree that forest productivity should increase in Boreal forests and 

decrease or remain constant in Mediterranean area (Reyer et al., 2014; Reyer, 2015), to what extent Walloon forest 

productivity will be constrained by water availability, on average and during extreme events, is not a consensual 

issue. In addition, an increased water stress could be partly compensated by a longer vegetation period in the future. 

More precisely, the objectives of the paper are  

I. to simulate the temporal changes in the net primary production of six broadleaved stands in Wallonia 

(Belgium) and in two of its main drivers (transpiration deficit and vegetation period) under various GHG 

scenarios. 

II. to differentiate the long-term trend from the inter-annual NPP variations and to evaluate the part of the 

NPP variability explained by transpiration deficit, vegetation period and atmospheric CO2 concentration. 

III. to assess to which extent these temporal trends are modulated by the site and how thinning affects 

transpiration deficit. 

IV. to decompose the site effect in its three main components (climate, soil and stand) and see how they are 

accounted for by transpiration deficit and vegetation period. 
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2. MATERIAL AND METHODS 

2.1. SITE DESCRIPTION 

For the simulation study, six long-term monitoring plots installed in sessile oak (Quercus petraea (Matt.) Liebl.) 

and European beech (Fagus sylvatica (L.)) stands were selected as case studies representative of the broadleaved 

forest in Wallonia (Belgium). Three plots are located in an experimental site in Baileux (50°01’N 4°24’E) and 

have been monitored since 2001. The three other plots are part of the level II network of ICP Forests since 1998 

(Ferretti and Fischer, 2013) and are located in Louvain-la-Neuve (50°41’N 4°36’E), Chimay (50°07’N 5°34’E) 

and Virton (49°32’N 5°34’E).  

2.1.1 Stand characteristics 

The three plots in Baileux were installed to study how species mixtures influence the forest ecosystem functioning 

(Jonard et al. 2006, 2007, 2008; André et al. 2008a, 2008b, 2010, 2011). Two are located in nearly monospecific 

stands dominated either by sessile oak (hereafter called Baileux-oak) or by European beech (Baileux-beech) and 

the third one is in a balanced mixture of both tree species (Baileux-mixed) (Table 4.1). 

 The stand of Chimay originates from coppice-with-standards and is dominated by mature sessile oaks with a 

hornbeam understory. In Louvain-la-Neuve and Virton, European beech is the main tree species and is mixed with 

oaks. In Virton, other broadleaved species (maple, wild cherry, ash, hornbeam) are also present. All these stands 

cover a wide range in tree size (girth in 1999 or 2001: from 22.6 cm for hornbeam in Baileux-mixed to 190 cm for 

sessile oak in Virton), in stand density (basal area in 1999 or 2001: from 18.4 to 30.0 m².ha -1) and in leaf area 

index (LAI) with values extending from 3.96 to 6.93 m².m-2. Except for the Louvain-la-Neuve plot installed in an 

old even-aged beech forest, the study stands display complex structure in terms of species composition and tree 

age (Table 4.1). 

Table 4.1: Stand characteristics for the main tree species and for the whole stands. 

Stand 

Inventory year (area) 

Tree species Tree density 

(N.ha-1) 

Basal area  

(m².ha-1) 

C130 

(cm) 

Dominant height  

(m) 

Modelled LAI 

(m².m-2) 

Baileux-oak  

2001 (0.9 ha) 

Quercus petraea 

Fagus sylvatica 

Carpinus betulus 

Total 

187 

118 

152 

468 

16.2 

4.0 

1.3 

21.6 

100.6 (26.5) 

46.4 (35.6) 

31.4 (11.4) 

63.7 (40.4) 

21.9 

15.5 

11.6 

22.2 

 

 

 

4.17 

Baileux (beech) 

2001 (1.4 ha) 

Quercus petraea 

Fagus sylvatica 

Total 

72 

217 

297 

6.4 

16.5 

23.1 

103.3 (18.1) 

87.5 (41.5) 

90.3 (38.5) 

23.0 

25.0 

24.8 

 

 

4.86 

Baileux (mixed) 

2001 (1.8 ha) 

Quercus petraea 

Fagus sylvatica 

Carpinus 

Total 

118 

352 

9 

484 

12.9 

17.0 

0.1 

30.0 

115.5 (21.0) 

91.2 (39.3) 

22.6 (17.3) 

101.2 (42.0) 

4.5 

25.7 

9.4 

25.9 

 

 

 

5.99 

Chimay 

1999 (1.3 ha) 

Quercus petraea 

Carpinus betulus 

Total 

63 

634 

697 

13.1 

5.3 

18.4 

158.7 (35.0) 

30.5 (10.8) 

42.4 (40.1) 

20.4 

15.8 

19.2 

 

 

3.96 

Louvain-la-Neuve 

1999 (1.1 ha) 

Quercus petraea 

Fagus sylvatica 

Total 

21 

87 

108 

4.7 

24.6 

29.4 

165.9 (23.0) 

179.1 (53.6) 

176.6 (49.6) 

30.9 

32.1 

32.9 

 

 

6.34 

Virton 

1999 (1.4 ha) 

Quercus petraea 

Fagus sylvatica 

Carpinus betulus 

Total 

5 

340 

22 

425 

1.3 

16.8 

0.4 

23.3 

190.0 (10.0) 

70.9 (31.7) 

48.4 (15.4) 

73.6 (36.0) 

24.1 

24.0 

14.5 

24.0 

 

 

 

6.93 

Tree density is the number of trees per ha, basal area is the sum of the trunk radial area at 130 cm height per ha, C130 is the average trunk 

circumference (cm) at an height of 130 cm, dominant height is the average height of the 100 biggest trees per ha and LAI (Leaf Area Index) is 

the sum of tree leaf areas expressed by unit ground area 
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2.1.2 Soil properties 

The soils in Baileux and Chimay are cambisols with moder humus (FAO soil taxonomy) developed in a bedrock 

of sandstone and shales mixed with loess deposits while the soil in Louvain-la-Neuve is an abruptic luvisol with 

moder humus formed in loamy loess deposits from the interglacial period. Finally, the soil of Virton is a calcaric 

cambisol with mull humus; it originates from the weathering of a hard limestone bedrock (Table 4.2). 

This large range of soils is reflected in the soil texture. According to the USDA taxonomy, the soil of Baileux is 

silty clay loam and that of Chimay is intermediate between silty clay loam and clay loam. The soil in Louvain-la-

Neuve is silty loam due to its high silt content (62-75%). The highest clay fraction was registered in Virton and it 

is therefore a clayey soil (Table 4.2). The soil texture influenced the soil hydraulic properties. In Baileux and 

Louvain-la-Neuve, the high silt content ensures good drainage. In Chimay, the presence of inflating clay favours 

the appearance of a perched water table near the surface during winter and drought cracks in the warm and dry 

period. In Virton, in spite of elevated clay content, the existence of faults in the bedrock enables an efficient 

drainage. 

The stoniness varies a lot among plots. Baileux-beech, Baileux-mixed and Virton have the higher coarse fraction 

(>50% in the deep horizons) while the soil in Louvain-la-Neuve contains hardly any large stones. The coarse 

fraction in the soils of Baileux-oak and Chimay is intermediate (between 30 and 45% at the bottom of the profile). 

These differences in soil texture and coarse fraction among sites lead to a great diversity (between 154 and 450 

mm) of extractable water reserve on a 1.6 m depth. For example, the maximum extractable water (MEW) reserve 

in Louvain-la-Neuve is almost three times greater than that of Baileux-mixed and Virton (Table 4.2). A same soil 

depth of 1.6 m was retained for all site as it allows to account for most (if not all) the rooting zone and for the sake 

of comparability. The impact of using a same depth for all sites is limited since water uptake only occurs in the 

horizon where roots are present. In addition, the lower horizons of some sites are very stony and therefore the 

associated extractable water is limited. 

2.1.3 Climate 

Although entire Belgium being characterized by the same climate type (temperate maritime), the four sites of our 

study are all located in different bioclimatic zones (Van der Perre et al., 2015), which highlights their climate 

diversity (Table 4.2). Louvain-la-Neuve is characterized by the warmest (11.0 °C) and driest (818 mm) climate. 

Despite their proximity, Baileux and Chimay display differences in terms of annual rainfall with 1075 mm in 

Baileux and 940 mm in Chimay probably due to the more elevated location of Baileux (between 305 and 312 m 

a.s.l.) than Chimay (260 m a.s.l.). However, yearly-average temperatures are similar in both locations (9.8 °C in 

Baileux and 9.7 °C in Chimay). Finally, Virton features high precipitation values (1060 mm) and an intermediate 

yearly-mean temperature of 9.9 °C (Table 4.2). Reference crop evapotranspiration was calculated for each site 

according to the FAO method (Allen et al., 1998) and showed a low variability (between 712 and 745 mm.year -1) 

that can mainly be attributed to air temperature differences. 
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Table 4.2: Soil and meteorological (2001-2016 period) characteristics of the different study sites. 

Stand Location Bioclimatic zone Altitude 

(m) 

Soil type Soil texture 

(USDA) 

MEW over 

1.6 m (mm) 

Annual 

rainfall 

(mm) 

Mean air 

temperature 

(°C) 

Reference crop 

evapotranspiration 

(mm.year-1) 

Baileux 

(beech/mixed/oak) 
50°0’N, 4°2’E 

Basse et moyenne 

Ardenne 
305-312 Cambisol 

Silt (clay) 

loam 
174/154/239 1075 9.8 712 

Chimay 50°1’N, 4°2’E 
Fagne, Famenne et 

Calestienne 
260 

Dystric 

Cambisol 

(Silt) clay 

loam 
205 940 9.7 723 

Louvain-la-Neuve 50°4’N, 4°4’E Hesbino-brabançon 130 Abruptic Luvisol Silt loam 450 818 11.0 745 

Virton 49°3’N, 5°3’E Basse Lorraine 370 
Calcaric 

Cambisol 
Clay 167 1060 9.9 726 

 

2.2. SIMULATION EXPERIMENTS 

2.2.1 Model description and performances 

For the simulations, we used the individual-based, spatially explicit and process-based model HETEROFOR that 

has been implemented in the CAPSIS simulator (Dufour-Kowalski et al., 2012) and is especially convenient to 

simulate the evolution of structurally-complex stands. Hereafter, we present a brief overview of the model 

functioning limited to the description of the options retained for the simulation experiments carried out in this 

study. For a more in-depth description, we refer the reader to Chap.2.  

To initialise the model, the user must provide different files: a tree species parameter file, an inventory (or stand) 

file with the tree coordinates and dimensions (tree circumference, total height, height to crown base, height of 

largest crown extension and crown radius in four cardinal directions), a soil file with the physical properties of 

each soil horizon (thickness, bulk density, coarse fraction, sand, silt, clay and organic carbon contents and fine 

root proportion) and a meteorology (or climate) file with hourly data for radiation, air temperature, precipitation, 

relative humidity and wind speed. After the initialization phase and at the end of each year, HETEROFOR calls 

the phenology routine that provides daily information concerning the foliage state for the coming year. From a 

fixed date, a sum of warm temperature is daily accumulated until reaching a threshold, which triggers the budburst 

and then, similarly, the progressive leaf expansion. From mid-summer, cold temperatures are accumulated until 

reaching a threshold, which triggers leaf yellowing occurring at a rate proportional to the photoperiod decrease. 

The leaf falling rate is calculated based on wind speed and accelerated in case of frost events. Phenology can be 

calculated at the species level or the individual scale to account for the extended vegetation period of understorey 

trees. In this study, we chose to calculate phenology at the species level. Once phenology is fixed, HETEROFOR 

calculates the proportion of solar radiation intercepted by each tree using the SAMSARALIGHT library based on 

a ray tracing approach (Courbaud et al., 2003). From the photosynthetically active radiation (PAR) absorbed per 

unit leaf area and the soil water potential updated hourly with a water balance routine, the gross primary production 

(GPP) of each tree is estimated hourly with the photosynthesis model of the CASTANEA library (Farquhar et al., 

1980; Dufrêne et al., 2005). The individual NPP is then obtained by using a NPP to GPP ratio to take the growth 

and maintenance respiration into account. NPP is first allocated to foliage and fine roots by ensuring a functional 

balance and then to structural components using allometric equations, which allows deriving tree dimensional 

growth. The water balance routine accounts for rainfall partitioning in throughfall, stemflow and interception 

(André et al., 2008a), for tree transpiration and evaporation from foliage, bark and soil using the Penman-Monteith 
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equation (Monteith, 1965), for root water uptake (Couvreur et al., 2012) and for soil water movements based on 

the Darcy law. This routine can be calculated at the stand or individual scale but calculation time considerably 

increases when the individual option is selected and consequently, we selected the stand scale in this study.  

HETEROFOR was evaluated on the same sites as those used in this study. The evaluation of tree growth conducted 

in Jonard et al. (2020) demonstrated the model ability to reproduce size-growth relationships and individual radial 

growth. In the same study, the simulated GPP was related to the NPP reconstructed from tree growth measurement 

and this relationship displayed high Pearson’s correlation coefficients (0.89 and 0.91 for Sessile oak and European 

beech, respectively). Regarding water balance evaluated in de Wergifosse et al. (2020), the model satisfactorily 

simulated the soil water content temporal dynamics (correlation coefficients between simulations and observations 

ranging from 0.83 to 0.95 according to the site) and the individual transpiration (0.85 and 0.89 for oak and beech, 

respectively). Finally, the budburst model previously described, a one-phase model based on the Uniforc model 

(Chuine, 2000), which simulates the forcing period, has been chosen among two other budburst models (two-phase 

models accounting for the forcing and chilling periods) implemented in HETEROFOR as it reproduced best the 

inter-annual variability. With this budburst model, vegetation period was on average simulated with a RMSE of 

6.7 days (unpublished data). 

The parameters needed to initialize the model are those described in the two model description papers (Table 2 in 

Jonard et al., 2020 and Table 3.1). Only for Virton, a higher NPP to GPP ratio is used in the species parameter file 

to account for differences not considered by the model (probably due to a higher site fertility). This ratio was fixed 

to 0.6 and 0.75 for Sessile oak and European beech, respectively. Yet, this parameterization difference is only 

applied in the first simulation experiment described below. Indeed, one of the objective of this first experiment is 

to estimate the future productivity of the site, for which as many site characteristics as possible must be integrated 

while the second simulations aimed at decomposing the site effects in its components without being affected by 

the parametrization. 

2.2.2 First simulation experiment to highlight the climate change impact 

One-year simulations were performed for different periods in order to assess the impact of climate change on stand 

NPP median value and variance, on transpiration deficit and on vegetation period (objectives I and II stated in the 

introduction) and to evaluate how site and thinning affected these changes (objective III). More specifically, each 

year, a new simulation was launched starting from the same initial stand. Stand characteristics were therefore 

reinitialized each year keeping thereby the focus on the climate impact, in contrast to multi-year simulations which 

could have given rise to diverging stand characteristics with time. Climate projections generated according to three 

Radiative Concentration Pathway (RCP) scenarios (see below) were used to run simulations on the 2011 – 2100 

period while the 1976 – 2005 period (called “historical” period) was used as reference for comparisons with RCP 

scenarios. 

One of the major uncertainties when simulating long-term forest productivity is whether or not the positive 

response of forest to rising CO2 concentration can persist. Indeed, it has been shown that the induced productivity 

gain may progressively be reduced when other factors such as nutrient availability become limiting (Körner, 2006; 

Norby et al., 2010). In order to cover the range of possible tree responses, from a perfect acclimation to rising 
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atmospheric CO2 to no acclimation at all, the set of simulations was launched considering either a constant 

atmospheric CO2 concentration (380 ppm) or time-dependent CO2 concentrations corresponding to the RCP 

scenarios (Reyer et al., 2014). The first case can be seen as a response to increasing CO2 concentration totally 

constrained by other limiting factors and the second as never constrained. Moreover, holding CO2 concentration 

constant allowed us to have a better insight into the other climate effects.  

The two simulation types were also run for each monitoring plot after applying a virtual thinning to reduce stand 

basal area by 25% and test the immediate thinning impact. The selection of thinned trees was made among the 

pool of trees that were effectively cut in each plot during the monitoring period. When the past thinning operations 

were insufficient to reach 25%, additional trees were randomly selected and removed. 

2.2.3 Second simulation experiment to highlight and decompose the site effect 

To further investigate the site effect on the NPP variability (objective IV stated in the introduction), a similar set 

of one-year simulations was ran for the historical period (1976-2005) by combining the climate, soil and stand 

input files of all the monitoring plots according to a full factorial design (6 soil types x 6 stands x 4 climates x 30 

years). The simulations were performed for a constant atmospheric CO2 concentration in order to limit the number 

of variation factors. Then, the simulations were repeated for the 2071-2100 period considering the RCP8.5 scenario 

to test whether the NPP variance decomposition is affected by climate change. 

2.2.4 Climate projections 

As a basis, the climate projections of the global climate model (GCM) CNRM-CM5 were used here. These global 

simulations were also included in the Coupled Model Intercomparison Project (CMIP5) on which the IPCC bases 

most of its conclusions (Fifth Assessment Report: IPCC, 2013; IPCC special report on 1.5 C: Masson-Delmotte, 

et al., 2018). However, the horizontal resolution of CNRM-CM5 is 1.4° (≃155 km), which did not allow us to 

make any distinctions between our study plots. In a first step, the CNRM-CM5 projections were therefore 

downscaled over the European domain using the Regional Climate Model (RCM) ALARO-0 (Giot et al., 2016; 

Termonia et al, 2018) following the guidelines of the Coordinated Regional Downscaling Experiment (CORDEX; 

Giorgi et al, 2009; Jacob et al, 2014). This dynamic downscaling consisted in using ALARO-0 over 50-km 

resolution areas forced at their boundaries by projections of CNRM-CM5. In a second downscaling step, the 

simulations over Europe with 50-km resolution were downscaled to a 4-km resolution over Belgium 

(Rummukainen, 2010). 

The meteorological variables that served as input for HETEROFOR include hourly values of the longwave and 

shortwave radiations, air temperature, surface temperature, rainfall, specific humidity and wind speed. Finally, 

relative humidity was calculated based on temperature, specific humidity and atmospheric pressure. All values 

were taken at the grid points closest to the four sites for the historical period (1976-2005) and for the 2011-2100 

period according to three RCP scenarios: RCP2.6, RCP4.5, RCP8.5. The scenario names depict the increase in 

radiative forcing in 2100 relative to preindustrial levels (+2.6 W.m-², +4.5 W.m-², +8.5 W.m-²). The climate 

projections should be considered as sensitivity experiments. In other words, the climate changes rather than the 

absolute climate values are of importance as the model climatology (during the historical period) is known to differ 

from the observed one (Maraun and Widmann, 2018). However, for our case, there were important positive model 
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biases in rainfall ranging from 7 to 35% when compared with the observed values at the considered sites. A bias 

correction was therefore performed (Maraun and Widmann, 2018). More specifically, for air and soil temperatures, 

data were corrected according to 

𝑥𝑐𝑜𝑟𝑟_𝑡 = 𝑥𝑠𝑖𝑚𝑢𝑙_𝑡 + (𝑥𝑜𝑏𝑠̅̅ ̅̅ ̅ − 𝑥𝑠𝑖𝑚𝑢𝑙̅̅ ̅̅ ̅̅ ̅̅ )                (1) 

with  

xcorr_t, the corrected value of a variable at time t 

xsimul_t, the variable simulated by the regional model at time t 

𝑥𝑜𝑏𝑠̅̅ ̅̅ ̅ and 𝑥𝑠𝑖𝑚𝑢𝑙̅̅ ̅̅ ̅̅ ̅̅ , the average observed and simulated values for the period 2001-2016.  

 

This method is, however, not suitable for variables which cannot take negative values. For these variables 

(radiation, rainfall, relative humidity and wind speeds), data were corrected using a multiplicative scaling 

𝑥𝑐𝑜𝑟𝑟_𝑡 = 𝑥𝑠𝑖𝑚𝑢𝑙_𝑡  
𝑥𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅

𝑥𝑠𝑖𝑚𝑢𝑙̅̅ ̅̅ ̅̅ ̅̅ ̅̅
         (2) 

The same correction was applied to the three RCP scenarios using 𝑥𝑜𝑏𝑠̅̅ ̅̅ ̅ and 𝑥𝑠𝑖𝑚𝑢𝑙̅̅ ̅̅ ̅̅ ̅̅  based on the period 2001-2016. 

The average corrected mean air temperature, rainfall and reference evapotranspiration are presented in Table 4.3 

for the three RCP scenarios during the 2071-2100 period and also during the historical period.  
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2.2.5 Model simulation analysis 

The HETEROFOR model generates many fluxes and stocks of carbon and water as outputs. For this study, we 

focus on the actual and potential tree transpiration (obtained without considering any limitation from soil water) 

to determine the transpiration deficit, the daily foliage status of each tree species to calculate the vegetation period 

length and the yearly NPP to characterize forest productivity. 

From the daily foliage status, the yearly vegetation period length was defined as the number of days between the 

day the green leaf proportion reaches 50% (budburst period) until the day it drops below this threshold (yellowing 

and then falling periods). Annual stand NPP values (gC.m-2) were simply the sum of individual tree NPP (gC) 

divided by the stand area (m²), with NPP derived from GPP after accounting for the growth and maintenance 

respirations (sect. 1.3.5 in Chap. 2). The annual transpiration deficit was calculated for each tree as the difference 

between actual and potential transpiration (in L). Then, individual transpiration deficits were summed and divided 

by the stand area to obtain a transpiration deficit in mm. As described in Chap.2 (Eq. 113 in sect. 1.3.10), the 

stomatal conductance is considered as decreasing exponentially with the soil water potential in the model. 

Therefore, this difference depicts the transpiration deficit induced by the soil water limitation. Using the vegetation 

period and the transpiration deficit is interesting since these variables are sufficiently integrative to summarize the 

model functioning but not too general so that we can disentangle the effect of two main mechanisms through which 

climate change affects forest ecosystems functioning (phenology and water). 

In order to compare stand NPP, transpiration deficit and vegetation period (objective I) among RCP scenarios and 

time periods (1976–2005 for past climate and 2011-2040, 2041-2070 and 2071-2100 for the future climate), we 

used two different statistical tests to assess whether the distributions were significantly different. An unpaired 

Mann-Whitney test (Wilcoxon, 1945) was performed when the two periods were not related (e.g. for the 

comparison of the 1976-2005 and 2041-2070), while a Wilcoxon signed-rank test (Wilcoxon, 1945) was used 

when comparing RCP scenarios for a same period. These tests were chosen given the non-normality of the 

investigated variables. The Wilcoxon signed-rank test was also adopted to assess the effect of thinning on 

transpiration deficit. In order to test the equality of variance among distributions, a Levene test was performed as 

it is less sensitive to non-normality than other commonly-used tests. 

To differentiate the long-term effect of climate change on NPP from that of the inter-annual climate variability 

(objective II) while taking the site effect into account (objective III), a linear mixed model was fitted on the 

simulated stand NPPs of the first simulation experiment including both thinning modalities. For a same location, 

the thinned and unthinned stands were considered as two different sites in the linear mixed models We have chosen 

to use linear mixed models to account for the correlation structure of the simulated dataset and to avoid an over-

parameterization of the model (for parsimony reasons). Some factors were important to consider to estimate their 

relative importance in explaining the NPP variability and to represent correctly the correlation structure of the 

data. However, we did not need to know accurately the value taken by each level of these factors, which, therefore, 

were considered as random and characterized with a limited number of parameters (one parameter per factor 

instead of one per factor level). In contrast, we wanted to accurately quantify the effects of other factors which 

were considered as fixed. For this reason, in the first mixed model, the temporal trend of each RCP scenario (Time 
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x Scenario) is considered as a fixed effect and the site (Site) and its effect on the temporal trend (Site x Time x 

Scenario) as random factor effects. This model was applied for both atmospheric CO2 modalities. 

𝑁𝑃𝑃 ~ [𝑇𝑖𝑚𝑒 x 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜]𝑓𝑖𝑥𝑒𝑑 + [𝑆𝑖𝑡𝑒 + 𝑆𝑖𝑡𝑒 x 𝑇𝑖𝑚𝑒 x 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 + 𝜖]𝑟𝑎𝑛𝑑𝑜𝑚   (3) 

The continuous variable characterising the time effect is the number of years since 2011. In this way, no effect of 

the RCP scenario is considered in 2011, which allowed us to avoid considering the scenario as a main effect.  

Besides, we adjusted another linear mixed model containing yearly vegetation period (VP), transpiration deficit 

(TD) and atmospheric CO2 concentration (CO2) as fixed effects in addition to the effects already considered in the 

previous model (Eq. 3) in order to assess the extent to which these three variables accounted for the site effect, the 

long-term trend and the inter-annual variability: 

𝑁𝑃𝑃 ~ [𝑇𝑖𝑚𝑒 x 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 +  𝑉𝑃 + 𝑇𝐷 + 𝐶𝑂2]𝑓𝑖𝑥𝑒𝑑 + [𝑆𝑖𝑡𝑒 + 𝑆𝑖𝑡𝑒 x 𝑇𝑖𝑚𝑒 x 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 + 𝜖]𝑟𝑎𝑛𝑑𝑜𝑚 (4) 

This model was applied for both atmospheric CO2 modalities, except that the atmospheric CO2 concentration was 

logically not considered for the modality with constant atmospheric CO2 concentration. 

Using the outputs of the second simulation experiment, a linear mixed model was applied to decompose the site 

effect in its climate, soil and stand components (objective IV). Three random factors were used to characterise the 

site components. 

𝑁𝑃𝑃~[𝐶𝑙𝑖𝑚𝑎𝑡𝑒 + 𝑆𝑜𝑖𝑙 + 𝑆𝑡𝑎𝑛𝑑 + 𝜖]𝑟𝑎𝑛𝑑𝑜𝑚       (5) 

Finally, to estimate how transpiration deficit and vegetation period accounted for the three components of the site 

effect, we fitted a linear mixed model containing these two drivers as fixed effects in addition to the effects 

considered in Eq. 5. 

𝑁𝑃𝑃~[𝑉𝑃 + 𝑇𝐷]𝑓𝑖𝑥𝑒𝑑 + [𝐶𝑙𝑖𝑚𝑎𝑡𝑒 + 𝑆𝑜𝑖𝑙 + 𝑆𝑡𝑎𝑛𝑑 + 𝜖]𝑟𝑎𝑛𝑑𝑜𝑚      (6) 

For all the effects in the various models, the partial R² was calculated as the difference between the R² of the model 

with and without the considered effect. This method assumes that the effects are independent. As, in reality, this 

not always the case, the sum of the partial R² can be lower than the R² of the full model.  All the figures, statistical 

tests and linear mixed models were realised using R Studio software (RStudio Team, 2015). 

3. RESULTS 

3.1. OBJECTIVE I: CLIMATE CHANGE IMPACT ON NPP, TRANSPIRATION DEFICIT AND 

VEGETATION PERIOD 

Net primary production (NPP) 

The differences in NPP between the RCP scenarios were generally non-significant when the atmospheric CO2 

concentration was kept constant. For this modality, the only significant difference with the historical period 

occurred between 2041 and 2070 for the RCP4.5 and 8.5 scenarios and remained limited: an increase of 3 and 5%, 

respectively (Fig. 4.1a). The site-by-site examination of the NPP projections revealed that the only sites with a 
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significant positive effect of the RCP scenarios were Baileux-oak (RCP4.5 between 2071 and 2100) and Chimay 

(RCP4.5 and 8.5 for the 2041-2070 period and RCP8.5 during the 2071-2100 period) (Fig. 4.S1).  

For the simulations accounting for the time-dependent atmospheric CO2, NPP increased significantly over time, 

especially for the scenarios with the higher CO2 emission levels in 2100. Upon comparison with the historical 

period, NPP in 2071-2100 increased by 9%, 20% and 34% for RCP2.6, 4.5 and 8.5, respectively (Fig. 4.1b). The 

trends were similar for the different sites taken individually (Fig. 4.S2). The impact of climate change on NPP 

cannot be based solely on the change in its median value. The variability is a key component of the temporal 

evolution as well. However, as depicted by the boxplot width and whisker length of Fig. 4.1 and confirmed by the 

Levene tests, no consistent increase in NPP variability was observed in our simulations. 

a. Constant atmospheric CO2 concentration 

 

b. Time-dependent atmospheric CO2 concentration 

 
Figure 4.1: NPP comparisons among RCP scenarios and with the historical period (1976-2005) for three 

30-year periods considering all the sites together, with constant (a) and time-dependent (b) atmospheric 

CO2 concentrations. The horizontal line corresponds to the median, the box ends indicate the upper and 

lower quartiles and the whiskers show the values above and below these quartiles within 1.5 interquartile. 

Common letters indicate that the distributions are non-significantly different according to a paired 

Wilcoxon signed-rank (between scenarios of the same period) or an unpaired Mann-Whitney (between 

scenarios of different periods) tests. 

Transpiration deficit 

The results obtained for transpiration deficit were identical for the constant and time-dependent atmospheric CO2 

concentration since the way stomatal conductance for water was calculated does not account for the atmospheric 

CO2 concentration effect. Therefore, only those of the constant atmospheric CO2 were presented (Fig. 4.2a). 

Transpiration deficit did not change in comparison with the historical period during the 2011-2040 period. During 

the next period, the RCP2.6 and 8.5 scenarios displayed a significant increase in transpiration deficit of 24% and 

19%, respectively. For this period, the only inter-scenario difference occurred between RCP2.6 and 4.5. During 

the last period, all scenarios were different from each other and the RCP4.5 and 8.5 scenarios showed respectively 

a 21% and 42% increase in transpiration deficit compared to the historical period (Fig. 4.2a). The analysis of the 

temporal change in actual and potential transpiration enabled us to get a better insight in the origin of the 

transpiration deficit. It appeared that both variables were characterized by an increasing trend, but with a more 

pronounced one for potential transpiration. The augmentation in actual transpiration ranged from 2.7% to 10.2% 

during the last period (2071-2100) while the rise in potential transpiration varied from 3.4% to 19.8% (Fig. 4.S3). 
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a 

 
b 

 
c 

 
Figure 4.2: Transpiration deficit (a), vegetation period of Sessile oak (b) and European beech (c) 

comparisons among RCP scenarios and with the historical period (1976-2005) for three 30-year periods 

considering all the sites together, with constant atmospheric CO2 concentrations. The horizontal line 

corresponds to the median, the box ends indicate the upper and lower quartiles and the whiskers show the 

values above and below these quartiles within 1.5 interquartile. Common letters indicate that the 

distributions are non-significantly different according to a paired Wilcoxon signed-rank (between 

scenarios of the same period) or an unpaired Mann-Whitney (between scenarios of different periods) tests. 

  



111 

 

 

Vegetation period 

As phenology is not CO2 dependent in the HETEROFOR model, no distinction was made between atmospheric 

CO2 modalities. Even though, the length of the vegetation period differed between oak and beech (206 days for 

oak and 209 days for beech), its temporal change due to climate change was very similar for both tree species. The 

vegetation period length increased significantly with time for RCP4.5 and 8.5 while, for RCP2.6, it peaked between 

2041 and 2070 before returning to the 2011 – 2040 level in 2071 - 2100. The increase of the vegetation period 

length (calculated with regards to the last period) amounted to 0.6, 1.8 and 5.3 days per decade for RCP2.6, 4.5 

and 8.5, respectively (Fig. 4.2b and 4.2c). 

3.2. OBJECTIVE II: LONG-TERM TREND AND INTER-ANNUAL VARIATIONS OF NPP 

When a constant atmospheric CO2 concentration was considered for the model described by Eq. 3, no mean 

temporal trend in NPP was detected (Time x Scenario) though the random effect associated to this trend (Site x 

Time x Scenario) explained 34% of the variability. This means that the temporal trend oscillated around 0, being 

slightly positive in some sites and slightly negative in others. The rest of the site effect accounted for 39% of the 

NPP variability and the unexplained variability amounted to 27% (Table 4.4a). 

For the simulations with changing atmospheric CO2 concentrations, we observed a significant positive temporal 

trend dependent on both the RCP scenario (Time x Scenario) and on the site (Site x Time x Scenario). These two 

effects accounted for 22% and 24% of the NPP variability, respectively. The remaining site effect explained 32% 

of the NPP variability while the unexplained variability was slightly lower than the simulations with constant CO2, 

accounting for 23% of the NPP variability (Table 4.4b). 

Table 4.4: Estimate, standard error, P-value and partial R² of the parameters of the mixed linear model 

(Eq. 3: NPP ~ Time*Scenario + Site + Site*Time*Scenario) used to differentiate the temporal trend from 

the inter-annual variability in NPP (gC.m-²) for all sites, periods and RCP scenarios considering constant 

(a) and time-dependent (b) atmospheric CO2 concentration. 

 Estimate Standard error P-value Partial R² 

a. Constant atmospheric CO2 concentration 

Fixed effects     

     Intercept 764.70 39.99 <.0001 / 

    Time x Scenario[2.6,4.5,8.5] [-0.06,-0.07,0.06] [0.07,0.08,0.08] 0.460 0.000 

Random effects     

     Site 0 138.13 / 0.392 

     Site x Time x Scenario[2.6,4.5,8.5] 0 [0.05,0.15,0.13] / 0.336 

     Residuals 0 84.19 / 0.272 

Total explained / / / 0.728 

b. Time-dependent atmospheric CO2 concentration 

Fixed effects     

     Intercept 777.24 41.38 <.0001 / 

    Time x Scenario[2.6,4.5,8.5] [0.32,1.06,2.52] [0.08,0.09,0.10] <.0001 0.216 

Random effects     

     Site 0 142.97 / 0.316 

     Site x Time x Scenario[2.6,4.5,8.5] 0 [0.10,0.22,0.27] / 0.239 

     Residuals 0 85.84 / 0.229 

Total explained / / / 0.771 
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3.3. OBJECTIVE III: INFLUENCE OF ATMOSPHERIC CO2 CONCENTRATION, 

TRANSPIRATION DEFICIT, VEGETATION PERIOD, SITE AND THINNING ON NPP 

Relative importance of atmospheric CO2 concentration, transpiration deficit, vegetation period and site in 

explaining NPP variability 

For both atmospheric CO2 modalities, when comparing the linear mixed models containing only the temporal trend 

and the site effect (Eq. 3) with those including also transpiration deficit, vegetation period and atmospheric CO2 

concentration (Eq. 4), one can observe that these variables explained the temporal trend (Time x Scenario) and its 

modulation by the site (Site x Time x Scenario) as well as all the inter-annual variability (Residuals). In addition, 

their inclusion slightly lowered the variability associated to the rest of the site effect. When atmospheric CO2 

concentration was held constant, the transpiration deficit effect was negative with a partial R² of 0.58 while the 

vegetation period effect was positive with a partial R² of 0.025 (Table 4.5a). For the time-dependent atmospheric 

CO2 simulations, the transpiration deficit and vegetation period effects had the same sign as for the constant 

atmospheric CO2 modality but their partial R² was lower (0.43 and 0.016 respectively) since the atmospheric CO2 

concentration also explained a significant part of the variability (partial R² = 0.22, Table 4.5b). 

Table 4.5: Estimate, standard error, P-value and partial R² of the parameters of the mixed linear model 

(Eq. 4: NPP ~ Time*Scenario + VP + TD + CO2 + Site + Site*Time*Scenario) used to explain the NPP 

(gC.m-²) variability based on transpiration deficit, vegetation period and CO2 (only for time-dependent 

CO2 modality) for all the sites, periods and RCP scenarios considering constant (a) and time-dependent 

(b) atmospheric CO2 concentration. 

 Estimate Standard error P-value Partial R² 

a. Constant atmospheric CO2 concentration 

Fixed effects     

     Intercept 506.70 21.74 <.0001 / 

    Time x Scenario[2.6,4.5,8.5] [0.01,0.04,0.09] [0.04,0.05,7.64] 0.748 0.000 

    Vegetation period 2.18 0.08 <.0001 0.025 

    Transpiration deficit -1.30 0.01 <.0001 0.582 

Random effects     

     Site 0 55.69 / 0.365 

     Site x Time x Scenario[2.6,4.5,8.5] 0 [0.05,0.12,26.5] / 0.026 

     Residuals 0 39.54 / 0.002 

Total explained / / / 0.998 

b. Time-dependent atmospheric CO2 concentration 

Fixed effects     

     Intercept 358.68 23.56 <.0001 / 

    Time x Scenario[2.6,4.5,8.5] [0.15,0.56,1.08] [0.04,0.07,12.26] 0.310 0.001 

    Vegetation period 2.48 0.08 <.0001 0.016 

    Transpiration deficit -1.30 0.01 <.0001 0.432 

    CO2 concentration 0.261 0.03 <.0001 0.220 

Random effects     

     Site 0 56.38 / 0.299 

     Site x Time x Scenario[2.6,4.5,8.5] 0 [0.05,0.11,42.5] / 0.031 

     Residuals 0 42.69 / 0.001 

Total explained / / / 0.999 
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Thinning effect on transpiration deficit 

Transpiration deficit was much higher in beech-dominated (between 205 and 267 mm) than in oak-dominated 

stands (between 75 and 104 mm) and this was observed after thinning as well (Fig. 4.3). Thinning significantly 

decreased transpiration deficit in all situations (P value < 0.001). For the historical period, RCP2.6, 4.5 and 8.5, 

the transpiration deficit in the thinned oak-dominated stands was 30, 34, 32 and 39 mm lower than in the unthinned 

ones (Fig. 4.3a) while in beech-dominated stands, this decrease amounted to 65, 82, 76 and 91 mm, respectively 

(Fig. 4.3b). The relative decrease was, however, more similar between the two tree species with a decrease between 

35 and 40% for oak and between 32 and 34% for beech. 

a. Oak dominated stands 

 

b. Beech dominated stands 

 
Figure 4.3: Thinning effect on transpiration deficit for the historical period (1976-2005) and the three 

RCP scenarios (2011-2100) considering a constant atmospheric CO2 concentration. Results are shown 

separately for oak dominated stands (Baileux-oak and Chimay) (a) and beech dominated stands (Baileux-

beech, Louvain-la-Neuve and Virton) (b). Significance of the Wilcoxon test evaluating the thinning effect 

by climate scenario is represented as NS (non significant), * (p<0.05), ** (p<0.01) and ***(p<0.001). 

 

3.4. OBJECTIVE IV: DECOMPOSITION OF THE SITE EFFECT IN ITS CLIMATE, SOIL AND 

STAND COMPONENTS 

The second simulation experiment, aiming at decomposing the site effect in its climate, soil and stand components, 

was performed for two contrasted periods and RCP scenarios (i.e., the 1977-2005 historical period vs the 2071-

2100 period for the RCP8.5 scenario). As the results were quite similar among periods, only the results for the 

historical period are presented. The stand and soil partial R² were close and amounted to 0.321 and 0.264, 

respectively, and were much higher than that of the climate effect (0.016) (Eq. 5). Introducing the transpiration 

deficit and the vegetation period in the model (Eq. 6) accounted for nearly the entire climate (94%) and soil (98%) 

effects but only partly for the stand effect (7%). The consideration of these drivers also strongly reduced the 

unexplained part of the variability (from 40% to 7%). The transpiration deficit had a negative effect while the 

impact of vegetation period was positive, with a much higher partial R² for transpiration deficit (0.536) than for 

vegetation period (0.057) (Table 4.6). 
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Table 4.6: Estimate, standard error, P-value and partial R² of the parameters of (a) the mixed linear 

model (Eq. 5: NPP ~ Stand + Soil + Climate) and (b) the mixed linear model (Eq. 6: NPP ~ VP + TD + 

Stand + Soil + Climate) used to decompose the site effect in its climate, soil and stand components in order 

to explain the NPP (gC.m-²) variability for all the sites during the historical period, using simulations with 

constant atmospheric CO2 concentration.  

 Estimate Standard error P-value Partial R² 

a. Historical period 

Random effects     

     Stand 0 72.38 / 0.321 

     Soil 0 69.33 / 0.264 

     Climate 0 18.19 / 0.016 

     Residuals 0 82.57 / 0.397 

Total explained / / / 0.603 

b. Historical period 

Fixed effects     

     Intercept 305.11 39.94 < .0001 / 

     Transpiration deficit -1.30 0.014 < .0001 0.536 

     Vegetation period 3.45 0.067 < .0001 0.057 

Random effects     

     Stand 0 85.78 / 0.299 

     Soil 0 34.69 / 0.006 

     Climate 0 7.75 / 0.001 

     Residuals 0 46.04 / 0.072 

Total explained / / / 0.928 

4. DISCUSSION 

What are the possible evolutions of broadleaved forest NPP according to different climate projections? 

At first glance, our results appear quite clear and easy to interpret. When the atmospheric CO2 level was held 

constant, no long-term changes were observed but upon changing atmospheric CO2, NPP increased up to 34% for 

the 2071-2100 period. However, using a process-based model with many different outputs gave us the opportunity 

to understand more deeply the underlying mechanisms. 

Based on the bias-corrected downscaled climate projections of ALARO-0 for our four sites in Wallonia, mean air 

temperature is expected to be significantly higher during the 2071-2100 period compared to the historical period 

(from 0.7 °C to 3.4 °C) while mean annual rainfall would remain stable or increase a bit. During the vegetation 

period, rainfall would slightly decrease but this decrease would be significant only for Virton under RCP4.5 

scenario (Table 4.3). According to our simulations, these changing climate conditions would substantially increase 

the vegetation period (Fig. 4.2b and 4.2c) since the budburst is triggered earlier when late winter temperatures are 

warmer while leaf yellowing occurs later under warm conditions. The decrease of the vegetation period length 

between 2041-2070 and 2071-2100 for RCP2.6 scenario might look surprising but it is simply generated by the 

scenario that projects a temperature peak around the middle of the 21st century and a subsequent progressive 

decrease. Some limitations concerning the phenology date simulations are discussed hereafter. First, the budburst 

model is a one-phase model that only accounts for the accumulation of warm temperature to trigger budburst while 

it is commonly accepted that a chilling period is a prerequisite for the start of forcing period (corresponding to the 

endodormancy break) and then budburst. However, when no observations of endodormancy break are available 

and the species considered are not located at the margin of their species distribution area, one-phase models are 
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often preferred to more complex ones (Chuine et al., 2016). In addition, our approach does not account for the 

impact of photoperiod on budburst, which can become significant when chilling requirements are not met (Vitasse 

and Basler, 2013; Pletsers et al., 2015), the influence of late frost or water stress on the leaf development and 

senescence (Sanz-Perez and Castro-Diez, 2010; Fu et al., 2014; Morin and Chuine, 2014; Xie et al., 2018). 

However, as shown in the review of Piao et al. (2018), the modelling of these second order processes is extremely 

difficult and inaccurate because the interactions between these factors are still poorly known, observations are 

available only for a few phenological stages and environmental modifying experiments have not been conducted 

to disentangle such a complexity. 

In addition to the strong impact of climate change on the vegetation period, the model simulates that the 

transpiration deficit could be moderately reinforced through an increased evapotranspiration (Fig. 4.2a). As the 

transpiration deficit was a stronger NPP driver than the vegetation period (Table 4.5 and 4.6), their opposite effects 

on the long-term trends in NPP had more or less the same magnitude and were compensating. However, the long-

term NPP evolution was slightly affected by the site: it tended to be slightly negative (positive) in sites with a low 

(high) soil holding capacity and for drought-sensitive (-tolerant) tree species such as beech (oak) (Fig. 4.S1). 

Furthermore, by reducing the transpiration deficit, thinning contributed to make the climate change effect on NPP 

more positive. As the oak stomatal sensitivity to soil drying is lower than that of beech, the simulated impact of 

climate change was rather positive on oak and null on beech-dominated stands, which is consistent with simulation 

studies estimating that oak competitiveness could exceed that of beech under the projected future climate 

conditions in temperate European forests (Kint et al., 2012; Mette et al 2013; Zimmermann et al 2013; Rubio-

Cuadrado et al 2018). 

With our simulations, we were unable to distinguish between the transpiration deficit under constant and time-

dependent atmospheric CO2 concentration since the water balance is calculated before photosynthesis in 

HETEROFOR and the stomatal conductance for water does not depend on atmospheric CO2 concentration contrary 

to that for CO2 (Dufrêne et al., 2005; Jonard et al., 2020; de Wergifosse et al., 2020). Therefore, our transpiration 

simulations are more reliable for the constant atmospheric CO2 modality. For the time-dependent CO2 modality, 

tree transpiration is probably slightly overestimated so that the increase in the transpiration deficit could still be 

lower than that simulated with HETEROFOR which is already limited. According to our simulations, water stress 

on Walloon broadleaved forests should not drastically increased in the future. 

As stated in the description of the first simulation experiment (section 2.2.2), the objective of running two similar 

sets of simulations with constant and changing atmospheric CO2 concentrations was to define a possible range of 

NPP change depending on the way the fertilizing effect of CO2 is constrained by other limiting factors. As soil 

water limitation was taken into account in the model, the more obvious constraint would come from the soil 

nutrient supply. The increased atmospheric CO2 could potentially have no effect in sites where trees suffer from 

severe nutrient deficiencies. The CO2 fertilization, on the other hand, would be manifested in full for stands with 

an optimal mineral nutrition (Oren et al., 2001 and Fernandez-Martinez et al., 2014). On average, this CO2 

fertilizing effect seems already constrained by nutrient availability since many European tree species, especially 

European beech and oak are experiencing significant deterioration of their foliar nutrition (Jonard et al., 2015). 

Therefore, among our study sites, the plots in Chimay, Virton and Louvain-la-Neuve that already display some 
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latent deficiency regarding P concentrations (Titeux et al., 2018) should behave closer to the simulations with 

constant CO2 than the Baileux plots which present better foliar nutrition. On another hand, one could also consider 

that a decreased soil water content would reduce nutrient availability and consequently NPP but this aspect is not 

taken into account in this study. However, as the simulated increase in transpiration deficit is limited, one can 

consider that the impact on nutrient availability would remain very low. 

The dominant effect of the CO2 fertilization in the long-term trend of forest productivity is consistent with similar 

studies. In his global review mainly focused on temperate and boreal forests in Europe and North America, Reyer 

(2015) showed that, for the simulation studies in which the atmospheric CO2 levels were held constant, the 

simulated NPP change with regards to reference conditions varied between -20 and +33% for a median value of 

+5%. When both climate change and atmospheric CO2 rise were taken into account, most of the simulated biomass 

production increased relative to the historical period. In our simulations, when the atmospheric CO2 was 

maintained constant, the NPP increase ranged from 0.1 to 5.0% (Fig. 4.1a), which is close to the value pointed out 

in the abovementioned review. When the atmospheric CO2 concentration changed, the NPP increase was between 

7.8 and 34.2% (Fig. 4.1b), which is again in good agreement with Reyer (2015) that displayed a median value 20% 

higher than that of the historical period.  

Fernandez-Martinez et al. (2014) analysed an extensive global dataset and showed that NPP was mainly 

determined by water availability, warm period length and nitrogen deposition. These results, which come from 

temporally averaged measurements and therefore reflect spatial rather than temporal patterns, can be considered 

as a spatial corollary of our results that highlight the significance of the same variables or related ones. 

We have mainly discussed here the average impact of climate change. However, many papers highlight the 

importance of extreme heat and drought waves on tree growth and mortality (Fuhrer et al., 2006; Lindner et al., 

2010; Allen et al., 2010; Teskey et al., 2015). These extreme events are important because tree functioning is a 

complex set of non-linear mechanisms where threshold exceedance can generate feedbacks and totally deregulate 

their functioning (Thompson, 2011; Reyer et al., 2015; D’Orangeville et al., 2018). In HETEROFOR, the leaf-

level processes (photosynthesis, respiration, and transpiration) are climate dependent and take the impact of heat 

or drought waves into account, especially on tree growth. In addition, as most processes in HETEROFOR are 

calculated at the hourly time scale, temperature peaks are not smoothed as in models working at the daily or 

monthly time scale. The impact of these extreme climate events is, however, only partly accounted for since 

mortality by hydraulic failure and leaf shedding is not considered. Furthermore, tree mortality driven by pests and 

diseases which is often promoted by a succession of drought and heat waves (Allen et al., 2010) is not yet included 

in HETEROFOR. This could partly explain why we did not observe any changes in NPP variability in our 

simulations between the different scenarios and time periods. Moreover, as these elements are mostly detrimental, 

our simulation results should be seen as the upper estimates for NPP. 

What can be learnt from the decomposition of the NPP variability? 

The main originality of our study is the decomposition of the NPP variability, which allows estimating the relative 

importance of the temporal trend compared to the inter-annual variations and evaluating the extent to which site 

components (climate, soil and stand) could modulate the impact of climate change on NPP. The part of the NPP 
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variability explained by the stand effect gives an idea of the leeway left to forest managers to adapt the forests to 

changing conditions. Furthermore, this is of primary concern for forest managers because NPP can be considered 

as closely related to the timber volume under the hypothesis of allometry conservation and as a good proxy for 

forest health and the provision of most of the ecosystem services (e.g. Costanza et al., 1998; Dobbertin, 2005; 

Costanza et al., 2007; Van Oudenhoven et al., 2012; Vargas et al., 2019). 

When the atmospheric CO2 was kept constant, no overall temporal trend was observed but considering a trend 

randomly changing with the site explained 34% of the variability (Eq. 3 and Table 4.4a). This random effect was 

ascribed to differences in soil water properties and in tree species sensitivity to drought and phenology since it 

almost totally disappeared when the transpiration deficit and the vegetation period were included in the linear 

mixed model (Eq. 4 and Table 4.5a). These factors accounted also for some of the site effect that decreased from 

39.2 to 36.5%. The remaining ‘unexplained’ variability (27%) was mainly due to inter-annual climate variations 

since it totally vanished when the transpiration deficit and the vegetation period were added in the model (Table 

4.4a, Table 4.5a). Among these two drivers, the transpiration deficit had a much greater explanatory power than 

the vegetation period (partial R² of 0.582 vs 0.025). 

Using a time-dependent atmospheric CO2 concentration generated a strong temporal trend. This temporal trend 

accounted for 22% of the NPP variability while its modulation by the site explained another 24% (Eq. 3 and Table 

4.4b). The integration of the atmospheric CO2 concentration, the transpiration deficit and the vegetation period in 

the linear mixed model made disappear the entire temporal trend and most of its variation among sites (3% 

remaining after the inclusion). The part of the variability explained by the atmospheric CO2 concentration 

corresponded exactly to that associated to the temporal trend (22%) (Eq. 4 and Table 4.5b). The site-dependent 

component of the trend was mainly ascribed to differences in transpiration deficit among sites with a minor role 

also played by the vegetation period. The rest of the NPP variability associated to the site amounted to 30%. As 

for the constant atmospheric CO2 modality, we considered that the remaining ‘unexplained’ variability (23%) was 

mainly due to inter-annual climate variations since it disappeared when the transpiration deficit and the vegetation 

period were added in the linear mixed model (Table 4.4b, Table 4.5b). In this case, the transpiration deficit had 

also a much higher explanatory power than vegetation period (43% vs 2%). 

Interchanging the climate, soil and stand files for the historical period under constant CO2 concentration allowed 

us to get a deeper understanding of the site effect. According to Table 4.6a (Eq. 5) when they were the only 

variables included, the stand and soil components had a similar contribution in explaining the site effect (32 and 

26%, respectively) while the part explained by differences in climate among sites was very low (1.6%). This was 

however not surprising as we examined a broad range of soils and stands but a much narrower range of climates. 

Anyway, integrating the transpiration deficit and the vegetation period in the linear mixed model explained most 

of the soil effect (which dropped to 0.6%) but only a little part of the stand effect, which remained at 30% (Eq. 6 

and Table 4.6b). These 30% represent the amount of freedom the forest managers have to influence the forest 

productivity under the current climate conditions. For the future, one must also consider the interaction between 

the site effect and the climate change (including atmospheric CO2) whose relative importance in explaining the 

NPP variability is of the same order of magnitude than the site effect (Table 4.4). Foresters can also act on the 
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transpiration deficit through tree species selection and thinning even if transpiration deficit is also strongly 

determined by climate conditions and soil water properties. 

In all stands, thinning significantly decreased the transpiration deficit and this decrease was much more 

pronounced in beech-dominated stands. Still, the transpiration deficit levels before and after thinning were lower 

in oak-dominated than in beech-dominated stands (Fig. 4.3). This positive short-term effect of thinning on a stand 

response to drought was pointed out by various studies. For example, a Douglas-fir stand showed a decrease in 

evapotranspiration of 30 mm (17%) during the first year after thinning. This effect was progressively reduced 

during the next four years before evapotranspiration returned to its original level (Aussenac and Granier, 1988). 

For broadleaved species, a meta-analysis highlighted the potential of thinning to mitigate growth reduction during 

drought events by increasing soil water availability (Sohn et al., 2016). As a result, thinning seems to be an 

interesting practice to reduce the projected increase in transpiration deficit and its detrimental effect on tree growth, 

especially for drought-sensitive tree species. However, one must keep in mind that thinning has a transitory effect 

and that its impact on drought resistance progressively decreases (Guillemot et al., 2015; Sohn et al., 2016). 

Thinning abruptly modifies stand characteristics and forest functioning due to tree removal. Then, the remaining 

trees react by expanding their crown and increasing their growth rate benefiting from the higher availability of 

resources per tree. With time, the openings in the canopy close and the effect of thinning decreases. In this study, 

we simulate the first year after the thinning when its effect is maximal and when the tree dimensions (especially 

the crown extension) are still those that characterize a stand with a higher density. Finally, in addition to thinning, 

some efforts to promote oak regeneration could also be recommended to increase the stand resistance to drought 

as this tree species is more drought tolerant. 

5. CONCLUSION 

Understanding how NPP is going to be affected in the future due to environmental changes is crucial in order to 

create consistent climate change adaptation strategies and preserve the forest ecosystem services. This paper aimed 

at assessing, for six Belgian stands, the temporal change in NPP and in two of its main drivers: transpiration deficit 

and vegetation period length. Concomitantly, the influence of the CO2 fertilization effect and the impact of thinning 

operations were evaluated. We did not detect any trend under the three contrasted GHG emission scenarios 

(RCP2.6, 4.5 and 8.5) when atmospheric CO2 concentration was held constant but NPP showed a significant 

increase ranging from 9.4 to 34.2%  for the time-dependent atmospheric CO2 concentration. Behind the apparent 

lack of temporal trend in NPP for simulations with constant atmospheric CO2 lies a compensatory effect of the 

transpiration deficit that slightly increased with time and had a pronounced negative effect on NPP and the 

vegetation period that became substantially longer but with a less marked impact on NPP. The site effect modulated 

these temporal trends and accounted for a substantial part of the NPP variability, which is encouraging for forest 

managers who have still a lot of possibilities to adapt their forest to changing conditions. Among others, thinning 

appeared very effective to decrease transpiration deficit, especially in beech-dominated stands. Forest practitioners 

could regularly decrease stand density or promote oak regeneration to limit the negative effect of the transpiration 

deficit. In the future, we plan to extend our methodology at the European scale to expand the validity of our results. 
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6. SUPPLEMENTARY MATERIALS 

a. Baileux-beech 

 

b. Baileux-mixed 

 
c. Baileux-oak 

 

d. Chimay 

 
e. Louvain-la-Neuve 

 

f. Virton 

 
Figure 4.S1: NPP comparisons among RCP scenarios and with the historical period (1976-2005) for three 

30-year periods in the different study sites and with constant CO2 atmospheric concentrations. The 

horizontal line corresponds to the median, the box ends indicate the upper and lower quartiles and the 

whiskers show the values above and below these quartiles within 1.5 interquartile. Common letters 

indicate that the distributions are non-significantly different according to a paired Wilcoxon signed-rank 

(between scenarios of the same period) or an unpaired Mann-Whitney (between scenarios of different 

periods) tests. 
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a. Baileux-beech 

 

b. Baileux-mixed 

 
c. Baileux-oak 

 

d. Chimay 

 
e. Louvain-la-Neuve 

 

f. Virton 

 
Figure 4.S2: NPP comparisons among RCP scenarios and with the historical period (1976-2005) for three 

30-year periods in the different study sites and with time-dependent CO2 atmospheric concentrations. The 

horizontal line corresponds to the median, the box ends indicate the upper and lower quartiles and the 

whiskers show the values above and below these quartiles within 1.5 interquartile. Common letters indicate 

that the distributions are non-significantly different according to a paired Wilcoxon signed-rank (between 

scenarios of the same period) or an unpaired Mann-Whitney (between scenarios of different periods) tests. 
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Figure 4.S3: Actual transpiration (left) and potential transpiration (right) comparisons among RCP 

scenarios and with the historical period (1976-2005) for three 30-year periods in the different study sites 

and with constant CO2 atmospheric concentrations. The horizontal line corresponds to the median, the 

box ends indicate the upper and lower quartiles and the whiskers show the values above and below these 

quartiles within 1.5 interquartile. Common letters indicate that the distributions are non-significantly 

different according to a paired Wilcoxon signed-rank (between scenarios of the same period) or an 

unpaired Mann-Whitney (between scenarios of different periods) tests.  
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SIMULATING TREE GROWTH RESPONSE TO CLIMATE 

CHANGE IN OAK AND BEECH STANDS THROUGHOUT 

EUROPE 

ABSTRACT 

This study aimed to simulate oak and beech forest growth under various scenarios of climate change and to 

evaluate how the forest response depends on site properties and particularly on stand characteristics using the 

individual process-based model HETEROFOR. First, this model was evaluated on a large diversity of stand 

structures and on a wide range of site conditions. We used the data from 36 long-term forest monitoring plots (ICP 

Forests and LTER) to initialize, calibrate, and evaluate HETEROFOR. This evaluation showed that HETEROFOR 

predicts individual tree radial growth and height increment reasonably well under different growing conditions 

when evaluated on independent sites. 

In our simulations under constant atmospheric CO2 concentration ([CO2]cst) for the 2071-2100 period, climate 

change induced a moderate net primary production (NPP) gain in continental and mountainous zones and no 

change in the oceanic climate zone. The NPP changes were negatively affected by air temperature during the 

vegetation period and by the annual rainfall decreases and the magnitude of the impact depended on the model 

used for the climate projections. To a lower extent, they were also influenced by soil extractable water reserve and 

stand characteristics. These NPP changes were positively affected by longer vegetation periods and negatively 

affected by drought for beech and larger autotrophic respiration costs for oak. For both species, the NPP gain 

was much larger when considering an increase in atmospheric CO2 concentration ([CO2]var) mainly due to the 

CO2 fertilization effect. Even if the species composition and structure had a limited influence on the forest response 

to climate change, both explained a large part of the NPP variability (44% and 34% for [CO2]cst and [CO2]var, 

respectively) compared to the climate change scenario effect (5% and 29% for [CO2]cst and [CO2]var, respectively) 

and to the inter-annual climate variability (20% and 16% for [CO2]cst and [CO2]var, respectively). This gives the 

forester the possibility to act on the stand productivity of broadleaved forests and to prepare them for possible 

adverse effects of climate change by reinforcing their resilience. 

1. INTRODUCTION 

In the future, European temperate broadleaved forests will experience warmer conditions, the magnitude of which 

will depend on the climate zone and the amount of anthropogenic greenhouse gas emissions. Higher temperature 

increases are likely to occur in mountainous (between 1.9 and 6.0°C depending on the climate scenario) and 
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continental areas (between 1.6 and 5.2°C) than in the Atlantic area (between 1.4 and 3.6°C), the temperatures of 

which are buffered by the ocean proximity (Jacob et al., 2014 Coppola et al., 2020). In addition, changes in rainfall 

regime are also expected with generally wetter winters, especially in the North of Europe but drier summers in the 

South (Spinoni et al., 2020; Coppola et al., 2020). Finally, heat waves, droughts and storms are likely to become 

more frequent and severe compared to the current observed climate (for more details, see Sillmann et al., 2013; 

Kovats et al., 2014; Spinoni et al., 2020). 

European forests cover an area of 215 million ha, representing 33% of the continent. Temperate forest, roughly 

occupying Central-Western and Central-Eastern Europe, is the main forest type in Europe in terms of area and 

productivity and are dominated by broadleaved forests (FAO, 2020), mainly composed of European beech (Fagus 

sylvatica L.) and pedunculate or sessile oak (Quercus robur L. or Quercus petraea (Matt.) Liebl.) (De Rigo et al., 

2016; Mauri et al., 2017; Buras and Menzel, 2018). Their distribution range is limited northward and eastward and 

in elevation due to their frost sensitivity (Lenz et al., 2016). The cold margin is approximately located where the 

average temperature of the coldest month is –3.5°C for European beech and sessile oak (Sykes et al., 1996). The 

xeric (dry) margin depends on both rainfall and temperature. For European beech, it corresponds to 500 mm when 

mean annual temperature (MAT) is 10°C and 650 mm for 12.5°C (Kölling, 2007). Oaks, which are more drought 

tolerant, can withstand lower mean annual precipitation (MAP: 450 mm) at sites with MAT up to 12°C (Kölling, 

2007; Mette et al., 2016). 

The combined effects of changes in atmospheric CO2 concentration, air temperature, and rainfall will affect the 

growth of temperate broadleaved forests but the effects are expected to differ depending on whether the sites are 

located at the warm, cold or dry margin of their species distribution range (Jump et al., 2006; Goldblum, 2010; 

Santini et al., 2014; Dulamsuren et al., 2017). Additionally, the stand (e.g. species composition, density, structure 

and development stage) and soil (e.g. water retention capacity, nutrient content) properties as well as atmospheric 

deposition will also modulate the climate change effect, which complicates the projections of the future state of 

the temperate forests (e.g. Boisvenue and Running, 2006; Reyer, 2015; Martin-Benito and Pederson, 2015; Noce 

et al., 2017; Anderegg et al., 2018). 

Future response of European forests to climate change can be predicted using different modelling approaches, 

which are designed to answer specific questions at different spatial and temporal scales and using different 

initialization data (Ruiz-Benito et al., 2020; Reyer et al., 2020). With an approach based on plant functional types 

(PFTs) and a limited data requirement for model initialization, the dynamic global vegetation models (DGVMs) 

is a standard tool used to estimate the impact of climate change on the European or global forests (Cramer et al., 

2001; Poulter et al., 2011; Luyssaert et al., 2018). While essential to obtain continental or global estimates of 

carbon exchange, their predictions are however associated with considerable uncertainties, in particular at smaller 

scales (Schwalm et al., 2010; Huntzinger et al., 2017). At the regional scale, the forest landscape models (FLMs) 

provide information on how climate change affects long-term forest dynamics but have a simplified eco-

physiological process description and coarse stand-level spatial representation due to their large-scale and long-

term perspective (Reyer, 2015; Maréchaux et al., 2021).  
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Process-based stand models were designed to account more in-depth for local environmental conditions (soil, 

climate, tree species) but generally without considering the within-stand heterogeneity and the tree-tree 

interactions (e.g. big leaf or average tree approaches; e.g. Collalti et al., 2016). Given the detailed information 

needed to initialize and calibrate such models, they have generally been used on a restricted number of well-

documented sites. During recent decades, the data collected in long-term forest monitoring networks (e.g. ICP 

Forests: International Co-operative Programme on Assessment and Monitoring of Air Pollution Effects on Forests, 

ICOS: Integrated Carbon Observation System in EU, eLTER; Long-Term Ecosystem Research in Europe) and in 

national forest inventories (NFIs) allowed extension of the application possibilities for such models.  

Process-based stand models display good predictive ability for even-aged monocultures but the oversimplified 

spatial representation of the stand structure is problematic for studies in more complex stands. Yet, a large 

proportion of the European forest consists of more than two tree species (67%) and of uneven-aged stands (28%) 

(FAO, 2020). This shortcoming has partly been overcome by grouping the trees in cohorts of the same tree species 

and age while keeping a relatively simple spatial representation (cohort-based models). Still, the assumption of 

horizontal homogeneity in cohort-based models limits the possibility to fully account for the inter-tree variability 

and for the local environment conditions (Berger et al., 2008). To account for the spatial heterogeneity in 

structurally-complex stands, spatially explicit individual-based models are required but given the massive initial 

data requirement and the resulting computational time, the individual-based models (IBM) are used in a restricted 

number of case studies, which can limit their validity domains (Pretzsch et al., 2015). Despite their advantages 

and their complementarity with other models, very few studies have made use of these spatially explicit models to 

estimate the impact of future climate changes on forest growth. In addition, such projections with IBMs were 

achieved only on a limited number of sites (e.g. Rötzer et al., 2005; Rötzer et al., 2013; Simioni et al., 2016). 

The HETEROFOR model has been specifically designed to simulate individual tree growth in structurally complex 

stands based on a resource-sharing approach and to test the ability of innovative silvicultural systems to improve 

forest resilience to climate change (de Wergifosse et al., 2020a; Jonard et al., 2020).  

In this study, we assumed that calibrating a process-based model on a large range of ecological conditions will 

increase its generality and robustness for simulations under changing climatic conditions. Hence, we aimed to 

calibrate and evaluate the HETEROFOR model on contrasting site conditions benefiting from harmonised data 

collected in long-term monitoring networks (mainly ICP Forests level II plots and LTER sites). The calibrated and 

validated model was subsequently used:  

(i) to  simulate the response of sessile/pedunculate oak and European beech to climate change for a set of European 

sites covering a large range of environmental conditions (soil and climate) and stand characteristics; 

(ii) to quantify the relative importance of the long-term climate change effects on tree growth compared to the 

inter-site and inter-annual variability; 

(iii) to decompose the inter-site variability in its components (stand, soil and climate) and evaluate how it affects 

the response of tree growth to climate change.  
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2. MATERIAL AND METHODS 

2.1. SITE DESCRIPTION 

For the model evaluation, 36 forest monitoring plots distributed over Europe and covering a large range of 

ecological conditions were selected. The plot size ranges from 0.2 to 1.8 ha. Most of the plots (30) are part of the 

level II network of the ICP Forests programme (Ferretti and Fischer, 2013). This network aims to better understand 

the cause-effect relationships between forest condition and stress factors (e.g. air pollution) by means of intensive 

monitoring. The six remaining plots are located in Baileux (Wallonia/Belgium) and in Cansiglio (Italy). The three 

plots in Baileux were installed to study the impact of species mixture on forest ecosystem functioning. In Cansiglio, 

the three plots are part of the ManFor C.BD. project (“Managing forests for multiple purposes: carbon, biodiversity 

and socio-economic wellbeing”; LIFE09 ENV/IT/000078) which assesses how forest management affects carbon 

sequestration, biodiversity and socio-economic well-being. 

All these plots were selected based on their species composition (broadleaved forests dominated by either sessile, 

pedunculate oak or European beech) and the data availability (for the model initialization) while seeking to 

maximize the diversity of stand types, soils and climates (Table 5.1 and 5.2). In the study, sessile and pedunculate 

oaks are not differentiated and will be called “oak” while European beech will be referred to as “beech” in the 

following.  

The stands were classified according to their composition and structure. We considered a stand as pure when 

dominated by one species or when the main species represented at least 75% of the total basal area. The same 

threshold was used to distinguish even-aged (i.e. at least 75% of trees are in the same cohort) from uneven-aged 

stands. Among the 36 stands, 10 were classified as even-aged oak-dominated, 13 as even-aged beech-dominated, 

three as uneven-aged beech-dominated and 10 as uneven-aged mixed. In addition to the variability in species 

composition and stand structure, the stands were also very diverse in terms of mean trunk girth (42.4 to 176.6 cm), 

dominant height (16.9 to 36.8 m) and basal area (13.6 to 53.9 m² ha – 1) (Table 5.2). 

Among the 12 classes of the soil textural triangle elaborated by the United States Department of Agriculture (Soil 

Science Division Staff, 2017), nine were represented in the study sites. This variability in soil texture explains 

some of the large range in maximum extractable water (154 to 594 mm) which is also due to variations in the 

coarse fraction (0 to 41%) and soil depths (1 to 1.6 m) (Table 5.1).  

The 36 plots of the study are distributed to 32 sites with 10 in the continental, three in the mountainous and 19 in 

the oceanic temperate zones (see Simons et al. 2001 and FAO 2012; for climate zone definition). The climates 

covered by the study sites are representative of those encountered in the distribution range of oak and beech (Sykes 

et al., 1996; Kölling, 2007), with MAT ranging from 4.8 to 12.9°C and MAP from 612 to 2153 mm (Table 5.1). 
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2.2. MODELLING APPROACH 

 2.2.1 Model description 

For the simulations, we used the individual tree, spatially explicit and process-based model HETEROFOR that has 

been implemented in the CAPSIS simulator (Dufour-Kowalski et al., 2012) and is especially convenient for 

simulating the impact of climate change on structurally complex stands. In the following, we present a brief 

overview of the model functioning while for a more in-depth description, we refer the reader to Chap.2. 

The model determines the key phenological phases (budburst, leaf yellowing and falling) from meteorological 

data. Then, the radiation intercepted by each tree is calculated with the SAMSARALIGHT library using a ray 

tracing approach (Courbaud et al., 2003). From the radiation intercepted by the foliage and the soil water potential 

(calculated with the water balance routine), the gross primary production (GPP, in kgC tree–1 h–1) of each tree is 

estimated hourly with the biochemical photosynthesis model of the CASTANEA library (Dufrêne et al., 2005). 

The net primary production (NPP, in kgC tree–1 h–1) is obtained empirically from the GPP through the Carbon Use 

Efficiency (CUE = NPP / GPP) approach. CUE varies with tree size and shape, competition for light and MAT. 

NPP is first allocated to foliage and fine roots (<2 mm) by ensuring a functional balance and then to structural 

components using allometric equations, which allows deriving tree dimensional growth. The water balance routine 

partitions rainfall into throughfall, stemflow and interception (André et al., 2008a), calculates tree transpiration 

and evaporation from foliage, bark and soil using the Penman- Monteith equation (Monteith 1965) and estimates 

root water uptake (Couvreur et al., 2012) and soil water movements based on the Darcy law.  

In the model version 1.0 presented in Jonard et al. (2020) and de Wergifosse et al. (2020a), the water balance was 

calculated before photosynthesis, and the stomatal conductance for water did not depend on atmospheric CO2 

concentration. In the new model version used for this study, the two processes were coupled and the stomatal 

conductance was calculated in the same way for water and CO2 using the formulation of Ball et al. (1987) adapted 

to the tree level by accounting for the influence of tree height (Schäfer et al., 2000). This modification allows 

taking the effect of atmospheric CO2 concentration on stomatal conductance for water transpiration into account. 

2.2.2 Model initialisation 

During the initialization phase, the model requires various data describing: (i) the soil horizons, (ii) the stand and 

(iii) the meteorological conditions at an hourly time step (see below for description). The data necessary for the 

model initialization were collected from the national focal centres regarding the ICP Forests level II plots and from 

the site managers for the Baileux (LTER site, Belgium) and Cansiglio (Italy) experimental sites. 

Soil data 

For each soil horizon, the soil input data include: thickness, volumetric coarse fraction, bulk density, sand, silt and 

clay contents, organic carbon content and fine root proportion. Soil water contents at saturation, field capacity and 

wilting point are estimated by the model using pedotransfer functions (Weynants et al., 2009). The maximum soil 

depth was fixed to 1.6 m for the sake of comparability among sites. Indeed, 80 to 90% of fine roots are generally 

found within the top 60 cm of the soil and fine roots deeper than 2 m are scarce (Crow, 2005). When the soil depth 

was less than 1.6 m, the real soil depth was retained. 
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Stand data 

The stand inventory data describe site and tree level characteristics. Among the site level information, the plot 

geographic coordinates, slope and orientation are required to simulate the radiation transfer with the ray tracing 

approach. Tree position and dimensions (diameter at breast height: dbh; tree height, height to crown base, height 

of largest crown extension, crown radii in the four cardinal directions) are necessary input variables for the 

simulations. However, only dbh is really essential as the other tree dimensions can be estimated based, if necessary, 

on empirical relationships during a pre-processing phase. Depending on the data availability for each tree species, 

the relationships used for the gap filling were either common for various sites or site-specific. For each tree 

dimension and each site, the parameters of the equations used to estimate them are provided in supplementary 

materials (Table 5.S1, 5.S2, 5.S3 and 5.S4). Finally, tree positions are required to run the model. Missing 

coordinates were either randomly generated taking tree size and the degree of crown overlap into account, either 

estimated based on the stump position and/or on the spatial pattern of tree numbering. 

Meteorological data 

Meteorological variables needed by HETEROFOR include air temperature, rainfall, incoming short-wave solar 

radiation, relative humidity, and wind speed at an hourly resolution. As far as possible, we selected sites for which 

these variables were monitored in open field stations in close proximity to the forest stand. In order to have 

continuous time series covering the period of the tree growth monitoring, we used ERA5 reanalysis data corrected 

based on meteorological observations. Consisting of a combination of past observations and model predictions, 

ERA5 is the new version of ERA reanalysis and provides hourly estimates of over 240 meteorological parameters 

with a spatial resolution of 31 km (Hersbach et al., 2020). The biases in the ERA5 data (when compared to 

meteorological observations) were corrected using the quantile mapping method from the R package downscaleR 

(Bedia et al., 2020), which allowed us to obtain continuous hourly data from 1979 to 2019. The quantile mapping 

consists in correcting the distribution of simulated time series using observations. Practically, quantile mapping 

creates cumulative distribution functions of the observed and predicted time series and adjusts the different 

quantiles individually (Maraun and Widmann, 2018). Compared to simpler bias correction methods modifying 

only the mean bias, quantile mapping better preserves extreme values and can, for example, suppress the bias in 

the number of wet days that is often overestimated in simulated climate time series (Gutowski et al., 2003). For 

some sites, we had only daily meteorological observations. In this case, bias correction was applied at the daily 

time step and then, the daily cycle of ERA5 was added to obtain hourly values. The daily cycle was calculated for 

each hour of the day as the difference between the hourly value and the mean daily value for the air temperature 

(Eq. 1) or the ratio for the other climate variables (Eq. 2) as follows: 

𝑥𝐸𝑅𝐴5_𝐶𝑂𝑅_ℎ = 𝑥𝐸𝑅𝐴5_𝐶𝑂𝑅_𝑑 + (𝑥𝐸𝑅𝐴5_ℎ − 𝑥𝐸𝑅𝐴5_𝑑)       (1) 

𝑥𝐸𝑅𝐴5_𝐶𝑂𝑅_ℎ = 𝑥𝐸𝑅𝐴5_𝐶𝑂𝑅_𝑑 ∗
𝑥𝐸𝑅𝐴5_ℎ

𝑥𝐸𝑅𝐴5_𝑑
        (2) 

with  xERA5_COR_h and xERA5_h, the corrected and original ERA5 hourly values 

xERA5_d and xERA5_d, the corrected and original ERA5 mean daily value 
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2.2.3 Model parameterization  

The HETEROFOR model requires parameters most of which are species-specific. The parameters used for oak 

and beech in this study are valid at the European scale for a large range of ecological conditions and provided in 

supplementary materials (Table 5.S5). Some species parameters (e.g. specific leaf area, leaf size, leaf/needle 

turnover, leaf retranslocation, taper function, volume functions, drought sensitivity) were obtained directly from 

the literature on functional traits, tree ecophysiology or dendrometry. The parameters used for carbon allocation 

were obtained by fitting allometric relationships predicting, for example, leaf biomass or aboveground woody 

biomass from dbh and/or height. To make these adjustments, we benefited from biomass data gathered for meta-

analyses (André and Ponette, 2003; André et al., 2010; Falster et al., 2015; Ung et al., 2017; Schepaschenko et al., 

2017). Other parameters were associated with relationships predicting some tree dimensions (crown base height 

and crown radius) based on dbh and/or tree height. These relationships were fitted using the tree measurement data 

collected at the various study sites.  

Budburst for oak and beech was estimated based on Duputié et al. (2015), who used phenological models already 

implemented in HETEROFOR (namely, the optimum model for oak and the sigmoid model for beech). Still, the 

optimum response function during chilling had to be slightly adapted to correspond to that given in Wang and 

Engel (1998): 

𝑅𝑐 =

{
 

 
0,                                                          𝑇 < 𝑇𝑚𝑖𝑛

2(𝑇−𝑇𝑚𝑖𝑛)
𝛼(𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛)

𝛼
−(𝑇−𝑇𝑚𝑖𝑛)

2𝛼

(𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛)
2𝛼 ,            𝑇𝑚𝑖𝑛 ≤ 𝑇 ≤ 𝑇𝑚𝑎𝑥

0,                                                         𝑇𝑚𝑎𝑥 < 𝑇

      (3) 

with  𝛼 =
ln(2)

𝑙𝑛(
𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛
𝑇𝑜𝑝𝑡−𝑇𝑚𝑖𝑛

)
 

and Tmin, Tmax and Topt, species-specific parameters corresponding to the minimum, maximum and optimal 

temperatures for chilling (in ° C), respectively, and T, the daily average temperature (in °C). 

Leaf yellowing and fall parameters were empirically fitted with the observations provided for 13 of the study sites 

located in Belgium, Germany, France and Romania. 

Most parameters were derived directly from measurements or by fitting relationships. However, two very 

important aspects required to run the model for their calibration: (i) the CUE, and (ii) the tree height growth 

function. Because of uncertainty related to mechanistic computation of whole-plant respiration (see Collalti et al., 

2020b) three different methods were used here to estimate CUE (and indirectly plant respiration): (i) a constant 

value (e.g. Waring et al., 1998), (ii) a function dependent on nine variables common for all sites or (iii) with a site-

dependent intercept (parameter a in Eq. 4).  

The function estimates empirically individual CUE from dbh (cm), total tree height (h in m), crown diameter (D 

in m), height of crown base (hcb in m), light competition index (LCI: the ratio between the absorbed radiation 

calculated with and without neighbouring trees), and MAT (in °C). 

𝐶𝑈𝐸 = 𝑎 + 𝑏 𝑑𝑏ℎ𝑐𝑚 + 𝑐 𝑑𝑏ℎ𝑐𝑚
2 + 𝑑 ℎ + 𝑒 ℎ2 + 𝑓 

ℎ

𝑑𝑏ℎ𝑚
+ 𝑔 𝐷𝑑𝑖𝑛𝑑𝑒𝑥 + 𝑖 

ℎ−ℎ𝑐𝑏

ℎ
+ 𝑗 𝑙𝑛(𝐿𝐶𝐼) + 𝑘 𝑀𝐴𝑇  (4) 
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with  dbh and h characterising the tree size,  

h/dbh, Ddindex (see Eq. 24 to 25 in sect. 1.3.5), 
ℎ−ℎ𝑐𝑏

ℎ
 describing the tree shape independently of its size 

(slenderness, crown horizontal and vertical extension), 

LCI, the light competition index varying between 0 (no light reaching the tree) and 1 (no competition), 

MAT, the mean annual air temperature, 

a to k, fitting parameters. 

The constant CUE and Eq. 4 were fitted with CUE data obtained by dividing the reconstructed NPP (sect. 1.3.9 in 

Chap. 2) by the predicted GPP using the whole dataset and also using a subset of sites dedicated to the calibration. 

The principle of parsimony was applied, and non-significant effects were removed using a stepwise forward 

procedure based on BIC (Bayesian information criterion). 

For beech, the mean CUE was 0.59. The final model (4) included tree height, the height to dbh ratio, the Dd index 

and the natural logarithm of LCI. CUE increased with tree height and decreased with the height to dbh ratio, Dd 

index, and LCI (Table 5.S5). The general function accounted for 43.5% of the CUE variability whereas the site-

dependent function accounted for 61.7%.  

For oak, the mean CUE was 0.67. In the final model, CUE increased with dbh and was negatively correlated with 

the natural logarithm of LCI, crown length fraction, Dd index, and MAT (Table 5.S5). The shift from the general 

to the site-dependent function increased the explained variability from 42.0 to 64.3%. 

The height growth function estimates the annual height growth (m yr –1) based on the light competition index (LCI), 

the potential height growth (∆ hpot in m yr –1), the height (in m), and/or the dbh (in cm) considering also an error 

term (standard error of the residuals). 

∆ℎ = 𝑎 + 𝑏 𝐿𝐶𝐼 + 𝑐 ∆ℎ𝑝𝑜𝑡 + 𝑑 ∆ℎ𝑝𝑜𝑡
2 + 𝑒 ℎ + 𝑓 ℎ2 + 𝑔 𝑑𝑏ℎ + 𝑒𝑟𝑟𝑜𝑟    (5) 

with  ∆ℎ𝑝𝑜𝑡 = 
∆ 𝑑𝑏ℎ2ℎ

𝑑𝑏ℎ

100

2            

∆ℎ𝑝𝑜𝑡 is the potential height increment if all the growth potential is allocated to the primary growth in height (and 

nothing is left for the secondary growth in dbh). This equation was fitted based on tree growth data and on the 

mean LCI estimated by HETEROFOR for the period during which height growth was monitored. The model 

explained 50.9% and 67.9% of the height increment variability for oak and beech, respectively.  

2.2.4 Model performances 

The model evaluation is focused on tree dimensional growth and on phenology. For tree growth, we evaluated the 

ability of the model to reproduce the individual increment in tree height, girth and basal area estimated on 5 to 10-

year periods (n = 10108 trees in 36 stands). The tree growth evaluation was conducted for the three modalities of 

CUE calculation considering each tree separately or grouped in 10 cm girth classes in each plot. In a second time 

and to evaluate the robustness of our model, the general CUE function was recalibrated on half of the sites 
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(calibration dataset, n = 4859 trees in 18 stands) and an independent evaluation was carried out on the remaining 

sites (evaluation dataset, n = 5249 trees in 18 stands). The partitioning of the sites between the calibration and 

evaluation datasets was achieved in order to cover the diversity of stands, soils, and climates in both sets. 

Budburst, leaf yellowing and fall were observed only on a limited number of sites (13). The dates characterizing 

these phenological phases were those for which they were completed for 50% of the trees. For the budburst, the 

comparison of the observed and predicted dates provided an independent evaluation while it gave only an 

indication of the calibration quality for the leaf yellowing and fall since the same observations were used to adjust 

some parameters (the leaf yellowing parameter, y and the falling rate, Rfall; see Table 5.S5). 

Multiple statistical indices were used to test the model predictive ability. First, we calculated the bias (average 

error, AE) or the relative bias (normalised average error, NAE). The NAE is the difference between the average 

values of the predictions and observations (i.e. AE), divided by the average of observations. The bias significance 

was assessed using a paired t-test. To check the absence of bias throughout the range of values (and not only on 

the average), regression tests were done using the Deming fitting procedure (mcreg function of the mcr package 

in R) since both observations and predictions were characterised by uncertainties. The error ratio was determined 

based on the variances of observations and predictions. Finally, we estimated the agreement between observations 

and predictions based on the Pearson’s correlation (r) and on the root mean square error (RMSE), which provides 

information on the prediction accuracy. All the tests were carried out with R software (R core Team, 2020). 

2.3. SIMULATION EXPERIMENT 

2.3.1 Simulation set-up 

The set of 36 plots available for this study is limited compared to the diversity of conditions in Europe’s forests. 

Furthermore, the effects of the site components (soil, stand and climate) can be confounded. To disentangle the 

various components of the site effect and to assess how they impact the tree growth response to climate change, 

we not only ran the simulations for the 36 plots (namely ‘real’ sites), but also for a large number of ‘virtual’ plots, 

representing recombinations of the different soils, stands and climates from the 36 plots. As a full factorial 

experiment was not feasible given the number of possible combinations (36 soils x 36 stands x 32 climates = 

41472), we selected subsets of stands, soils and climates representative of the diversity of oak and beech growth 

conditions in Europe. Twelve stands were chosen, three in each of the four stand categories (even-aged beech/oak, 

uneven-aged beech/mixed); six soils, three in each of the two soil types (low and high maximum extractable water, 

MEW), and nine climates, three in each of the three climate zones (continental, mountainous and oceanic). Nine 

virtual sites were created for each of the 24 combinations of site component categories (9 replicates x 4 stand types 

x 2 soil types x 3 climate zones = 216 virtual sites). For each combination, the first three virtual sites were 

constructed in order to have no common site components (soil, stand, and climate) while the remaining six sites 

were randomly selected (without replacement). 

Two consecutive 15-year simulations were conducted for a historical period (1976-1990, 1991-2005) and for a 

period in the future (2071-2085, 2086-2100). A 15-year period was retained as it corresponds to the average 

monitoring period for which we know the cutting operations. For the simulations of future growth, two RCP 

(Radiative Concentration Pathway) scenarios (Meinshausen et al., 2011; Van Vuuren et al., 2011) were used: 
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RCP4.5 and RCP8.5. The scenario names depict the increase in radiative forcing in 2100 relative to preindustrial 

levels (+ 4.5 W m−2, + 8.5 W m−2). All the 15-year simulations started with the same initial conditions. For a given 

period (historical or future), the stand conditions were therefore reinitialized after 15 years to avoid that stand 

characteristics differ to much with time among RCP scenarios. Indeed, in this case, the direct climate change 

impact could be partly confounded with an indirect effect due to a divergence in stand evolution. During these 15-

year periods, we applied the same thinning operations (or mortality rates) as those observed during the monitoring 

period in the stand selected for the creation of the virtual sites.  

One of the main uncertainties when simulating long-term forest growth is whether or not the CO2 so-called 

“fertilization effect” can persist or saturate to a certain level (Terrer et al., 2019; Wang et al., 2020). In order to 

highlight this effect, the simulations were run with a constant atmospheric CO2 concentration ([CO2]cst=380 μmol 

mol−1) or a CO2 concentration changing over time ([CO2]var) and corresponding to their corresponding RCP 

scenarios (~530 μmol mol−1 for RCP4.5 and ~930 μmol mol−1 for RCP8.5 by 2100, respectively). 

2.3.2 Climate projections 

As important differences between climate model results can occur (Kjellström et al., 2018; Christensen and 

Kjellström, 2020) and in order to test the sensibility of the results to contrasted climate evolution, we used climate 

projections from two different models for the simulations (historical, RCP4.5 and RCP8.5 scenarios). These 

projections were produced by two regional climate models (RCM), ALARO-0 (Giot et al., 2016; Termonia et al., 

2018) and RCA4 (Samuelsson et al., 2011; Strandberg et al., 2015), within the framework of the European branch 

of the Coordinated Regional Downscaling Experiment (EURO-CORDEX; Giorgi et al., 2009; Jacob et al., 2020). 

Three-hourly time series with a spatial resolution of 12.5 km were used. The RCMs were driven at their boundarties 

by the results of two different global climate models (GCM): CNRM-CM5 (Voldoire et al., 2013) for ALARO-0 

and IPSL-CM5A (Dufresne et al., 2013) for RCA4. In the following, they will be called CNRM-ALARO and 

IPSL-RCA4. GCMs provide projections with a horizontal resolution too coarse (~150 km) to be used in local 

impact studies as sites are locally affected by meso-scale meteorological processes. However, even after this 

dynamic downscaling using the RCMs, climatological distributions can still substantially differ from those of in 

situ measurements due to model biases and representativity errors. For this reason, the projections were bias-

corrected using the quantile mapping method earlier described and discretized (transformation from three to one-

hour time step) as the model requires hourly data. 

2.3.3 Model simulation analysis 

Based on the results of the model runs for the virtual sites, we performed the following analyses: (i) significance 

of climate change effects on NPP, vegetation period length and transpiration deficit, (ii) magnitude of the change 

in NPP due to climate change compared to the inter-annual climate variability and relative importance of stand, 

soil and climate effects on NPP and on its response to climate change. The simulations achieved with both climate 

models were generally analysed together. 

The impact of climate change on NPP and the other tree growth-related variables (vegetation period length and 

transpiration deficit) was assessed separately for the different categories of stand, soil and climate and for the two 

CO2 modalities (constant and changing over time). The stand net primary production simply consists of the sum 
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of individual tree NPP and then scaled per square meter per year. We define the vegetation period length as the 

number of days between the time the green leaf proportion reaches 50% during spring and when it drops below 

50% during fall. The transpiration deficit (mm) is the difference between the potential transpiration (without soil 

water limitation) and the actual transpiration. These values were calculated for all trees annually and were then 

aggregated at the stand scale and divided by the stand area. In addition, we have evaluated the evolution of the 

lowest stand NPP values (7th percentile), which are representative for the years with the harshest conditions.  

To investigate whether the climate scenarios generated significant differences in the response variables, an 

unpaired Mann-Whitney test was conducted between the historical period and the future projections, whereas a 

paired Wilcoxon signed-rank test was performed between the two RCP scenarios as they correspond to the same 

period (Wilcoxon, 1945). We chose those non-parametric tests due to their lower sensitivity to non-normal 

variables than parametric tests. Levene tests were used to assess whether the variance was equal between the 

different scenarios. Those tests were produced in R using the lme4 package (Bates et al., 2014). 

To evaluate the relative importance of climate change effects on tree growth compared to the spatial (stand, soil 

and climate) and temporal variability, we used a linear mixed model, which considers the climate scenario 

(considering both the RCP scenario and the differences between the climate models) as a fixed effect and stand, 

soil and climate as random factors. In addition, the interactions between the three site components (soil, stand, and 

climate) and the climate scenario were also included in the model as random coefficients to account for the impact 

of the site components on the climate change effect as follows: 

𝑁𝑃𝑃 ~ [𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜]𝑓𝑖𝑥𝑒𝑑 + [𝑠𝑡𝑎𝑛𝑑 + 𝑠𝑜𝑖𝑙 + 𝑐𝑙𝑖𝑚𝑎𝑡𝑒 + (𝑠𝑡𝑎𝑛𝑑 + 𝑠𝑜𝑖𝑙 + 𝑐𝑙𝑖𝑚𝑎𝑡𝑒). 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜]𝑟𝑎𝑛𝑑𝑜𝑚  (6) 

The partial R² of the fixed effect in the model was considered as the difference between the R² of the model when 

the effect was included (but without the interactions) and without the considered effect. The partial R² of the 

random effects was calculated as the ratio of the variance component for the effect to the total variance. 

To identify the underlying factors at the origin of the stand, soil and climate effects on NPP and on its response to 

climate change, multivariate linear models were elaborated by selecting the main explanatory variables using a 

stepwise forward procedure based on BIC (Bayesian information criterion). The selection was achieved among a 

series of variables describing the stand, soil and climate characteristics. A first model explaining the NPP 

variability across virtual sites and climate scenarios was built to get a general overview. Then, the stand, soil and 

climate impacts on the forest response to climate change were assessed with a model explaining the change in NPP 

between the historical period (averaged over the entire period) and the 2071-2100 period under the RCP8.5 

scenario. The selected variables related to the stand properties were the altitude (m), the beech and oak percentages 

(%), the stem number per unit area (N.ha-1), basal area (m².ha-1), mean and standard deviation of dbh, and the 

dominant height (height of 100 tallest trees per ha; in m) at the start of the simulation. Concerning soil, the soil 

depth, MEW, sand, silt and clay contents were chosen. Finally, the climate-related variables selected were the 

mean temperature (°C) and total precipitation (mm), both annually and for the vegetation period (May to 

September) and atmospheric CO2 concentration, all five averaged over the historical period; as well as the change 

of these five variables for the two RCP scenarios. All the statistical analyses were carried out with R software (R 

core Team, 2020) except the linear mixed models, which were fitted with the JMP software (JMP®, Version 15). 
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3. RESULTS 

3.1. MODEL EVALUATION 

3.1.1 Individual height, girth and basal area increment  

The model was evaluated on tree height, girth and basal area increments for each of the three CUE calculation 

modalities (i.e. constant value, general and site-dependent function). 

For both tree species, the constant CUE displayed the lowest relative bias (NAE) for the three evaluated metrics 

(bias between 16 and 97% lower for the constant CUE, except for oak basal area). Except for tree height, the 

regression test showed a closer proximity to the identity line for the general and site-dependent functions than for 

the constant CUE. Similarly, these functions led to better performances evaluated from RMSE and Pearson’s r 

(RMSE between 14 and 45% lower for general and site-dependent function compared to constant CUE and 

Pearson’s r between 0.2 and 29% higher). Compared to the general function, better results were achieved with the 

site-dependent function regarding Pearson’s r and RMSE, except for height concerning the latter (Table 5.3, Fig. 

5.S1 and 5.S2). 

Table 5.3: Statistical evaluation of the predicted height, girth and basal area increments (vs. individual 

observations) over 5 to 10-year periods for the three calibration modalities of the CUE and the entire 

dataset using normalized average error (NAE), paired t test, Deming regression test, root mean square 

error (RMSE) or Pearson’s correlation (Pearson’s r). Standard deviation or confidence intervals are 

provided in parentheses. 

Tree species NAE Paired t test Deming regression RMSE Pearson’s r 

NPP to GPP calculation  P value intercept slope    

Height        

Oak 

Constant ratio 0.0081 0.81 0.42 (±0.80) -1.00 (±3.15) 0.21 

0.16 

0.15 

-0.025 

Overall function -0.061 0.02 -0.09 (±0.18) 1.53 (±0.81) 0.163 

Site-dep. function -0.075 0.00 -0.06 (±0.11) 1.39 (±0.49) 0.264 

Beech  

Constant ratio 0.0056 0.88 -0.01 (±0.23) 1.06 (±0.80) 0.29 

0.25 

0.24 

0.054 

Overall function -0.18 0.00 -0.03 (±0.15) 1.39 (±0.67) 0.106 

Site-dep. function -0.19 0.00 -0.02 (±0.07) 1.38 (±0.33) 0.201 

Girth        

Oak 

Constant ratio -0.0037 0.84 0.39 (±0.09) 0.64 (±0.07) 0.84 

0.60 

0.54 

0.446 

Overall function -0.12 0.00 0.05 (±0.12) 1.09 (±0.12) 0.448 

Site-dep. function -0.079 0.00 0.06 (±0.08) 1.02 (±0.07) 0.576 

Beech 

Constant ratio -0.044 0.00 0.22 (±0.04) 0.77 (±0.04) 0.70 

0.54 

0.50 

0.548 

Overall function -0.13 0.00 0.09 (±0.04) 1.02 (±0.04) 0.636 

Site-dep. function -0.13 0.00 0.08 (±0.03) 1.03 (±0.04) 0.684 

Basal area        

Oak 

Constant ratio 0.073 0.00 0.75 (±0.13) 0.58 (±0.05) 2.01 

1.28 

1.10 

0.544 

Overall function -0.087 0.00 0.26 (±0.14) 0.95 (±0.07) 0.597 

Site-dep. function -0.064 0.00 0.12 (±0.12) 1.00 (±0.06) 0.680 

Beech 

Constant ratio -0.013 0.34 0.25 (±0.07) 0.84 (±0.03) 1.46 

1.13 

1.02 

0.652 

Overall function -0.093 0.00 0.15 (±0.06) 0.99 (±0.03) 0.748 

Site-dep. function -0.097 0.00 0.10 (±0.05) 1.04 (±0.03) 0.786 
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Overall, tree height increment was better predicted for oak than for beech whatever the CUE calculation modalities 

while the opposite was found for the radial increments, especially when considering RMSE and Pearson’s r (Table 

5.3, Fig. 5.S1 and 5.S2). 

Basal area increment predictions displayed the lowest relative bias (values between 6.4 and 9.7%) and the highest 

Pearson’s r (between 0.544 and 0.786) compared to height or girth increment. Slightly lower performances were 

found for girth while the height increment performed significantly worse with relative bias values ranging from 

0.8 to 19% and Pearson’s r never exceeding 0.264 (Table 5.3). 

When evaluating model performances on sites not used for the calibration, we considered only one CUE 

calculation modality (the general function) and focused on the individual girth increment aggregated in 10 cm girth 

classes. Compared to the calibration sites, evaluation sites performed only slightly worse. Concerning beech, the 

Pearson’s r between predicted and observed girth increment decreased from 0.828 (calibration sites) to 0.775 

(evaluation sites). The bias remained equivalent for the evaluation sites, being even slightly lower (from –12.06 to 

–11.17%). For oak, the negative bias significantly increased for the evaluation site (from –5.65 to –14.27%) while 

the Pearson’s r was a little higher for the evaluation sites (from 0.473 to 0.537) (Fig. 5.1). The same evaluation 

procedure was applied to the tree height increment. Compared to the prediction quality obtained using the 

calibration dataset, the model performed equally well for oak (except for the relative bias) but less good for beech 

(Fig. 5.S3).  
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Figure 5.1: Comparison of the observed and predicted girth increment based on the general CUE 

function, aggregated by 10 cm girth classes for beech (left) and oak (right) and for the calibration (top) 

and the evaluation (bottom) sites. The prediction quality is assessed based on the relative bias, the 

Pearson’s r and the Deming regression test (position of the identity line (solid line) with respect to the 

confidence interval of the regression line (dashed line)). 

 3.1.2 Budburst, yellowing and fall dates 

The prediction of the budburst date suffered from a bias of only 0.4 day and the Pearson’s r reached a high value 

of 0.833. Apart from a little delay in the prediction of oak budburst for the sites with an early leafing, the budburst 

was well reproduced (Fig. 5.2). The evaluation was performed on a large range of observed values, from the 29th 

of March to the 21st of May for beech and from the 15th of March to the 20th of May for oak. In turn, the model 

predicted a range of budburst dates ranging from the 4th of April and the 18th of May for beech and from the 29th 

of March to the 14th of May.  Leaf yellowing and leaf fall displayed limited biases of 1.7 and –0.5 day and 

Pearson’s r of 0.527 and 0.491, respectively. Furthermore, the confidence interval of both Deming regression lines 

included the identity line. Finally, the model correctly reproduced the pattern of later leaf yellowing and fall in oak 

compared to beech (Fig. 5.2). 
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Figure 5.2: Comparison of the observed and predicted mean stand budburst (top), yellowing (middle) and 

falling (bottom) dates, separated according to the tree species. The prediction quality is assessed based on 

the relative bias, the Pearson’s r and the Deming regression test (position of the identity line (solid line) 

with respect to the confidence interval of the regression line (dashed line)). 

  



139 

 

 

3.2. SIMULATIONS ON REAL SITES 

In a first step, the changes in NPP induced by climate change were assessed for the real sites using to the site-

dependent CUE function and the two types of climate projections (CNRM-ALARO and IPSL-RCA4).  

For CNRM-ALARO and the [CO2]cst runs, the NPP changes between the historical period and 2071-2100 were 

comprised between –106 gC m–2 yr–1 (-12.8%) and +100 gC m–2 yr–1  (+17.0%) for an average value of +43 gC 

m–2 yr–1 (+5.5%) for the scenario RCP4.5 and between –226 gC m–2 yr–1 (-27.2%) and +160 gC m–2 yr–1 (+23.1%) 

with a mean increase of 56 gC m–2 yr–1 (+7.4%) for RCP8.5.  

The sites showing NPP decreases under RCP8.5 scenario were all mixed or oak-dominated stands. Compared to 

the other sites, they were characterized by a lower mean girth (71 vs. 92 cm) and were located at lower altitude 

(247 vs. 491 m). In addition, their climates were warmer and dryer both annually (9.9°C and 823 mm vs. 8.4°C 

and 1054 mm) and during the vegetation period (16.8°C and 459 mm vs. 14.9°C and 541 mm). 

Under the [CO2]var, an important shift towards more positive NPP changes were highlighted. For the scenario 

RCP4.5, the sites displayed NPP values on average 197 gC m–2 yr–1 (+23.0%) superior to the historical period with 

values between +9 and +294 gC m–2 yr–1 (+1.1% and +39.0%). For the scenario RCP8.5, large NPP increases 

appeared with an average increase of 360gC m–2 yr–1 (41.9%) (Table 5.S6). 

For IPSL-RCA4, NPP changes exhibited a higher variability and more negative values. For the [CO2]cst runs, the 

NPP change under RCP4.5 and RCP8.5 was on average +23 (-190 to +136) and -27 (-357 to 149) gC m–2 yr–1, 

respectively. This correspond to mean relative increase of 2.9% (-25 to +16%) for RCP4.5 and a decrease of 2.4% 

(-46.2 to +20.0%) for RCP8.5 (Table 5.S6 and bottom of Fig. 5.3 for RCP8.5). 

Around half the sites displayed a decrease in NPP under the scenario RCP8.5 (17 out of 36 sites). Compared to 

the sites with increasing NPP, they showed lower mean girth (77 vs. 97 cm), were located at lower altitude (302 

vs. 557 m)  and had a lower MEW (262 vs 300 mm). These sites were warmer (9.7 vs. 7.8 °C) but not significantly 

dryer. However, they displayed lower annual rainfall increases (+42 vs. +112 mm) and higher vegetation period 

rainfall decreases (-96 vs. -64 mm). 

Under the [CO2]var, the differences with CNRM-ALARO were less marked. For RCP4.5, NPP was, on average, 

210 gC m–2 yr–1 (25.4%) higher than during the historical period for a range from -37 to +340 gC m–2 yr–1 (-4.9 to 

+41.2 %). For RCP8.5, an average increase of 324 gC m–2 yr–1 (+39.8%) was observed (range comprised between 

-126 and +531 gC m–2 yr–1 or -16.9 and +85.8%) (Table 5.S6). 
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Figure 5.3. Relative change in NPP between the historical period (1976-2005) and the scenario RCP8.5 

(2071-2100) in the real sites used for the calibration and evaluation of the model under the constant CO2 

modality and the site-dependent CUE function for CNRM-ALARO (top) and IPSL-RCA4 (bottom). 

Based on the number, the site characteristics can be found in Table 5.1. 
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3.3. SIMULATIONS ON VIRTUAL SITES 

Vegetation period 

Since phenology was not CO2 dependent in the model, no distinction was made between the two CO2 modalities. 

In addition, the simulations for the two types of climate projections were treated together. Overall, the vegetation 

period increased for the RCP scenarios compared to the historical period and this increase was always higher for 

RCP8.5 than RCP4.5 (Fig. 5.4). For beech, the vegetation period increased at the highest rate in the mountainous 

zone: +2.3 and +3.9 days per decade for the scenario RCP4.5 and 8.5, respectively. In the continental and oceanic 

zones, changes in beech vegetation period occurred at a lower rate (+2.1 and +1.8 day per decade for RCP4.5 and 

+3.5 and +2.9 days per decade for RCP8.5, respectively). For oak, the vegetation period extension was greater 

than for beech. It was similar in the continental zone (+2.6 and +4.3 days per decade for RCP4.5 and RCP8.5, 

respectively) and in mountainous climate (+2.5 and +4.4 days per decade for RCP4.5 and RCP8.5, respectively) 

and considerably higher than in the oceanic zone (+1.8 and +2.7 days per decade for RCP4.5 and RCP8.5, 

respectively). 

For beech, the increase in vegetation period compared to the historical period was equally driven by an earlier 

budburst and a later yellowing, except for the oceanic climate where the delay in leaf yellowing was more marked 

(Fig. 5.S4). For oak in continental and mountainous zones, the increase in vegetation period mainly originated 

from earlier budburst while, in the oceanic zone, the earlier leafing and later yellowing were of similar magnitude. 

Beech Oak 

   
Figure 5.4: Comparison of the vegetation period length in virtual sites simulated for the historical period 

(1976-2005) and for the future (2071-2099) according to two RCP scenarios; three climate types were 

considered as well as both tree species. For each box, the horizontal line corresponds to the median, the 

ends indicate the 25th and 75th percentiles and the whiskers show the values above and below these 

quartiles within 1.5 interquartile. For a same climate type, scenarios with common letters are not 

significantly different (paired Wilcoxon signed- rank between RCP4.5 and RCP8.5 and unpaired Mann-

Whitney test between historical and RCP scenarios). The simulations made based on the two types of 

climate projections (CNRM-ALARO and IPSL-RCA4) were included in the analysis. 

 

Transpiration deficit 

Transpiration deficit was strongly affected by the soil water reserve (MEW) and stand type and responded to the 

RCP scenarios in opposite ways for the two CO2 modalities (Fig. 5.5). With [CO2]cst, transpiration deficit always 
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significantly increased with the intensity of the radiative forcing. Whatever the RCP scenario used, soils with high 

MEW had a lower transpiration deficit than those with a low MEW (–19 mm in continental, –15 mm in 

mountainous and –27 mm in oceanic climates). Under [CO2]var, transpiration deficit decreased with the radiative 

forcing intensity for the continental and oceanic climates while an increase was detected for the mountainous 

climate (excepted RCP8.5 with high MEW). Stands in the oceanic zone benefited the most from the decrease in 

transpiration deficit but still exhibited the highest level of transpiration deficit. The soil water reserve effect was 

of the same magnitude for the [CO2]var than for the [CO2]cst modality (Fig. 5.5). 

Stand type influenced transpiration deficit through a strong species composition effect (higher transpiration deficit 

for beech). However, the transpiration deficit response to climate change was not much affected by stand type 

(Fig. 5.5). 
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Figure 5.5: Comparison of the simulated transpiration deficit in virtual sites among RCP scenarios (2071-

2099) and the historical period (1976-2005) for the two atmospheric CO2 modalities:  highlighting of the 

climate zone, soil water reserve (MEW) and stand type effects. For each box, the horizontal line 

corresponds to the median, the ends indicate the 25th and 75th percentiles and the whiskers show the values 

above and below these quartiles within 1.5 interquartile. For a same stand, soil or climate type, scenarios 

with common letters are not significantly different (paired Wilcoxon signed- rank between RCP4.5 and 

RCP8.5 and unpaired Mann-Whitney test between historical and RCP scenarios). The simulations made 

based on the two types of climate projections (CNRM-ALARO and IPSL-RCA4) were included in the 

analysis. 
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NPP 

Compared to the historical period and assuming a [CO2]cst, future NPP slightly increased  under continental and 

mountainous climates and remained unchanged in the oceanic zone. The largest NPP increase occurred in the 

mountainous zone with high soil water reserve and amounted to 13.3% and 16.7% for RCP4.5 and RCP8.5, 

respectively (Fig. 5.S5). 

The RCP scenario effect on NPP was much more pronounced with the [CO2]var runs (NPP increase from 21.9% to 

34.9% under RCP4.5 and from 35.7% to 63.1% under RCP8.5) but the modulation of this effect according to the 

soil water reserve (MEW) and the climate was less marked (Fig. 5.S5). 

When looking at the lowest simulated NPP values (< 7th percentile) under the [CO2]cst runs, no clear scenario effect 

appeared, except for an increase with radiative forcing intensity for the mountainous zone with high MEW and a 

decrease for the oceanic climate zone with low MEW and for even-aged oak stands. With [CO2]var, the lowest 

simulated NPP values substantially increased for the two RCP scenarios compared to the historical period (Fig. 

5.S6).  

Overall, the relative changes in NPP were similar between the lowest (< 7th percentile) and the whole NPP values 

under [CO2]var. However, under [CO2]cst, more negative changes were pointed out for the lowest NPP values. For 

the whole NPP values, mean changes were comprised between -0.6 and +16.7% while, for the lowest NPP values, 

mean changes ranged from -11.3 to 11.6% for RCP8.5 (Fig. 5.S6). 

Comparison of the long-term trend with the inter-annual and inter-site variability and decomposition of the 

site effect 

In order to evaluate the relative importance of the climate change effect compared to the climate inter-annual and 

inter-site variations, a linear mixed model was built to decompose the various sources of NPP variability. 

For the [CO2]cst, the climate scenario effect only explained 4.7% of the NPP variability, while the effects of the 

inter-annual climate variations (residual variability) accounted for 19.9%. The total site effect explained 66.3% of 

the NPP variability and was decomposed into three components: 43.7% for the stand effect, 14.1% for the soil and 

8.5% for the climate effect. 9.0% of NPP variability was attributed to interactions between the site components 

and the climate change scenario effects. These interactions with the site were dominated by the climate component 

(explaining 6.3% out of the 9.0%) representing the effect of the historical climate on the NPP response to climate 

change while the stand and soil effects explained a similar fraction of the remaining 2.7% (Table 5.4a). 

Under [CO2]var, the proportion of the NPP variability explained by the RCP scenario was considerably higher and 

amounted to 28.5%. The inter-annual climate variations explained a lower proportion of the total NPP variability 

(16.4%). However, this NPP variability was higher than for the [CO2]cst runs (+79.9%). Similarly, the site effect 

diminished but remained the major explaining factor with a partial R² of 0.476, which can be further divided in its 

stand (0.340), soil (0.069) and climate (0.067) components. Finally, the modulation of the climate scenario effect 

by the site components slightly decreased to explain 7.5% of the NPP variability with a dominance of the climate 

component (4.1%), followed by the stand (2.1%) and finally the soil (1.3%) (Table 5.4b). 
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To identify more precisely the factors at play behind the climate, soil and stand effects on NPP, multivariate models 

were elaborated. For the [CO2]cst, the stand effect was first explained by the mean dbh (18% of the total N 

variability) and then by the beech proportion in basal area (5%), the basal area (2%) and the standard deviation of 

the dbh (2%). Regarding the soil effect, the mean extractable water (MEW) accounted for 12% of the NPP 

variability. For the climate, the main driver was the MAT calculated for each climate scenario (6%); the mean air 

temperature and the rainfall during vegetation period contributed both to explain about 3%. Under [CO2]var, the 

relative importance of the factors explaining the NPP variability was similar than for the [CO2]cst (mean dbh: 14%, 

beech %: 4%, BA: 1%, dbh SD: 1%, MEW: 6% MAT: 4%, AT during VP%) except that the atmospheric CO2 

concentration was considered in addition (27%) and that the rainfall during the vegetation period was not anymore 

retained. Except the proportion of beech and the mean air temperature during vegetation period, all these factors 

had a positive effect on NPP for both CO2 modalities (Table  5.S7). It is worth to note that the climate variables 

not only account for the climate component of the site effects but also for the climate scenario effects. 

The same exercise was done on the NPP change to highlight the factors explaining the NPP response to climate 

change. For the [CO2]cst, the mean temperature during the vegetation period (for the historical period) was the main 

driver of the NPP change (17%), then the MAP change (10%) and the rainfall during the vegetation period for the 

historical period (5%). The beech proportion and the MEW both accounted for 2% of the variability in NPP change. 

Under [CO2]var, the mean temperature during the vegetation period was also the main driver (12%) but the stand 

variable played a more important role (mean dbh: 8% and BA: 3.5%). All effects were positive except the mean 

temperature during the vegetation period (Table 5.S7). This effect was represented in Fig. 5.6 for the two climate 

models separately. For both models, a significant decrease was observed with increasing temperature during 

vegetation period for all stand types and both CO2 modalities but was more pronounced for the constant one. For 

the latter and the CNRM-ALARO model, the change in NPP was negative in the even-aged oak stands with a 

mean temperature during the vegetation period superior to 19°C (Fig. 5.6 top). For the IPSL-RCA4 model, all 

stand types displayed negative changes when the temperature during vegetation period exceeded 20°C, except in 

beech even-aged stands (Fig. 5.6 bottom). 
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Table 5.4: Estimate, standard error, P value and partial R² of the linear mixed model parameters (Eq. 6) 

used to highlight the climate change effect and decompose the site effect in its climate, soil and stand 

components in order to explain the NPP (gC m−2 yr-1) variability for the virtual sites with constant (a) and 

changing over time (b) atmospheric CO2 concentration. The scenario includes differences in climate 

projections due to both the RCP scenario (hist, 4.5 and 8.5) and to the climate models (CNRM-ALARO 

and IPSL-RCA4). 

 Estimate Standard error P value Partial R² 

a. Constant atmospheric CO2 concentration 

Fixed effects     

Scenario [AL_Hist., AL_4.5, AL_8.5, 

RC_Hist, RC_4.5, RC_8.5] 

[874.3, 956.9, 982.5, 

836.7, 872.2, 851.5] 

71.8 < .0001 0.047 

Random effects     

Stand 0 12094.2 / 0.437 

Soil 0 5855.5 / 0.141 

Climate 0 3087.6 / 0.085 

Stand x Scenario 0 165.8 / 0.013 

Soil x Scenario 0 261.2 / 0.014 

Climate x Scenario 0 917.7 / 0.063 

Residuals 0 95.7 / 0.199 

b. Changing over time atmospheric CO2 concentration 

Fixed effects     

Scenario [AL_Hist., AL_4.5, AL_8.5, 

RC_Hist, RC_4.5, RC_8.5] 

[848.2, 1094.2, 1286.6, 

805.6, 1041.7, 1217.3] 

79.1 < .0001 0.285 

Random effects     

Stand 0 16443.3 / 0.340 

Soil 0 5057.5 / 0.069 

Climate 0 4143.3 / 0.067 

Stand x Scenario 0 454.1 / 0.021 

Soil x Scenario 0 425.7 / 0.013 

Climate x Scenario 0 1033.2 / 0.041 

Residuals 0 136.8 / 0.164 
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Figure 5.6: Comparison of the simulated change in annual NPP in virtual sites between historical period 

(1976-2005) and RCP8.5 scenario (2071-2099) for the two atmospheric CO2 modalities and the model 

CNRM-ALARO (top) and IPSL-RCA4 (bottom):  highlighting of the stand type effect as well as the 

effects of the air temperature during the vegetation period (left) and the change in annual rainfall (right). 

For each box, the horizontal line corresponds to the median, the ends indicate the 25th and 75th percentiles 

and the whiskers show the values above and below these quartiles within 1.5 interquartile. For a same 

stand type, temperatures during vegetation period with common letters are not significantly different 

(paired Wilcoxon signed- rank). 

4. DISCUSSION 

4.1. MODEL CALIBRATION AND PERFORMANCES 

The model evaluation focused on the individual tree radial and height increment over periods ranging mostly from 

10 to 15 years. Independent of the CUE calculation method used, the predictions were better for the radial growth 

(girth and basal area) than for the tree height (Table 5.3). This difference in prediction capacity was already 

highlighted in other studies (e.g. Schwalm and Ek, 2004; Vospernik and Eckmüllner, 2012) and can be attributed, 

to some extent, to the measurement errors that are considerably higher for tree height than for girth, which affects 

model parameterization, calibration and evaluation. 

With the constant CUE, the model displayed already satisfying results for the radial growth (low bias and Pearson’s 

r between 0.446 and 0.652) but was just able to provide unbiased mean height increment while it failed to capture 

its variability (Table 5.3). With this method, tree growth was slightly better predicted for beech than for oak, 

especially regarding tree height (Table 5.3). The constant CUE amounted to 0.67 for oak and to 0.59 for beech. 
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These values are a bit high compared to the 0.47 (±0.04 s.d.) value used by Waring et al. (1998) and implemented 

in many models (e.g. 3-PG, HyLand, 4C, BASFOR, early versions of 3D-CMCC-FEM). CUE has been estimated 

in various biomes for many tree species at different development stages. The observed range in CUE (0.22 to 0.79) 

reported by Collalti and Prentice (2019) and by Collalti et al. (2020a) is too large to be disregarded and questions 

the central value of Waring et al. (1998). Our values should rather be compared with the CUE obtained by DeLucia 

et al. (2007) for temperate broadleaved (0.58). This value is very close to the CUE obtained here for beech (0.59). 

Regarding oak, our value corresponds to the 75th percentile of the CUE distribution for temperate broadleaved 

forests (DeLucia et al., 2007). This high value could partly be explained by an overestimated branch mortality rate 

(3%). Indeed, in HETEROFOR, carbon allocation to branches is in priority used to compensate for branch 

mortality. 

When accounting for the influence of tree size, shape, local competition and MAT (only for oak) on CUE, the 

quality of the tree height predictions substantially increased, especially for oak. For the radial growth, 

improvements in the prediction quality were also observed (strong RMSE reduction and better regression test). 

The radial growth predictions were still a little bit better for beech than for oak, but the opposite was observed for 

tree height.  

The CUE concept allows converting the GPP into NPP and therefore implicitly accounts for the growth and 

maintenance respiration. While the growth respiration (i.e. the metabolic cost of building new tissues) is 

proportional to NPP, the maintenance respiration depends on temperature and on the living biomass whose 

proportion changes with tree size and shape, and competition conditions (Collalti et al. 2020b). The living biomass 

proportion is higher in trees experiencing limited competition with well-developed crown. Indeed, such trees have 

a higher proportion of branches, leaves and fine roots and produce larger growth rings that increase their sapwood 

proportion (Canham et al., 2004). This appears in our results as CUE decreased with the crown to stem diameter 

ratio, the crown length fraction and the light availability (in the CUE function). In addition, we observed a negative 

effect of MAT on CUE for oak (but not for beech), which can be explained by a strong temperature dependence 

of maintenance respiration (Yamori et al., 2013; Zhang et al., 2017; Collalti et al. 2020a). Although we used the 

CUE concept to convert GPP into NPP, an alternative option also exists in HETEROFOR to calculate explicitly 

maintenance respiration based on the N content of the living biomass of each tree compartment and accounting for 

the temperature dependence (sect. 1.3.5 in Chap. 2). We used this option to estimate the effect of the MAT on 

CUE and compared it with the one obtained by fitting the general CUE function. With this alternative method, we 

obtained a temperature effect (–0.015 °C–1) of the same order of magnitude as the one of the oak CUE function (–

0.020°C–1). Such a negative temperature effect on CUE was also highlighted by Gifford (2003) and Piao et al. 

(2010) beyond a certain threshold even if the opposite was recently found by Collalti et al. (2020a). Regarding 

beech, the temperature effect was not considered in the CUE function as it was not significant, which is equivalent 

to assume that the autotrophic respiration and photosynthesis have a similar dependence on temperature. This 

temperature dependence could also be related to the effect of light availability (in the CUE function) since the trees 

with higher light availability experience greater temperatures and therefore could have a higher respiration rate. 

Finally, accounting for the site effect in the CUE function allowed capturing more variability in radial growth for 

oak and in height increment for both species. The prediction quality was similar for both species regarding the 
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radial growth and was still a little better for oak concerning tree height. Even if considering the site effect in the 

CUE function improved the prediction quality, this effect only moderately contributed to the explained variability, 

highlighting the generality of our function. 

To assess the robustness of our modelling approach, the general CUE function was calibrated on a subset of sites 

and we compared the model performances on the calibration and evaluation sites (Fig. 5.1). The loss in prediction 

capacity was very limited between the two subsets of sites, which reinforced our confidence in the predictability 

of our model. 

It is difficult to compare the evaluation results with other studies as the models applied on many sites across Europe 

are exclusively stand or cohort-based models, whose evaluation is done on observations averaged at the stand 

scale. Therefore, we compared our results to models that were locally and individually evaluated, which do not 

represent many studies as most individual-based models still make their evaluation at the stand-scale. Empirical 

models usually display the best results with relative biases most of the time below 13% and R² as high as 0.67 

regarding girth increment (Schmid et al., 2005; Froese and Robinson 2007; Mette et al., 2009) while in process-

based models, biases ranged between –30 and 30% and R² did not exceed 0.44 (Pretzsch 2002; Thürig 2005; 

Albrecht 2007; Schmidt and Hansen 2007; Kiernan 2008). Our prediction quality evaluation based on the 

independent dataset was similar to that of empirical models for beech (relative bias of –11.2 and R² of 0.60) and 

intermediate between empirical and process-based models for oak (relative bias of –14.3% and R² of 0.29). Tree 

height increment is much less evaluated and results differed considerably between the studies with relative biases 

covering a range from –70 to 61% and R² values from 0.04 to 0.48 (Sterba et al., 2001; Lacerte 2006; Vospernik 

2007; Mette et al., 2009; Vospernik and Eckmüllner, 2012). With such a large span of statistical indices, our results 

easily fit in the range for bias but were at the lower margin regarding R².  

4.2. SIMULATED CLIMATE CHANGE IMPACTS 

We chose to validate the model on a large panel of contrasting climates in order to improve its extrapolation ability 

to simulate the climate change impact in the future. In a certain way, we applied the space-for-time substitution 

but not with the classical approach, which considers that tree growth at a given location in a warmer future will 

follow the current tree growth in warmer locations. One of the limits of this space-for-time approach is that spatial 

variations in tree growth are not only due to climate but also to soil conditions, stand type and forest management 

(Gugger et al., 2010; Collalti et al., 2018; Klesse et al., 2019). In our study, we overcome these limits by validating 

a process-based model in space and use it for temporal extrapolation. The reinforcement of the approach lies in 

the description of the eco-physiological processes, which is more likely to remain valid for the future conditions 

than statistical relationships built on present-day climate. 

We decided to simulate future tree growth not only for real sites but also for virtual ones created by combining 

various stands, soils and climates from existing sites in order to encompass the diversity of conditions in Europe. 

The reason for using virtual in addition to real sites was to avoid correlations among the components of the site 

(soil, stand, climate) and to cover a large range of site conditions and stand types while limiting the simulation 

number and the computing time.  

Impact on vegetation period 
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Our predicted rates of change in budburst and yellowing dates for 2071-2100 are in agreement with other modelling 

studies. For beech, we found that budburst could advance between 0.5 and 2.1 days/decade and yellowing delay 

between 1.2 and 1.9 days/decade. This is consistent with values found in literature: 0.6 to 1.9 day/decade for 

budburst and 1.4 to 2.3 days/decade for yellowing (Davi et al., 2006; Menzel et al., 2008; Delpierre et al., 2009; 

Vitasse et al., 2011; Collalti et al., 2018; Zohner et al., 2020a). For oak, the 0.9 to 3.3 days/decade earlier budburst 

and the 0.8 to 1.4 days/decade later yellowing are also in agreement with the ranges found in the literature, 

knowingly 1.1 to 2.3 days/decade for budburst and 0.7 to 1.7 days/decade for yellowing (Davi et al., 2006; Menzel 

et al., 2008; Delpierre et al., 2009 Vitasse et al., 2011; Collalti et al., 2018; Nölte et al., 2020; Zohner et al., 2020a).  

Interestingly, the greater advance in budburst for oak than for beech, compensated its initial delay during the 

historical period so that, in 2071-2100 under RCP8.5, budburst occurred more or less simultaneously for the two 

species (Fig. 5.S4). This stronger budburst sensitivity to temperature of oak compared to beech was highlighted in 

different studies (e.g. Vitasse et al., 2009; Cole and Sheldon, 2017). Regarding yellowing, the opposite trend was 

found, the greater delay in leaf senescence induced by climate warming for beech partly compensates for its earlier 

yellowing during historical period compared to oak. Finally, it is also interesting to note that, for oak, the 

photoperiod effect limited the yellowing delay induced by warmer temperature (Fig. 5.S4). These phenological 

changes and particularly budburst advances could be problematic as they increase the risk of late frost events 

during the tree leafing (Ma et al., 2019; Zohner et al., 2020b), for which oak and beech are particularly sensitive 

(San-Miguel-Ayanz et al., 2016; D’Andrea et al., 2020a; D’Andrea et al., 2020b).  

Impact on water cycling 

Under the assumption of [CO2]cst, a nearly generalised increase in transpiration deficit was observed. However, 

the level of transpiration deficit was strongly determined by the soil water reserve (MEW) and species composition. 

The soils with the highest MEW and the stands with the largest proportion of oak displayed the lowest deficits. 

These results are in agreement with our expectations since sites with large soil water reserve are less subject to 

transpiration deficit and oaks are known to be less sensitive to drought than beech (Jonard et al., 2011; 

Scharnweber et al., 2011; Scherrer et al., 2011; Vanhellemont et al., 2019).  

Two processes can increase the transpiration deficit: a higher evapotranspiration due to warmer air temperatures 

or the reduction in rainfall amount especially during the vegetation period. In the simulations with virtual sites, we 

observed that evapotranspiration increased on average by 17.1 and 25.1% for oak-dominated stands and by 10.4 

and 16.8% for beech dominated stands for the scenarios RCP4.5 and RCP8.5, respectively while the rainfall during 

the vegetation period was reduced by 4.8 and 5.7%. However, a considerable sensibility to the choice of the climate 

model is hidden behind these mean values. In CNRM-ALARO, the evapotranspiration increase corresponds to 

19.9 and 34.3% for oak and to 13.6 and 24.4% for beech while evapotranspiration rises of 14.3 and 16.0% for oak 

and 7.2 and 9.2% for beech with IPSL-RCA4. In the CNRM-ALARO projections under RCP4.5 and RCP8.5, the 

rainfall during the vegetation period increased by 4.0 and 8.2% while vegetation period rainfall decreases by 13.5 

and 19.6% in IPSL-RCA4 projections. Such differences between climate model results are a known issue 

(Kjellström et al., 2018; Christensen and Kjellström, 2020) and, in the case of European summer rainfall, the main 

source of variability is the choice of GCM (Christensen and Kjellström, 2020). In our case, the GCM CNRM-CM5 
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displays winter rainfall changes in line with most climate projections but for the summer they tend to be at the 

high end compared to the other CMIP5 models while IPSL-CMA5 presents rainfall changes in the middle of the 

range of the other models for all seasons (McSweeney et al., 2015). The large-scale changes to the pressure fields 

that  drive summer-time storm track over Europe could induce these wet summers in CNRM-CM5 (see Dong et 

al., 2008). In addition, the RCM ALARO-0 associated to CNRM-CM5 also shows a tendency to produce wet 

summers as shown in Termonia et al. (2018). The two models considered here can be seen as illustrative of the 

sensitivity of our results to the uncertainty in the climate input. In the future, the use of climate projections from 

other climate global models would be interesting to verify the conclusions presented in this paper while being 

more representative of the climate model variability and, doing so, better account for the large uncertainty linked 

to the climate modelling of precipitation changes (Goberville et al., 2015; Dyderski et al., 2018; Nölte et al., 2020).  

Under the [CO2]var modality and RCP8.5 scenario, the transpiration deficit decreased in continental and oceanic 

zones and for all stand types (Fig. 5.5). This confirms that, under higher CO2 levels, the stomatal conductance 

regulation allowed increasing photosynthesis and CO2 fixation while limiting water loss. This decreases the 

pressure on soil water reserves, except in mountainous zones where a significant decrease in rainfall during the 

vegetation period was observed for both climate models (Table 5.1).  

Impact on NPP 

While NPP slightly increased for the [CO2]cst runs in continental and mountainous climates and remained 

unchanged in the oceanic zone under the RCP8.5 scenario, NPP gains were observed everywhere and with greater 

magnitude with the [CO2]var runs (Fig. 5.S5). Furthermore, it is interesting to note that NPP changes obtained with 

the [CO2]cst runs are much more limited than those derived from the [CO2]var runs (Fig. 5.6). The contrasting 

response of tree growth between the two CO2 modalities can be ascribed to the enhanced photosynthesis and the 

lower stomatal conductance under elevated atmospheric CO2 concentration, which induces higher water use 

efficiency (Ainsworth and Rogers, 2007; Norby and Zak, 2011). By comparing the two CO2 modalities, we noticed 

that 60% to 100% of the NPP increase under the [CO2]var scenario can be ascribed to the so called CO2 fertilisation 

effect (Fig. 5.6). In other modelling studies comparing simulations with a constant and changing CO2 modality for 

oak and beech, the contribution of the CO2 fertilisation effect to the predicted productivity gain was pretty similar 

and amounted to 75% - 100% (Davi et al., 2006; Reyer et al., 2014; Collalti et al., 2018; Nölte et al., 2020).  

This CO2 fertilization effect was highlighted in Free-Air Carbon dioxide Enrichment (FACE) experiments 

(Ainsworth and Long, 2005; Norby et al., 2005). However, its persistence in time remains quite uncertain. It will 

depend on the way the nutrient demand and the uptake capacity of the trees will evolve as well as on the soil ability 

to satisfy the increased nutrient demand (Oren et al., 2001; Wieder et al., 2015).  Indeed, as the water use efficiency 

is expected to increase with rising [CO2], nutrient use efficiency could also increase and allow maintaining 

productivity gain with a limited increase in nutrient demand (Caldararu et al., 2020). However, even if an increase 

in nutrient use efficiency could temporarily delay the appearance of nutritional limitations, the nutrient availability 

will constrain the productivity gains sooner or later and the stands installed on nutrient-poor soils will be potentially 

the first to be affected (Norby et al., 2010; Warren et al., 2015). A decline of the CO2 fertilisation effect is already 

observed at the global scale (Terrer et al., 2019; Wang et al., 2020). Consequently, the most likely scenario lies 
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probably in between the two CO2 modalities and will be closer to one or the other depending on the nutrient 

availability of the site, which is not considered here. Except in nitrogen-saturated forest ecosystems, high nitrogen 

(N) deposition could help maintain a persistent CO2 fertilisation effect (Etzold et al., 2020). With this regard, the 

current decline in N deposition in Europe will probably contribute to limit the increase in forest productivity 

(Waldner et al., 2015; Craine et al., 2018). 

Under [CO2]cst runs, the relative change in NPP (virtual sites and both RCP scenarios) amounted on average to 

+7% (–29 to 28%) while the changes reported in the literature for oak and beech in Europe are on average slightly 

negative (–2%) with decreases up to 15% and increases up to 10% (Lasch et al., 2002; Davi et al., 2006; Reyer et 

al., 2014; Albert et al., 2018; Collalti et al., 2018; Nölte et al., 2020; Sperlich et al., 2020). The mean NPP increase 

observed in our study is partly due to the fact that mountainous sites in colder climates are much more represented 

(one third of our virtual sites correspond to such climates) and because the NPP increase was much more marked 

in these mountainous sites, especially when the soil water reserve was large (Fig. 5.S5). The gain in NPP strongly 

decreased with the increase in temperature (mean annual and, particularly, during the vegetation period). This gain 

turned into NPP decreases under the warmest climates for even-aged oak stands with CNRM-ALARO climate 

projections and for most stand types with IPSL-RCA4 climate projections (Fig. 5.6 left). A decrease in annual 

rainfall compared to the historical period also had a statistically significant negative effect on NPP evolution but 

it mainly appeared under the [CO2]cst modality and the IPSL-RAC4 climate projections (Fig. 5.6 right). In this 

case, the rainfall decreased significantly affected all stand types excepted oak. The absence of effect for CNRM-

ALARO projections is not surprising as only a limited number of sites displayed a rainfall decrease.  

When simulating the forest response to climate change on the real sites, we obtained overall a lower mean NPP 

change of +3.3% (-46.2 to 23.1%) under [CO2]cst (Fig. 5.3 and Table 5.S6). Another reason explaining why our 

model simulated positive NPP change is linked to the climate projections we used for the simulations, one of which 

predicting particularly high summer precipitations compared to other climate models while the other displays 

average precipitation projections.  

Under [CO2]cst runs, the length of the vegetation period was the main driver of the NPP change as also mentioned 

by Keenan et al. (2014) and Park et al. (2016). As photosynthesis is a temperature-dependent process reaching an 

optimum for leaf temperature between 20 and 30°C and then declines (Yamori et al., 2013), the rise in air 

temperature favours GPP but up to some extent and is especially marked in colder climates. Among the processes 

acting negatively on NPP, the higher transpiration deficit observed for beech stands under the [CO2]cst modality 

reduced the NPP while the transpiration deficit remained negligible regarding oak. Maintenance respiration is also 

influenced by temperature. This effect is accounted for in the CUE function (see in Eq. 5 term “k MAT”) for oak 

but not for beech as it was not significant.  

For the sites in which the fertilizing CO2 effect is not constrained ([CO2]var runs), the long-term trend could account 

for 29% of NPP variability which would be nearly twice the inter-annual climate variations (Table 5.4). In this 

case, the expected change corresponds to an increase in productivity, which is favourable to forest growth and 

vitality. In sites more constrained, for example by nutrient availability, as represented by the [CO2]cst runs, the 
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long-term trend would explain a limited part of the NPP variability compared to the inter-site and inter-annual 

climate variations (Table 5.4).  

A large part of the NPP variability is explained by the site effect which is dominated by its stand component (Table 

5.4). The variables we used to characterized the stand were able to account for 60% of the variability due to the 

stand effect but the remaining 40% were not possible to capture and can be ascribed to more complex structure 

effects (Table 5.S7). In a more limited extend, the site also influenced the NPP response to climate change but, in 

this case, with a dominance of its climate component (Table 5.4). Some stand characteristics influenced however 

the NPP change which, under [CO2]cst, was more positive in stands with a higher beech proportion and, under 

[CO2]var, in stands with higher density and mean tree size (Table 5.S7). The positive effect of beech on NPP change 

is due to the fact that its CUE was not decreased with increasing MAT contrary to oak. A negative MAT effect on 

beech CUE was not considered as it was not significant based on the available observations. If a MAT effect 

similar to that on oak CUE had been included for beech, the tendency could have been reverse, with more positive 

effect of oak on NPP change, especially for the climate projections showing a decrease in rainfall during vegetation 

period (IPSL-RCA4) given the higher sensitivity of beech NPP to drought. Under [CO2]var, the stand characteristics 

favouring NPP change probably partly reflect the stand ability to intercept more solar radiation (the density and 

the mean tree size) and then to benefit more from the CO2 fertilization effect. With other climate projections 

conducting, for example, to drier conditions during the vegetation period, the role played by the stand 

characteristics could change. The effects of the stand characteristics on NPP and on its response to climate change 

show that the forester has the possibility to act on the stand productivity and to prepare forests to possible adverse 

effects of climate change by reinforcing forest resilience.  

Our results might sound optimistic, especially for beech for which drought-induced growth decline has been 

observed at the southern edge of their distribution area (Charru et al., 2010; Zimmerman et al. 2015; D’Andrea et 

al. 2020), raising concern about their persistence under warmer and drier conditions (Noce et al. 2017). However, 

other studies point out opposite results (Tegel et al., 2014) or emphasize the swift recovery ability of beech after 

drought episodes (Vanhellemont et al., 2019). At the European scale, a very slight crown defoliation increase of 

2.4% and 2.2% in 20 years is observed for beech and oak in the level II plots of ICP Forests (Timmerman et al., 

2020). In addition, a 5% increase in basal area increment was detected between 1980 and 2007 for European beech 

in France as well as a 4% increase for sessile oak and 3% decline for pedonculate oak (Charru et al. 2017). Forrester 

et al. (2021) reconstructing past growth with 3-PG obtained similar changes (12% increase in stem biomass 

between 1960 and 2010) for European beech in Switzerland. These rates of change in tree growth are intermediate 

between those we obtained with constant and changing CO2 runs. 

Even if the future climate is on average more favourable for tree growth, extreme events could occur occasionally 

and trigger a high rate of mortality. Currently, HETEROFOR does not account for vitality loss and mortality due 

to hydraulic failure, late frost, storms and biotic causes. We plan to describe the mortality by hydraulic failure and 

the damages due to late frost in the next versions of the model but accounting for pest attacks and diseases is less 

straightforward. More data and knowledge are required before all mortality causes can be adequately addressed in 

individual-based models (Hartmann et al., 2018).  
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5. CONCLUSION AND FUTURE PROSPECTS 

Our simulation results showed that the climate change could have a positive effect on forest productivity in most 

sites, except those displaying particularly warm spring and summer temperatures and a strong reduction in rainfall. 

There is however a large uncertainty on the magnitude of this effect depending on the model used for the climate 

projections, the RCP scenarios and on whether the CO2 fertilisation effect will persist or not. Apart from the CO2 

fertilisation, the main drivers of the positive changes are the increase in the vegetation period length and the 

improved water use efficiency. The negative NPP changes observed in some sites can be explained by higher 

transpiration deficit and maintenance respiration costs. While the site effect and mainly the stand characteristics 

explained the major part of the NPP variability, they showed only a limited influence on the forest response to 

climate change.  

Given the strong influence of the choice of the climate model on our results, it would be interesting to repeat the 

simulations with climate projections from other models to still better apprehend the uncertainty associated with 

this aspect. With some climate projections, water stress could be more pronounced, especially in beech stands and 

lead to productivity losses in more sites. Now that a full methodology has been created and verified, the repetition 

of new simulations will be very straightforward and could be done each time new and more accurate climate 

projections are produced or when new model developments allow better capturing the effect of climate change on 

individual tree growth.  
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6. SUPPLEMENTARY MATERIALS 

Table 5.S1: Site-dependent parameters of the dendrometric relationship used to estimate missing values of 

total tree height in the inventory file of HETEROFOR. The equation of Dhôte and de Hercée (1994) was 

used 

𝒉 =
𝝁𝟏𝟏+𝝁𝟏𝟐∗𝒂𝒈𝒆−𝟏.𝟑+𝝁𝟐.𝒈𝒊𝒓𝒕𝒉−√(𝝁𝟏𝟏+𝝁𝟏𝟐∗𝒂𝒈𝒆−𝟏.𝟑+𝝁𝟐.𝒈𝒊𝒓𝒕𝒉)

𝟐−𝟒𝝁𝟐.𝐭𝐚𝐧𝐡(𝝀𝟒).(𝝁𝟏𝟏+𝝁𝟏𝟐∗𝒂𝒈𝒆−𝟏.𝟑).𝒈𝒊𝒓𝒕𝒉

𝟐 𝐭𝐚𝐧𝐡(𝝀𝟒)
+ 𝟏. 𝟑  

Site ID  μ11 μ12 μ2 λ4 

Beech     

1 (Baileux-oak) -892.78 0.459 0.456 0.902 
1 (Baileux-beech) -102.65 0.0645 0.297 2.141 

1 (Baileux-mixed) -159.73 0.0942 0.348 1.663 

3 14.59 0.187 0.383 1.813 
4, 5, 9 2.128 0.3959 0.3027 2.616 

6 38.01 0.0 0.280 1.588 

7 2.505 0.583 0.529 0.496 
8 20.77 0.0690 0.305 2.577 

10, 13 23.012 0.111 0.468 1.053 

11 -4.743 0.358 0.361 1.21 
12 -4.743 0.358 0.361 1.21 

15 17.812 0.167 0.372 2.422 

16 17.812 0.167 0.372 2.422 
17 45.75 0 0.545 0.05 

21 6.791 0.187 0.401 2.19 

22 21.276 0.0 0.295 1.5 
23 32.383 0.061 0.42 1.029 

25, 26 5.79 0.228 0.636 0.612 

27 -105.655 1.367 0.322 1.704 
28 7.778 0.283 0.43 1.447 

31, 32 5.391 0.344 0.352 2.641 

Oak     
1 (Baileux-oak) -526.92 0.276 0.439 1.0 

1 (Baileux-beech) -134.35 0.0804 0.560 1.0 

1 (Baileux-mixed) -326.11 0.178 0.452 1.0 
2 23.56 0.0 0.336 1.0 

4 -0.9318 0.4945 0.6102 0.2716 

6 35.54 0.0 0.496 1.0 
7 64.71 0.0 0.127 2.0 

8 15.68 0.154 0.492 1.0 

10, 13, 14 16.86 0.148 0.344 2.017 
11 16.86 0.148 0.344 2.017 

12 23.021 0.093 0.446 0.874 

17, 18 10.51 0.216 0.356 1.648 
19 18.068 0.268 0.444 1.0 

20 6.375 0.414 0.467 1.003 

21 21.425 0.171 0.414 1.0 
23 31.165 0.055 0.379 1.0 

24 24.7 0.234 0.841 0.1 

28, 29 -18.139 0.523 0.362 2.155 
30 28.915 0 0.37 1.909 

32 9.857 0.26 0.441 2.017 
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Table 5.S2: Site-dependent parameters of the dendrometric relationship used to estimate missing values of 

crown base height. An equation predicting the fraction of the total height corresponding to the crown base 

height was used 

𝒉𝒄𝒃% = 𝒆𝒂 ∗ 𝒈𝒊𝒓𝒕𝒉𝒃 ∗ 𝒂𝒈𝒆𝒄 

Site ID  a b c conditions 

Beech     

1 (Baileux-oak) 154.65 -0.187 -20.31  

1 (Baileux-beech) 0.464 -0.191 0.0  
1 (Baileux-mixed) 143.63 0.154 -19.05  

3, 6, 7, 8 -1.497 0.159 0.0  

4, 5 4.215 -0.4995 -0.8724 tree height <22.5m 
4, 5 1.853 -0.4031 -0.153 tree height >=22.5m 

9 1.569 -0.3731 -0.1526  

10, 16, 27, 28 8.39 -0.127 -1.909  
11 -1.116 -0.207 0.348  
12, 15 -4.251 -0.222 1.011  
17 0.00944 -0.169 0.0  
21 -1.603 0.182 0.0  
22 -3.516 -0.405 0.947  
23 1.698 -0.524 0.0  
25, 26 0.05 -0.118 0.0  
31 0.403 -0.214 0.0  
32 0.153 -0.193 0.0  
Oak     

1 (Baileux-oak) 122.36 -0.278 -15.98  
1 (Baileux-beech) 0.467 -0.166 0.0  
1 (Baileux-mixed) 0.767 -0.231   

2, 6, 7, 19, 20 0.573 -0.232 0.0  

3     
4 0.7991 -0.3095 0.0  

8     

10, 14, 16, 28 ,29, 30 3.394 -0.116 -0.814  
11, 13 -10.544 -0.208 2.274  
12 -0.3857 0.0 0.0  
17, 18 -0.1 -0.137 0.0 tree girth < 200 cm 
17, 18 -0.713 0.0 0.0 tree girth >= 200 cm 

21 -0.403 0.0 0.0  
23 0.918 -0.29 0.0  
24 -0.1453 -0.1084 0.07169  
32 1.623 -0.483 0.0  

 

Table 5.S3: Site-dependent parameters of the dendrometric relationship used to estimate missing values of 

the height of largest crown extension. An equation predicting the fraction of the total height 

corresponding to the height of largest crown extension was used 

𝒉𝒍𝒄𝒆% = 𝒆𝒂 ∗ 𝒈𝒊𝒓𝒕𝒉𝒃 ∗ 𝒂𝒈𝒆𝒄 

Site ID a b c 

Beech    

1 (Baileux-oak) -107.30 0.0 14.06 
1 (Baileux-beech) -85.53 -0.0568 11.25 

1 (Baileux-mixed) -0.854 0.127 0.0 

3 -6.192 0.0 1.360 
6 -6.774 0.127 1.188 

7 -2.294 0.164 0.229 

8 -5.751 0.0 1.212 
others -0.640 0.0790 0.0 

Oak    

1 (Baileux-oak) -125.26 -0.199 16.56 
1 (Baileux-beech) 0.0660 -0.0591 0.0 

1 (Baileux-mixed) -50.22 -0.103 6.645 

2 -9.078 -0.174 1.975 
6 -1.793 -0.266 0.601 

7 4.917 -2.236 1.574 

8 -0.843 -0.128 0.227 
others 0.155 -0.0788 0.0 
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Table 5.S4: Site-dependent parameters of the dendrometric relationship used to estimate missing values of 

crown radius. An equation predicting the crown to stem diameter ratio (Dd in m m-1) was used  

𝑫𝒅 = 𝒆𝒂 ∗ 𝒈𝒊𝒓𝒕𝒉𝒃 ∗ 𝒂𝒈𝒆𝒄 

Site ID a1 b1 c1 

Beech    
10, 11, 13, 16 4.804 -0.504 0.16 

12 6.246 -0.691 0.0 

15 4.1 -0.226 0.0 
21, 22, 23 4.509 -0.304 0.0 

others 5.926 -0.582 0.0 

Oak    
10, 14 2.982 0.0 0.0 

11, 13 2.477 0.0 0.0 

12 2.833 0.0 0.0 
19, 20, 21, 23 3.01 0.0 0.0 

24 2.323 0.0 0.0 

others 3.697 -0.138 0.0 
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Table 5.S5. Description of model parameters for Sessile/Pedunculate oak and European beech and origin 

of their value. 
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Table 5.S6: Average NPP values in real sites during the historical period (1976-2005) and the scenarios 

RCP4.5 and RCP8.5 (2071-2100) in the different sites used for the calibration and evaluation of the model 

under the constant and changing CO2 modalities and the site-dependent CUE function. The results are 

presented separately for the simulations made with the two types of climate projections (CNRM-ALARO 

and IPSL-RCA4). 

Site NPP CNRM-ALARO  

(constant CO2) 

NPP CNRM-ALARO 

(changing CO2) 

NPP IPSL-RCA4  

(constant CO2) 

NPP IPSL-RCA4  

(changing CO2) 

 
Hist 4.5 8.5 Hist 4.5 8.5 Hist 4.5 8.5 Hist 4.5 8.5 

Baileux-oak (BE)  990.0 999.1 1008.9 966.7 1108.7 1252.8 887.3 837.2 717.8 871.2 998.0 1069.3 

Baileux-beech (BE) 909.6 965.9 1032.3 888.4 1065.6 1262.1 867.3 947.9 897.8 842.6 1090.9 1182.6 
Baileux-mixed (BE) 1103.7 1164.9 1230.9 1077.4 1285.6 1504.4 1045.0 1115.4 1045.9 1017.1 1284.3 1393.4 

Chimay (BE)  832.2 725.8 605.7 808.7 818.0 776.1 772.1 581.7 415.4 743.2 706.6 617.4 
Eupen (BE)  714.9 786.1 874.5 697.8 868.1 1068.2 689.9 776.8 785.6 671.4 904.5 1037.9 

Gontrode (BE) 1007.4 1031.4 1064.1 978.6 1163.4 1327.0 937.9 959.0 886.1 920.9 1140.5 1217.6 

Hoeilaart (BE) 1253.4 1299.7 1355.9 1218.3 1471.7 1731.9 1178.7 1245.4 1202.9 1143.9 1448.8 1611.2 
Louvain-la-Neuve (BE)  911.5 948.3 998.4 887.5 1062.0 1234.7 842.3 884.3 850.1 817.6 1026.8 1136.2 

Virton (BE)  951.4 1013.0 1062.2 911.9 1205.9 1490.2 838.0 810.6 768.1 805.6 1015.5 1176.1 

Wellin (BE) 903.9 961.9 1030.3 879.6 1071.3 1275.4 748.7 827.2 824.9 726.1 969.5 1102.0 

Wijnendale (BE)  888.9 944.1 992.8 863.9 1068.4 1254.1 831.3 899.6 876.4 805.6 1044.1 1158.4 

Bavaria-North (DE) 1061.8 1056.4 1020.3 1029.4 1220.0 1349.4 1125.4 1082.9 966.8 1089.3 1278.9 1349.8 

Bavaria-South (DE) 1003.1 1085.6 1130.4 979.1 1201.0 1396.8 1009.4 1145.3 1158.7 982.1 1302.8 1486.0 
North Rhine-W. (DE) 857.6 923.2 988.3 840.6 1003.7 1158.6 833.9 963.1 939.4 815.7 1069.5 1137.6 

Saarland (DE) 930.3 965.2 963.9 903.8 1078.2 1208.0 895.9 900.6 821.4 866.7 1065.1 1152.9 

Saxony (DE) 621.9 644.3 626.0 597.8 739.1 828.1 600.1 595.8 574.3 579.3 701.6 776.6 
Schleswig-H. (DE)  1049.8 1096.0 1150.8 1021.8 1249.6 1466.4 1010.1 1101.7 1073.6 980.6 1267.3 1377.0 

Thuringia (DE) 864.6 937.3 995.1 839.5 1072.1 1287.5 857.0 926.0 937.5 830.5 1086.3 1255.1 

Suserup (DK)  1195.5 1290.3 1325.7 1160.0 1453.1 1700.3 1227.7 1330.8 1298.7 1190.7 1530.5 1656.5 
Vestkoven (DK) 685.5 737.1 727.3 661.6 835.4 935.4 691.5 729.2 656.3 669.3 839.5 859.6 

CHP40 (FR)  1073.4 1041.3 926.1 1037.8 1196.6 1245.0 933.7 808.8 646.5 899.7 983.6 1009.7 

CHP65 (FR)  1257.7 1233.5 1125.8 1218.8 1431.1 1529.5 994.0 851.3 699.5 954.7 1040.2 1087.7 
CHS72 (FR)  1435.6 1370.1 1305.4 1376.9 1662.9 1963.4 1268.8 1137.8 1005.7 1215.7 1419.2 1594.2 

HET 30 (FR)  637.0 709.5 769.6 620.3 805.8 994.6 665.0 699.1 640.4 639.7 831.6 948.4 

HET 64 (FR)  658.3 678.4 668.0 641.0 754.5 841.4 739.1 706.6 622.5 712.7 841.2 921.1 
Alice Holt (GB) 677.8 716.6 737.2 649.7 847.3 1015.0 633.1 634.2 592.8 607.5 772.0 844.0 

Cansiglio-innov (IT) 874.4 974.5 1030.1 853.3 1123.6 1366.1 837.0 856.1 858.2 803.8 1028.6 1284.6 

Cansiglio-trad (IT)  592.2 686.9 728.8 575.5 800.2 976.4 577.5 600.0 600.6 557.6 735.6 906.2 
Cansiglio-unman (IT) 576.6 674.7 703.8 564.3 757.7 896.1 594.3 616.3 615.7 574.6 748.9 905.5 

Collelongo (IT)  741.8 841.1 871.3 720.0 968.5 1187.8 645.8 689.0 716.2 618.9 863.8 1150.1 

Bircza (PL)  713.6 768.9 783.8 692.4 867.5 992.7 735.4 800.3 824.6 713.6 930.2 1102.5 
Gdansk (PL)  912.8 978.4 983.7 887.7 1097.0 1228.8 905.8 1023.5 982.3 882.5 1153.1 1208.2 

Krotoszyn (PL)  1210.1 1246.3 1193.7 1174.8 1405.5 1524.9 1186.4 1216.3 1116.9 1147.8 1408.0 1459.6 

Lack (PL)  1031.2 1061.4 1008.0 1002.4 1190.5 1271.2 1011.8 1035.3 953.9 980.9 1184.0 1216.9 
Fundata (RO) 614.3 713.3 747.1 603.6 773.9 885.3 668.7 777.2 802.5 645.2 911.1 1136.3 

Mihaesti (RO) 1093.6 1110.1 1092.6 1059.1 1275.5 1429.5 1131.1 1126.5 1072.0 1088.0 1341.9 1544.6 
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Table 5.S7: Estimate, P value and partial R² of the parameters of a multivariate linear model used to 

identify the stand, soil and climate characteristics that best explain the NPP (a) or NPP change (b) 

variability across virtual sites and climate scenarios with constant (left) and changing over time (right) 

atmospheric CO2 concentration. The simulations made based on the two types of climate projections 

(CNRM-ALARO and IPSL-RCA4) were included in the analysis. BA corresponds to the stand basal area, 

% beech to the beech percentage regarding the basal area, dbh SD to the standard deviation of dbh, MT 

VP and Rain VP to the mean temperature and rainfall during the vegetation period averaged for the 

historical period and Delta Rain to the change in annual rainfall between the historical period and the 

RCP scenario considered. 

 Constant CO2 Changing CO2 

 Effect Estimate P value Partial R² Estimate P value Partial R² 

a) NPP (gC m−2 yr-1) 

intercept -354.60 <.0001  -658.67 <.0001  

mean dbh 6.22 <.0001 0.177 7.34 <.0001 0.139 

BA 19.27 <.0001 0.016 22.72 <.0001 0.012 

% beech -2.21 <.0001 0.054 -2.63 <.0001 0.044 

dbh SD 3.31 <.0001 0.017 3.88 <.0001 0.012 

MEW 0.62 <.0001 0.118 0.58 <.0001 0.061 

[CO2]atm    0.80 <.0001 0.267 

MAT 58.77 <.0001 0.057 65.66 <.0001 0.041 

MT VP -42.59 <.0001 0.028 -50.93 <.0001 0.019 

Rain VP 0.22 <.0001 0.033    

Total   0.499   0.594 

b) NPP change (gC m−2 yr-1) 

intercept  380.88  <.0001   409.81  <.0001     

mean dbh     3.39  <.0001  0.080  

BA     8.51  <.0001  0.035  

% beech  0.61  <.0001  0.024     

MEW  0.16  <.0001  0.021     

MT VP -34.98  <.0001  0.174  -37.04  <.0001  0.119  

Rain VP 0.16  <.0001  0.046     

Delta Rain  0.33  <.0001  0.102     

Total    0.367    0.234  
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Figure 5.S1: Comparison of the observed and predicted height increment aggregated by 10 cm girth 

classes for beech (left) and oak (right) and for the three CUE calculation modalities: constant ratio (top), 

general function (middle) and site-dependent function (bottom). The prediction quality is assessed based 

on the relative bias, the Pearson’s r and the Deming regression test (position of the identity line (solid line) 

with respect to the confidence interval of the regression line (dashed line)). 
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Figure 5.S2: Comparison of the observed and predicted girth increment aggregated by 10 cm girth classes 

for beech (left) and oak (right) and for the three CUE calculation modalities: constant ratio (top), general 

function (middle) and site-dependent function (bottom). The prediction quality is assessed based on the 

relative bias, the Pearson’s r and the Deming regression test (position of the identity line (solid line) with 

respect to the confidence interval of the regression line (dashed line)). 
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Figure 5.S3: Comparison of the observed and predicted height increment based on the general CUE 

function, aggregated by 10 cm girth classes for beech (left) and oak trees (right) and for the calibration 

(top) and the evaluation (bottom) sites. The prediction quality is assessed based on the relative bias, the 

Pearson’s r and the Deming regression test (position of the identity line (solid line) with respect to the 

confidence interval of the regression line (dashed line)). 

  



163 

 

 

Beech Oak 

  

 
 

Figure 5.S4: Comparison of the budburst (top) and yellowing (bottom) dates in virtual sites simulated for 

the historical period (1976-2005) and for the future (2071-2099) according to two RCP scenarios; three 

climate types were considered as well as both tree species. The horizontal line corresponds to the median, 

the box ends indicate the 25th and 75th percentiles and the whiskers show the values above and below these 

quartiles within 1.5 interquartile. For a same climate type, scenarios with common letters are not 

significantly different (paired Wilcoxon signed- rank between RCP4.5 and RCP8.5 and unpaired Mann-

Whitney test between historical and RCP scenarios). The simulations made based on the two types of 

climate projections (CNRM-ALARO and IPSL-RCA4) were included in the analysis. 
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Figure 5.S5: Comparison of the simulated annual NPP in virtual sites among RCP scenarios (2071-2099) 

and the historical period (1976-2005) for the two atmospheric CO2 modalities:  highlighting of the climate 

zone, soil water reserve (MEW) and stand type effects. For each box, the horizontal line corresponds to 

the median, the ends indicate the 25th and 75th percentiles and the whiskers show the values above and 

below these quartiles within 1.5 interquartile. For a same stand, soil or climate type, scenarios with 

common letters are not significantly different (paired Wilcoxon signed- rank between RCP4.5 and RCP8.5 

and unpaired Mann-Whitney test between historical and RCP scenarios). The simulations made based on 

the two types of climate projections (CNRM-ALARO and IPSL-RCA4) were included in the analysis.  
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Figure 5.S6: Comparison of the lowest simulated annual NPP values (< 7th percentile) in virtual sites 

among RCP scenarios (2071-2099) and the historical period (1976-2005) for the two atmospheric CO2 

modalities:  highlighting of the climate zone, soil water reserve (MEW) and stand type effects. For each 

box, the horizontal line corresponds to the median, the ends indicate the 25th and 75th percentiles and the 

whiskers show the values above and below these quartiles within 1.5 interquartile. For a same stand, soil 

or climate type, scenarios with common letters are not significantly different (paired Wilcoxon signed- 

rank between RCP4.5 and RCP8.5 and unpaired Mann-Whitney test between historical and RCP 

scenarios). The simulations made based on the two types of climate projections (CNRM-ALARO and 

IPSL-RCA4) were included in the analysis. 
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DISCUSSION AND CONCLUSION: MAIN FINDINGS AND 

PERSPECTIVES 

In the uncertain context of global changes, mixed and uneven-aged stands have received a lot of attention due to 

their supposed higher resilience to abiotic and biotic stressors. This has led, in temperate Europe, to a continuous 

increase in the proportion of monospecific even-aged forests turned into more complex stands. However, there is 

a lack of information on the way these structurally-complex stands will respond to climate change. Individual-

based spatially explicit models are among the tools that exist to study the impact of climate change on forest while 

accounting for the stand structure complexity. Yet, they are usually calibrated on a restricted number of sites due 

to their important initialization data requirements. 

To address some of the shortcomings highlighted, I pursued the following objectives in my thesis: 

(i) Adapt an individual-based model to account for the climate sensitive processes and for the stand structure effect 

on the forest ecosystem functioning  

(ii) Evaluate and calibrate the model over a large range of environmental conditions and stand structures across 

the temperate European region 

(iii) Use the model to predict the response of oak and beech growth to climate change and assess how it is 

modulated by the different site components (climate, soil and stand) with a particular focus on the stand effect 

I will discuss in this section the main progresses and findings related to each objective and suggest some further 

research perspectives. 

1. OBJECTIVE I: ADAPTATION OF THE INDIVIDUAL-BASED MODEL HETEROFOR TO 

ACCOUNT FOR THE IMPACT OF CLIMATE CHANGE IN HETEROGENEOUS FORESTS 

At the beginning of my thesis, a first version of HETEROFOR was already existing and was able to simulate 

individual tree growth based on local light conditions using the radiative transfer module SAMSARALIGHT and 

a PAR use efficiency approach coupled to a carbon allocation module. Then, the main processes through which 

climate influence tree growth were introduced in the model. I developed the phenological and water balance 

modules while the photosynthesis and the respiration routines were elaborated by other team members. 

Phenology 

Phenology is a complex and multifactorial process, which functioning is still imperfectly understood in spite of 

the major progresses realised over the last decades, making its modelling particularly difficult (Piao et al., 2018). 

Most of the phenological models can be seen as hybrid models as they integrate the driving variables triggering 
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the different phenological phases but using empirical response functions. For budburst, models are often classified 

into one and two-phase models whether they account or not for the chilling in addition to the forcing period. 

As there is no consensus on whether one approach is better than the other (Fu et al., 2014; Basler, 2016; Melaas et 

al., 2016), we implemented the two options in the model. In addition, two different chilling temperature response 

functions were considered: a sigmoid function very modular but more difficult to calibrate and a more 

straightforward optimum function. The integration of several phenological models is interesting in order to assess 

the conceptual uncertainty related to this process. Moreover, it is assumed that the performance of one-phase 

models is better when chilling requirements are always fulfilled (Leinonen and Kramer, 2002; Fu et al., 2014a). 

Another originality of HETEROFOR is the possibility to account for inter-individual variations in budburst, 

yellowing and falling dates. Within a same stand, the budburst and senescence periods vary a lot among the 

individuals of a same species. This variation range corresponds to 19 and 26 days, respectively, which is 

comparable to the differences observed along an altitudinal gradient of 560 and 1300m (Delpierre et al., 2017). 

These large inter-individual variations are generally not accounted for in individual-based models (IBMs) due to 

the lack of knowledge on the processes driving these differences and to the limited availability of individual 

phenological observations. Ontogeny is supposed to be one of the main factors explaining the inter-individual 

variability as demonstrated by Vitasse et al. (2009). This effect is however difficult to disentangle from the warmer 

temperatures found in spring in the understory due to the canopy buffering effect (Zellweger et al., 2019) since 

they produce the same effect, an earlier budburst of younger/smaller trees. However, the micro-climate seems to 

play a secondary role compared to ontogeny (Vitasse et al., 2009). Among individuals of the same development 

stage, the influence of other variables such as genetics and local water availability is confirmed by the high inter-

annual repetition in phenological ranking between trees (Delpierre et al., 2017).  

In HETEROFOR, we rely on the assumption that tree size (as proxy of tree age) is the only driver of the intra-

species variability. This is a rough and simplistic assumption that is partly verified when considering trees of 

different development stages but it allows to evaluate the possible magnitude of the temporal niche partitioning 

(or avoidance strategy) between trees in the dominant canopy layer and in the understorey (Gill et al., 1998; Seiwa, 

1999a; Augspurger and Bartlett, 2003; Schieber, 2006; Vitasse, 2013; Gressler et al., 2015). Considering this 

mechanism lengthens the vegetation period of smaller trees and, subsequently, enhances their productivity. To 

quantify this effect, I ran a couple of additional simulations. It appeared that, in its current form, compared to the 

stand-based approach, the individual phenology generates a NPP increase of the smallest trees that mostly ranges 

between 5 and 24% and a relatively steady NPP reduction of the tallest ones comprised between 1 and 7%. The 

use of the individual phenology option allowed to offset some of the slight underestimation (overestimation) of 

radial growth in smaller (taller) trees (Chap. 2). 

To improve the modelling of the inter-individual variability, we could use a multifactorial model including other 

explanatory variables than the tree size and consider explicitly a random component to account for the unexplained 

variability that can be partly ascribed to the genetic differences among trees. Marchand et al. (2020) fitted a 

statistical model using phenological observations and explained 60% of budburst inter-individual variability when 

considering the site, species and tree size effects and 66% when considering in addition the onset of senescence 
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and the cessation of wood formation of the previous year. In a perspective of using the model more as a tool for 

integrating monitoring data and understanding forest ecosystem functioning (rather than for predicting future forest 

growth), we could add the possibility to provide an input file with the ranking of trees for budburst and yellowing, 

taking advantage of the high repeatability of phenology inter-individual ranking. The model would only estimate 

the averaged budburst/yellowing date and the number of days between the first and last tree. All these model 

improvements should be calibrated and evaluated at the individual scale but such data are lacking since long-term 

monitoring usually only focus on a couple of representative trees. 

An interesting experiment would be to combine individual phenological assessments with local meteorological 

measurements in forests with contrasted stand structures. This would allow to disentangle the ontogeny from the 

microclimate effect on individual phenology, to estimate the genetics differences and to evaluate the climate 

sensitivity of trees at different ages, which is still a big uncertainty source as warming experiments are essentially 

conducted on saplings (Piao et al., 2018). In addition, it would provide materials to integrate the buffering effect 

of canopy on air temperature and the vertical temperature profile in the model. Currently, air temperature is 

considered the same everywhere in the stand and usually corresponds to values taken from close meteorological 

stations. Yet, according to De Frenne et al. (2019) who compared temperature under the canopy and in the open, 

on average over the whole year, mean and maximum temperatures in the understory are lowered by 1.7 and 4.1°C, 

respectively and minimum temperatures are 1.1°C higher with important seasonal variations. The magnitude of 

this buffering effect is totally relevant compared to the expected climate warming. To include this effect, a radiative 

balance module could be implemented but while being relatively simple in dense and homogeneous forests, they 

are found to be particularly complex in heterogeneous forests (Bailey et al., 2016). Another option would be to use 

empirical models that consider different stand properties like canopy cover and openness, basal area, tree height, 

species shade-casting ability, shrub density or topographic position (Kovács et al., 2017; Zellweger et al., 2019). 

With a refined description of inter-individual variations and of the vertical profile in air temperature, it would then 

be possible to take into account the effect of frost episodes on forests and particularly on young trees and saplings, 

which susceptibility and sensitivity are higher. Indeed, paradoxically, climate warming could increase the risk of 

such events due to earlier budburst (Vitasse et al., 2014; Hänninen et al., 2016; Ma et al., 2019; Liu et al., 2018).  

Finally, further developments would also be interesting regarding the calculation of the different phenological 

states. Indeed, it is known that other variables than the single air temperature affect budburst such as water 

availability (Schmull and Thomas, 2000; Peñuelas et al., 2004; Fu et al., 2014b) or photoperiod (Basler and Körner, 

2012; Vitasse and Basler, 2013; Laube et al., 2014). Similarly, leaf yellowing is not only affected by air 

temperature and photoperiod. A positive correlation between budburst and senescence was pointed out so that 

earlier leafing triggers earlier senescence and inversely (Fu et al., 2014c; Keenan and Richardson, 2015) and 

drought conditions can accelerate leaf yellowing occurrence (Xie et al., 2015; Liu et al., 2016; Massonnet et al., 

2021). Still, fully empirical models accounting for numerous driving variables were found to improve only slightly 

modelling results or even decrease them while increasing the data requirements for calibration (Basler, 2016; 

Gauzere et al., 2017; Zohner et al., 2020). Therefore, a better knowledge of how these variables affect phenology 

and interact seems necessary before they can be efficiently introduced in models. 
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Water balance module 

Soil water availability is likely to be one of the main factors controlling future forest response to climate change. 

Different water pools and fluxes interact to fill or deplete the different soil horizons. In order to provide reliable 

simulations, a process-based approach with a fine level of spatial detail is crucial. 

With respect to the other tree growth models, HETEROFOR displays some unique features. First, it separates the 

rainfall in two fluxes (throughfall and stemflow) and two interception pools (foliage and bark water storage), which 

are function of individual characteristics while rainfall partitioning is absent in most forest growth models (Table 

3.5) and, when included, it only relies on general stand properties (Muzylo et al., 2009). Similarly, unlike most 

other models, tree transpiration is calculated individually based on tree characteristics (stomatal conductance 

depending on tree species and height) as well as of the micrometeorological conditions (local light availability and 

wind speed). A third element is the combination of Darcy equations with a procedure that ensure mass conservation 

to calculate soil water movements. This approach is not the state-of-the-art in soil flux calculation but its 

intermediate complexity level allows to calculate upward and downward water fluxes for all trees over several 

decades. This cannot be achieved by the numerous models using a bucket model approach, which fluxes are only 

downward, neither by models solving Richards equations that are too computationally expensive to be conducted 

on discretized soils and/or long term simulations. Finally, the possibility of conducting the water cycle calculation 

at the stand or individual scale is an additional specificity of HETEROFOR. The underlying assumption is whether 

soil water is horizontally redistributed or not. When the water cycle is calculated at the stand scale, an infinite soil 

horizontal conductance is considered whereas the individual option allocates a soil volume (pedon) to each tree, 

function of its leaf area, and no exchanges occur between the pedons of different trees.  

The influence of the individual and stand approaches on soil water content and tree transpiration was demonstrated 

in Chap. 2. It appeared that transpiration was better predicted for beech and remained relatively unchanged for oak 

with the individual approach. It was assumed that the better results originated from the fact that the evaluation was 

conducted during the exceptionally dry year of 2003. Indeed, a dry soil has lower conductance and, subsequently, 

the assumption of no water exchange between pedons could be closer to the reality than a total horizontal water 

redistribution. The comparison of the two approaches also revealed significant differences in the soil water content 

between pedons, highlighting the interest of considering the two options. Finally, it is interesting to note that, for 

the three sites tested, the average of the individual soil water content under the individual approach was slightly 

lower than that obtained for the stand approach, probably due to higher water losses through deep drainage.   

Some improvements could be brought to the description of the water cycle. Regarding the aboveground 

component, the estimation of individual evaporative demand would benefit from a vertical differentiation of air 

temperature inside the canopy as described for phenology. Furthermore, the representation of the soil-plant-

atmosphere continuum would provide a good framework to implement mortality caused by hydraulic failure, leaf 

and branch fall and irreversible conductance loss due to vessel embolization or xylem shrinkage during severe 

drought episodes and would account for the higher drought sensitivity of tall trees (Bennett et al., 2015; Stovall et 

al., 2019). A soil-plant hydraulic model, SurEau, accounting for tree individual characteristics and providing 
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mortality probability (Martin St-Paul et al., 2017) could be easily coupled to HETEROFOR as it is implemented 

in the same modelling platform CAPSIS. 

For belowground processes, it is clear that the reality lies between the two assumptions of null or infinite horizontal 

conductance. An intermediate approach would be to calculate exchanges between pedons using, for example, 

Thiessen polygons but this would require some code optimisation as computation time is already very high with 

the individual option. A much more straightforward improvement would be to differentiate vertical root 

distribution at the species or individual-scale. It would allow to account for soil water facilitation (water from the 

deeper soil horizons transferred in the upper horizons by trees with deeper root systems to trees with shallower 

roots) (Grossiord, 2019) when the water balance is run at the stand scale. While the species-specific option seems 

relatively easy to achieve, calculating individual root distribution does not seem reasonable nor relevant. Indeed, 

in the study sites considered, the soil depth varies from 0.5 to 1.5 m. If one considers a vertical root development 

of 25 cm per year (Collet et al., 2006), the bottom of the soil profile would be reached after 2 to 6 years by seedling 

roots. Yet, in HETEROFOR, trees are recruited at a height of 12 m which correspond to 25-30 years old trees. So, 

when trees are recruited (individualized in HETEROFOR), they already have a vertical fine root development 

similar to that of the adult trees.  In addition, most of the fine roots are located within the upper soil horizon (Claus 

and George, 2005) and the vertical fine root profile appears only slightly affected by tree age (Bakker et al., 2008; 

Claus and George, 2005). 

Respiration 

In the HETEROFOR model, two options can be used to account for maintenance respiration. Maintenance 

respiration is either considered as a proportion of the gross primary production (GPP) based on the concept of 

carbon use efficiency (CUE) or calculated hourly for each tree compartment by considering the nitrogen content 

of its living biomass and a Q10 function for the temperature dependency. These two options correspond to the two 

main approaches used in forest modelling.  

The CUE approach was popularized by Waring et al. (1998) who published a paper showing that CUE was nearly 

constant (0.47 ± 0.04 SD). This result considerably simplified the modelling of tree respiration and was adopted 

in many models (e.g. 3-PG, HyLand, 4C, BASFOR, early versions of 3D-CMCC-FEM). Collalti and Prentice 

(2019), in a review, show that since the publication of Waring’s paper, other measurement studies were conducted, 

some confirming the value of 0.47 (e.g., Gifford, 1995; Law et al., 1999; Litton et al., 2007; Peichl et al. 2010, 

Sun et al. 2014), others highlighting significant site variations (e.g. Medlyn and Dewar, 1999; Cannel and 

Thornley, 2000; Amthor, 2000) or the influence of height (Vaninen and Makela, 2005), stand age (Ryan et al., 

2004; DeLucia et al., 2007; Thronley, 2011) or temperature (Gifford, 2003; Piao et al., 2010; Collalti et al., 2020). 

The main conclusion of this review was that variations in CUE are too important to be neglected even if 0.47 is a 

good average value (Collalti and Prentice, 2019). 

The approach calculating respiration for each tree compartment and taking the temperature dependency into 

account was inspired by the work of Ryan et al. (1991). Theoretically, this approach is more appropriate to simulate 

the impact of climate change, but this is at the expense of much less accurate predictions at the tree level (Jonard 

et al., 2020). In addition, several studies showed that a thermal acclimation of the respiration process could occur 
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(Way and Oren, 2010; Way and Yamori, 2014). In this case, the temperature dependency should depend on the 

mean air temperature, such as is done in 3D-CMCC (Collalti et al., 2018). This thermal acclimation probably 

results in a more synchronized respiration and photosynthesis sensitivity to temperature than initially thought. 

With the improvements they received with time, the two approaches seem to converge. I chose to make the 

simulations with the CUE approach since it provides much more accurate predictions at the individual level. In 

addition, the acclimation mechanism is not yet described in HETEROFOR. In the CUE approach, the effect of the 

mean air temperature was considered and its magnitude was in agreement with that generated by the temperature 

dependent approach. In addition, as many tree characteristics are taken into account to estimate CUE, this approach 

can be used to simulate long-term forest dynamics. 

Individual-based approach 

I have already demonstrated the interest of using an individual-based approach for modelling tree growth from a 

theoretical point of view and showed the differences generated when phenology and water cycle are considered at 

the individual or at the stand scale. However, HETEROFOR allows testing a posteriori the added-value of using 

an spatially explicit IBM compared to stand or cohort-based models. Indeed, cohort-based models account for the 

vertical heterogeneity but do not differentiate stands of the same species composition and tree-size distribution but 

displaying contrasted spatial aggregations of trees. 

Therefore, I evaluated how changing tree spatial distribution and restricting the individual approach into a cohort 

approach affected simulation outputs. The results from this sensitivity analysis showed that differences in tree 

spatial distribution generated changes in LAI ranging from -35% to +23% and in annual transpiration between -

25% and +9% depending on the year and on the cohort considered. In addition, the clustering in cohorts induced 

differences from -9% to +30% for the LAI and from -10% to +6% for the annual transpiration (Fig. 5.S2 and Fig. 

5.S3). These effects were more pronounced at the cohort than at the stand scale as cohorts responded differently 

and partly offset each other at the stand level. These results indicate that HETEROFOR is sensitive to the tree 

spatial distribution and to the clustering in cohorts as expected. All the methodology, results and figures associated 

with this sensitivity analysis  are presented in the supplementary materials. 

Another element showing that HETEROFOR integrates complex structure effects is that, among the proportion of 

NPP variability explained by the stand effect (Table 5.4), only 60% was explained by stand-scale variables (Table 

5.S7). The remaining variability (40%) is likely to come from structure effects more complex and more difficult 

to summarize with a few variables. 

The influence of the modelling approach and spatial aggregation was highlighted in the sensitivity analysis 

presented here but this modelling exercise should be conducted on more sites and variables (NPP, basal area, mean 

tree height). In addition, other simulations could be conducted to highlight the structure effect (uneven-aged stands 

vs series of even-aged stands), the species composition effect (mixed stands vs corresponding pure stands), spatial 

resolution effect (stand vs cohort vs individual-based approach). Unfortunately, I was not able to conduct these 

sensitivity analyses myself by lack of time. 
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2. OBJECTIVE II: EVALUATION OF THE MODEL PREDICTIVE ABILITY 

I focused the evaluation on the newly implemented phenology and water cycle modules as well as on tree growth, 

an integrative variable, for a large range of environmental conditions. This two-step evaluation is crucial to 

increase the reliability of tree growth projections under changing conditions. Indeed, a model must accurately 

reproduce the observed tree growth as well as the underlying processes of resource acquisition (Soares et al., 1995). 

A model based on a poor process description could provide accurate predictions for past conditions thanks to some 

compensations achieved during the calibration phase. This becomes however problematic when the model is used 

for projections in future unexperienced conditions.  

The phenological evaluation was itself conducted in two steps. First, the three budburst models were calibrated 

using data from sites of the PEP725 network located in the Western part of Germany and evaluated against 

independent observations from 6 Walloon sites (Chap. 2). In a second step, an existing set of parameters 

corresponding to the two-phase budburst models (optimum model for oak and sigmoid model for beech) calibrated 

over Central Europe was used and evaluated against observations from different European sites in Belgium, 

Germany, France and Romania (Chap. 3). 

The main findings linked to this evaluation were that the model accounting only for forcing (one phase sigmoid 

model) best accounted for the inter-annual variability at the Walloon scale when calibrated on nearby region (Chap. 

2). However, the two-phase models calibrated over Central Europe displayed better statistical results at the 

European scale. They also outperformed the one-phase model when used on the Walloon sites only. Therefore, I 

recommend to use two-phase models when the calibration is based on a large range of conditions, especially warm 

sites so that the chilling requirements can be better estimated. One-phase model should be preferred when few or 

only very local observations are available. 

The integration of different phenological models is interesting in order to assess the conceptual uncertainty related 

to this process but also to make multi-model comparison that can provide better estimations. In my case, for the 

Walloon sites, the budburst date averaged on the three models outperformed each of them taken individually. 

The evaluation of the water balance module was applied on water fluxes and pools for which data were available. 

Predicted throughfall and transpiration fluxes were compared to individual-based observations while soil water 

content and deep drainage were evaluated at the stand scale (Chap. 2). An evaluation on so many water-related 

variables is rather unusual and the good results displayed for each of them deserve to be highlighted. Even more 

importantly, the fact that individual throughfall and transpiration prediction quality is consistent across the whole 

validation range (as shown by the Deming regression line) is a clear indication that a significant part of the stand 

heterogeneity effect is integrated in the model. 

Tree growth was evaluated in 36 European sites at the tree level as well as at the stand scale. The evaluation at the 

tree level was based on two aspects: individual tree height and radial increments. A good match between observed 

and predicted radial increments was found with statistical results close to those from local and empirical IBMs. 

The model predictive ability was lower for the tree height increment mainly due to the higher measurement 

uncertainty but remained satisfying (Chap. 5). In addition to the evaluation at the individual level, I conducted a 

couple of additional evaluations at the stand scale on NPP, mean dbh and mean height increment using the same 
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36 European sites. The observed NPP was estimated using the HETEROFOR routine calculating a reconstructed 

NPP for each tree based on repeated inventory data (see sect. 1.3.9 in Chap. 2). The NPP predictions were unbiased 

and their correlation with observations amounted to 0.49, which shows that the process description at the individual 

level provide reliable predictions at the stand scale. The predicted mean dbh and height increments were also non-

significantly biased (-2.7 and +1.4%, respectively) and their correlations with observations amounted to 0.73 and 

0.37. When evaluated at the individual scale, Pearson’s r ranged between 0.55 and 0.79 for the first and between 

and 0.12 and 0.35 for the second. The better results obtained at the stand scale shows that the errors on the different 

tree categories partly offset each other. 

For his master thesis, Guillaume de Meue used eddy covariance data to assess how HETEROFOR predicted 

evapotranspiration and GPP in the mixed stand (beech and various conifers) of the Vielsalm ICOS site. For both 

variables, the model was able to reproduce the temporal dynamics, with however a slight overestimation regarding 

evapotranspiration (Fig. 6.S4 and 6.S5).  

Individual-based models must also be able to represent stand-level process such as the density-induced mortality, 

also called self-thinning (Berger et al., 2008). During his master thesis aiming at the development of a regeneration 

module in HETEROFOR, Brieuc Reylandt conducted long-term simulations starting from beech and oak seedlings 

growing in full light conditions. The obtained results highlighted the model ability to reproduce the empirical self-

thinning lines from Yoda (1963) and Charru et al. (2012) (Fig. 6.S6). 

As tree growth was calibrated and evaluated on a large panel of environmental and stand conditions, the model 

genericity or, in other words, the probability to correctly reproduce the mechanisms in future projections is higher. 

In addition, the fact that the model performances were not deteriorated when evaluated on an independent dataset 

demonstrated its robustness (Fig. 5.1 and 5.S3). A generic and robust model is of primal importance for providing 

reliable projections in unexperienced conditions. It is also worth noting that, to my knowledge, HETEROFOR is 

the only IBM calibrated and evaluated on sites covering such a large range of environmental conditions in 

temperate Europe.       

3. OBJECTIVE III: SIMULATION OF OAK AND BEECH INDIVIDUAL GROWTH RESPONSE TO 

CLIMATE CHANGE 

The main purpose of the project was to study the response of structurally-complex oak and beech stands to climate 

change but this could only be achieved after the adaptation, calibration and evaluation of an existing spatially-

explicit and individual-based model (HETEROFOR). I took advantage of the model properties to study specific 

objectives: the temporal changes in net primary production (NPP) according to various climate models and GHG 

emission scenarios and the identification of the main drivers of this evolution (i), the differentiation of the long-

term trend in NPP from the inter-annual and inter-site variations (ii) and the quantification of the site component 

(stand, soil and climate) contributions to  the NPP variability and to the variations of its response to climate change 

with a particular focus on the stand structure effect (iii). Linked to these objectives, different hypotheses were 

formulated about the impact of climate change on forest growth processes and the influence of site conditions on 
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this impact. Hereafter, I discuss how the results were obtained, whether they confirm or not these hypotheses and 

possible options for further research. 

How climate change will affect oak and beech tree growth in European temperate forests?  

Hypotheses: A longer vegetation period due to warmer spring and autumn conditions could increase forest 

productivity but this process could start to be limited by a slower coldness accumulation in winter and a growing 

photoperiod influence in autumn. Higher water stress levels and maintenance respiration costs generated by lower 

summer rainfall and warmer temperature could decrease forest productivity. Finally, rising atmospheric CO2 

concentration could have a double positive effect on forest growth by enhancing photosynthesis and reducing 

water loss by transpiration. 

To answer the question and test the hypotheses, a phenological and water cycling module were added to 

HETEROFOR in order to account for the influence of climate on forest growth. These modules were then 

evaluated for a large range of site conditions. The influence of temperature on maintenance respiration was 

calibrated based on a large tree growth dataset covering an important temperature spectrum. Finally, the 

simulations were run once with constant and once with changing CO2 concentrations to assess its effect on tree 

growth but also to account for the uncertainty concerning its persistence with time. 

The vegetation period lengthening induced by climate change appeared clearly in the projections across Europe 

and the increase was similarly driven by budburst and senescence for beech while budburst had the main impact 

for oak (Chap. 4 and 5). In the oceanic zone displaying the warmest temperatures, the median budburst and 

yellowing dates also occurred respectively earlier and later but the date variability considerably decreased, sign of 

a buffering effect (Chap. 5). The role of the chilling period in this dampening can be pointed out as no buffering 

trend was observed for the Walloon sites when the one-phase budburst model was used (Chap. 4). 

In the first simulation experiment on the six Walloon sites, when the CO2 and water stomatal conductance were 

not coupled, climate change was found to increase the water stress levels (Chap. 4). However, in the simulation 

study at the European scale, with a unique value of stomatal conductance for water and CO2, water stress increased 

when CO2 was constant but decreased with the changing atmospheric CO2 concentrations, except in mountainous 

areas where it remained constant (Chap. 5). For this process, the changing CO2 scenario can be considered as more 

realistic because even if the fertilizing effect of CO2 is constrained, the water use efficiency will increase in 

response to the elevated atmospheric CO2 concentrations anyway.  

Respiration costs were accounted based on a carbon use efficiency (CUE) approach (also called NPP to GPP ratio). 

For beech, as no temperature effect on CUE was detected based on the observations, I did not consider it in the 

CUE function meaning that respiration changed with temperature in the same proportion as photosynthesis. In 

contrast, as the negative temperature effect on oak CUE was significant, it was taken into account and induced a 

higher temperature impact on respiration than on photosynthesis (Chap. 5). This difference in respiration 

sensitivity to temperature explains why more negative changes in NPP were found in stands dominated by oak 

under warmer climates. However, this effect was partly cancelled out when rainfall decreases were observed due 

to the higher beech sensitivity to drought. This contrasted behaviour between oak and beech regarding respiration 

sensitivity to temperature should be confirmed by more observations and eventually by respiration measurements 
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in warming experiments. In addition, it would be interesting to known if respiration response to temperature can 

be considered as relatively uniform across species and biomes or not (Mahecha et al., 2010; Heskel et al., 2016; 

Zhang et al., 2017). 

For [CO2]cst runs, the overall impact of climate change on the forest productivity was on average slightly positive 

with more positive changes under colder climates (such as in mountainous zone) and negative ones under warmer 

and drier climates and in case of substantially lower annual rainfall. The increase in productivity was considerably 

higher under the changing CO2 modality, highlighting the influence of the fertilizing effect coupled to a better 

water use efficiency. Due to the partial compensation of the vegetation period lengthening and the increase in 

water stress and respiration under the constant CO2 modality, the impact of climate change on forest productivity 

was considerably (more than 4 times) lower than the climate internal variability. Under the changing CO2 modality, 

the climate change effect on forest productivity was approximately two times higher than the effect of internal 

variability.  

According to a couple of simulation papers and six different models using RCP4.5 or RCP8.5 climate projections 

(4C, CASTANEA, WaldPlaner, 3D-CMCC-FEM, 3PG and GOTILWA+), the median NPP change under constant 

CO2 concentration would be -2% (Lasch et al., 2002; Davi et al., 2006; Reyer et al., 2014; Albert et al., 2018; 

Collalti et al., 2018; Nölte et al., 2020) compared to the +7% found in my thesis (virtual sites and both RCP 

scenarios). However, behind this increase, both an important inter-site variability and an influence of the climate 

model choice coexist. For example, under the RCP8.5 scenario, for the simulations with the CNRM-ALARO 

projections on the real sites, NPP increased on average by 7.4% for a range between -27 and +23% whereas with 

IPSL-RCA4, the averaged NPP change amounted to -2.4% for an inter-site variability ranging from -46 to +20% 

(Chap. 5). 

The differences between the NPP projections based on CNRM-ALARO and those from IPSL-RCA4 or other 

studies was caused by strong differences in the projected summer rainfall change. Regarding the global climate 

model (GCM) projections, an important variability exists among the 36 models of the CMIP-5 ensemble used for 

the 5th IPCC report (Coppola et al., 2020). The projections of IPSL-CM5A display a decrease in summer 

precipitation over nearly all the European temperate zone as obtained by the majority of CMIP-5 models. In 

contrast, the CNRM-CM5 projections show on average higher summer precipitations (Fig. 6.1). The origin of 

CNRM-CM5 particular behaviour is unfortunately largely unknown (A. Voldoire, personal communication 2021). 

Nevertheless, the simulated precipitation changes over Europe in summer might be related to modifications of the 

circulation in the model. Dong et al. (2013) showed that a summer southward shift of the storm tracks leads to 

enhanced precipitation over the UK and North-Western Europe. Yet, in Kjellström et al. (2018), in response to a 

2°C warming (RCP8.5 scenario), ALADIN-CNRM projections display a dipole in sea-level atmospheric pressure 

that could give rise to such a southward shift of the storm tracks. This trend is however less clear when CNRM is 

associated with other regional climate models (RCMs). 

Among the RCMs of EURO-CORDEX, ALARO-0 also tends to produce higher summer precipitation. For 

example, over Belgium, the end-of-the century change in summer precipitation is on average -30% for the GCMs 
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(CMIP5), on average -12% for RCMs (EURO-CORDEX) but +4% for the ALARO-0 RCM simulation (Termonia 

et al., 2018). 

 
Figure 6.1: Change in mean precipitation and surface temperature over Europe by 2080 projected by the 

CNRM-CM5 (blue circle) and the IPSL-CM5A model (red circle) under the scenario RCP8.5 among the 

other models of the CMIP-5 ensemble (adapted from McSweeney et al., 2015) 

Even if both CNRM-ALARO and IPSL-RCA4 projections are concerned by this downscaling effect, it is 

interesting to keep in mind that RCMs of the EURO-CORDEX predict considerably lower precipitation change in 

summer and smaller temperature increase compared to their forcing GCMs. On average over Europe, GCMs 

predict a 20% precipitation decrease compared to the 5% decline obtained by RCMs. The underlying mechanisms 

are not perfectly understood but the absence of decreasing anthropogenic aerosol concentration in RCMs is pointed 

out (Boé et al., 2020). Indeed, these aerosols scatter incident shortwave radiation and their decrease led to a 

brightening and surface warming over Europe (Nabat et al., 2015) that is expected to continue in the future 

(Bellucci et al., 2015). Then, as soil moisture becomes limiting, GCMs project a stronger decrease in relative 

humidity than RCMs, lowering the precipitation occurrence probability. This phenomenon is further enhanced as 

RCMs project higher evapotranspiration rates over Mediterranean sea, bringing moisture in Southern coastal areas 

(Boé et al., 2020). As a result, all the downscaled climate projections from EURO-CORDEX could suffer from a 

bias that make them colder and wetter. 

Finally, the differences between the two climate models allows comparing the relative importance of the GHG 

emission (RCP) scenario and of the climate model in explaining the change in forest productivity. Under the 

constant CO2 modality, the climate scenario had an insignificant effect compared to the model that accounted for 

7% of the variability in productivity change. Inversely, under the changing CO2 modality, the climate scenario 

explained a larger proportion of the variability than the model (23% vs 0.2%). The influence of the climate model 

could already be seen in the Fig. 5.6 where the delta NPP values are very close between the two models for the 
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changing CO2 concentration modality but differ significantly for the constant one. This highlights again the 

important role played by CO2 effect when assessing the impact of climate change on forest productivity. 

I have mainly discussed here the impact of climate change averaged over a period. However, many papers highlight 

the importance of extreme heat and drought waves on tree growth and mortality (Fuhrer et al., 2006; Lindner et 

al., 2010; Allen et al., 2010; Teskeley et al., 2015). These extreme events are important because tree functioning 

is a complex set of non-linear mechanisms where threshold exceedance can generate positive feedbacks and totally 

deregulate the system (Thompson, 2011; Reyer et al., 2015; D’Orangeville et al., 2018). In HETEROFOR, most 

of the leaf-level processes (photosynthesis, respiration, stomatal conductance and transpiration) (Teskeley et al., 

2015) are temperature and/or water dependent and account for the impact of heat or drought waves. This could be 

seen in the simulation results as the impact of climate change on the lowest simulated annual NPP values (< 7th 

percentile) was more negative than on the whole NPP distribution (Fig. 5.S5 and 5.S6). However, this effect was 

limited. One of the reason is that, at the tree-level, while tree growth and phenology are temperature-dependent 

and can at least partially integrate the influence of intense drought and high temperature events, the influence of 

these extreme climate episodes on tree mortality and leaf shedding are not represented. Furthermore, pest and 

disease outbreaks that are critical mortality agents are often conditioned by a succession of previous drought and 

heat waves (Allen et al., 2010) and are not either included. The absence of these abrupt, non-linear mechanisms, 

which are mostly detrimental, should always be kept in mind when interpreting our simulation results.  

How the forest growth response to climate change will be modulated by the local soil, stand and climate 

conditions? 

Hypotheses: In Southern warmer sites experiencing summer rainfall reduction and under constant atmospheric 

CO2, we expected a dominance of the negative water stress and respiration effects that could be reinforced if the 

lengthening of the vegetation period became constrained. Inversely, in the cooler Northern and mountainous sites, 

we assumed that the positive effect of a longer vegetation period on forest productivity would be dominant. 

Regarding soil, the impact of water stress could be mitigated in deep soils able to accumulate large amounts of 

water during winter. Given their higher drought sensitivity and shallow root system, the water stress effect was 

supposed to be greater in beech- than oak-dominated stands. Then, stands with higher density where resource 

competition and growth potential are important, both negative and positive effects would be intensified. Similarly, 

negative and positive effects on forest growth would be enhanced in even-aged stands while more complex stands 

with separated niches would rather buffer these effects.  

To address the question of the influence of the different site components on the forest response to climate change 

with a modelling approach, some precautions must be taken. As soil, stand and climate conditions affect each 

other, an uncorrelation procedure is required. To this end, the creation of virtual sites according to a partial factorial 

design in the simulations at the European scale is an efficient approach. A full factorial design would have been 

better but was not feasible. In addition, the simulation period must be thought in accordance with the study purpose. 

Indeed, the climate of a site can only be determined on a sufficiently long period. Inversely, the stand properties 

evolve with time, which complexifies their interpretation when considered over a long period while a very short 
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period gives an excessive weight to possible recent cutting operations or disturbances. The choice of a repetition 

of two 15-year simulation periods was the best compromise I found. 

Climate effect 

For both CO2 modalities, NPP changes were inversely correlated to the mean air temperature. Under constant CO2 

concentration, they were on average negative in the warmest sites for all stand types regarding the simulations 

with IPSL-RCA4 and for oak-dominated stands with CNRM-ALARO (Fig. 5.6). This mostly validates the emitted 

hypothesis. However, under changing CO2, the overall effect of climate change was positive, even in sites 

displaying the warmest summer conditions. The complementary hypothesis of a dominant positive effect in the 

cooler sites was verified as the mountainous sites displayed the highest productivity gain whatever the climate 

scenario. Other modelling studies have shown that European mountainous forests would experience the highest 

productivity gain (e.g. Reyer et al., 2014; Gutsch et al., 2016) while the importance of the temperature during the 

vegetation period was stressed by different studies (Mérian et al., 2011; Fernandez-Martinez et al., 2014). A 

negative effect of reduced annual rainfall was also detected even if it played a secondary role compared to the 

mean air temperature (Table 5.S7). Under the constant (changing) CO2 modality, the decomposition of the NPP 

variance showed that, at the continental scale, the climate explained 14.8% (10.8%) of the NPP variability and 

about half of these explained proportions concerned the interaction between the site and the climate scenario.  

Soil effect 

The assumption that soils with an important water reserve could mitigate the negative effect of water stress was 

verified as levels of transpiration deficit decreased on average of 57% and 37% for the soils with the highest 

extractable water reserve under constant and changing CO2 concentration, respectively. The soil explained a 

significant part of the inter-site productivity variability (14.1 and 6.9% of the NPP variability for the constant and 

time-dependent CO2 modality, respectively), which was almost totally due to MEW (11.8 and 6.1%). However, it 

did not further affect the forest response to climate change. The marginal effect of the extractable water reserve on 

the response to climate change was also pointed out in observational (Härdtle, 2013) and other modelling studies 

(Gutsch et al., 2016). 

Stand effect 

Simulations results pointed out that the species composition slightly affected the productivity response to climate 

change as the stands dominated by beech displayed more positive NPP changes. In spite of the difference in 

functional traits between the two species, this effect was rather limited, accounting only for 2.4% of the variability 

of NPP change. The two species were negatively affected by different processes: the oak higher respiration rate 

under warmer conditions and the higher water stress experienced by beech. The resulting effect advantaged slightly 

beech-dominated stands. The second hypothesis that the stand density would reinforce possible positive or 

negative effects was partly verified as the basal area were positively correlated with the change in NPP under 

changing CO2 concentration. In addition, in the simulation experiment at the Walloon scale, I showed that the 

short-term effect of a thinning operation reducing the stand basal area of 25% was to reduce water stress by 32 to 

40% (Fig. 4.3).  
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To further explore the influence of the stand structure on the forest response to climate change, the effect of the 

tree characteristics on individual NPP change were assessed separately for the two CO2 modalities and the two 

species. To remove the tree size effect, the difference in NPP between the historical period (averaged over the 

entire period) and the RCP8.5 scenario was divided by the historical period value. The remaining influence of tree 

size was analyzed based on tree height and other variables, for which most tree size effect had been removed: the 

crown horizontal (Ddindex; see Eq. 24 to 25 in sect. 1.3.5) and vertical extension (
ℎ−ℎ𝑐𝑏

ℎ
), the light competition 

index (LCI) and the tree slenderness (h/dbh). The results of this analysis reveal that NPP changes under constant 

atmospheric CO2 were more pronounced on small dominated oak and beech trees with a limited crown extension. 

However, beech trees (contrary to oak ones) seem to better profit from the CO2 fertilization effect when exposed 

to light (Table 6.S1). The difference between the CO2 modalities could be the sign that dominant trees benefit 

more under favorable conditions while dominated trees would less suffer under more stressful conditions. The 

results are just preliminary ones and should be confirmed by more simulations carried out with different model 

options in order to identify exactly the processes at play. 

These results highlight the influence of the stand structure and the local conditions on the tree response to climate 

change. At the stand scale, the influence of the stand structure would probably be more evident in longer 

simulations integrating disturbances. Indeed, the advantage of this type of stand is the better resilience it displays, 

allowing retrieving more quickly its initial productivity after a disturbance (Forrester and Bauhus, 2016; 

Brockerhoff et al., 2017; Zeller et al., 2018). 

One may wonder if the stand impact on forest response to climate change would not be more pronounced with 

climate projections less favourable to tree growth (e.g. larger decrease in summer precipitations). Launching new 

simulations with climate projections obtained from other global and regional climate models would therefore be 

interesting. The limited stand effect on forest response to climate change could also be due to the fact that some 

processes are still not enough dependent on tree characteristics. Several model improvements allowing a better 

consideration of tree characteristics are mentioned in the discussion of the objective 1 and will be progressively 

integrated in the model. After these improvements, repeating the simulation experiments will allow identifying 

new key processes involved in the stand effect on forest response to climate change. Finally, one have  
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GENERAL CONCLUSION 

The new model developments presented in this thesis contributes to offer new domains of application to the 

individual-based model HETEROFOR and, in particular, to obtain a version that can be applied to study the impact 

of climate changes on structurally complex broadleaved stands in Europe. This new version was used to predict 

the forest growth in a large variety of European sites and for different climate scenarios.  

The simulation results showed that climate change could have a slight positive effect on forest productivity under 

constant atmospheric CO2, with, however, productivity losses observed in sites displaying particularly warm spring 

and summer temperatures and/or experiencing a decrease in annual rainfall. However, there is a large uncertainty 

on the magnitude of these changes depending on the climate model and the GHG emission scenario considered. 

For oak and beech, the productivity gain was much larger when considering an increase in atmospheric CO2 

concentration mainly due to the CO2 fertilization effect. 

Apart from the CO2 fertilization, whose persistence is quite uncertain, the main drivers of the positive changes are 

the increase in the vegetation period length and the improved water use efficiency. The negative NPP changes 

observed in some sites can be explained by higher water stress levels and maintenance respiration costs.  

Even if the species composition and the stand structure had a limited influence on the forest response to climate 

change, both explained a large part of the NPP variability (44% and 34% for [CO2]cst and [CO2]var, respectively) 

compared to the climate change scenario effect (5% and 29% for [CO2]cst and [CO2]var, respectively) and to the 

inter-annual climate variability (20% and 16% for [CO2]cst and [CO2]var, respectively). This gives the forester the 

possibility to act on the stand productivity of broadleaved forests and to prepare them for possible adverse effects 

of climate change by reinforcing their resilience. 

Now that a full methodology has been created and verified, the repetition of new simulations will be very 

straightforward and could be done each time new and more accurate climate projections are produced or when 

new developments allow better capturing the effect of climate change on individual tree growth. Regarding the 

latter, the priority will be given to the inclusion of mortality by hydraulic failure and late frost episodes in the 

model as well as a vertical differentiation of air temperature.  

Since uncertainty will always remain in climate and forest modelling, this tool could also be used to quantify the 

total uncertainty and to decompose it in various sources (errors associated with the projections of the global climate 

models, the physical and statistical downscaling, the description of the eco-physiological processes and the model 

parameter distribution). As HETEROFOR is able to account for stand structure in a very detailed manner, the next 

step is to test various forest management strategies while considering climate change in long-term simulations. 

Such information is indeed needed by forest managers willing to reinforce the resilience of the forest. 

  



181 

 

 

SUPPLEMENTARY MATERIALS 

1. INDIVIDUAL VARIABILITY 

Table 6.S1: Estimate, P value and partial R² of the parameters of a multivariate model used to explain the 

mean relative individual NPP change (between the historical and RCP8.5 scenarios, gC m−2 yr-1) from 

mean individual tree characteristics for the virtual sites with constant (left) and changing over time (right) 

atmospheric CO2 concentration and oak (top) and beech (bottom). The simulations made based on the two 

types of climate projections (CNRM-ALARO and IPSL-RCA4) were included in the analysis.  

  Constant CO2 Changing CO2 

  Estimate P value Partial R² Estimate P value Partial R² 

a) Oak 

Intercept 0.750 <.0001  0.498 <.0001  

h -0.010 <.0001 0.035 -0.006 <.0001 0.0425 

LCI -0.482 <.0001 0.198 -0.061 <.0001 0.0191 

DdIndex -0.319 <.0001 0.064 -0.098 <.0001 0.0281 

Total   0.296   0.090 

b) Beech 

Intercept 0.328 <.0001  0.311 <.0001  

h -0.005 <.0001 0.094 -0.008 <.0001 0.054 

(h-hcb)/h -0.176 <.0001 0.025    

LCI -0.055 <.0001 0.015 0.331 <.0001 0.064 

DdIndex    0.075 <.0001 0.015 

Total   0.134   0.132 
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2. MODEL SENSITIVITY ANALYSIS FOR TREE SPATIAL DISTRIBUTION AND INTER-

INDIVIDUAL VARIABILITY 

In order to evaluate how changing tree spatial distribution and restricting our individual approach into a cohort 

approach affect the model results, different stands were created from an existing stand. The stand used was the site 

of ‘Baileux-mixed’ that is constituted from oak and beech trees in similar proportions and that was used for the 

evaluation of the model (Chap. 2). For testing the effect of the tree spatial distribution, two stands composed of 

exactly the same trees but with a contrasted spatial distribution were created: a patch-wise mixture in which the 

trees of a similar size and of the same species have a higher probability to be grouped and an intimate mixture 

where trees of different tree species and size are clumped together. To test the effect of restricting our approach to 

a cohort model, the trees of the intimate mixture were distributed in seven different cohorts (four beech and three 

oak cohorts) according to the girth-class distribution and the dimensions of the trees were replaced by those of the 

average tree of the cohort. 

In the end, I obtained one stand where all the trees are represented with their own characteristics grouped in patches 

according to their size and species called patch-wise mixture (tree level approach), another where all the trees are 

represented according to their real dimensions but where trees of different size and species are mixed in an intimate 

way called intimate tree by tree mixture (tree level approach) and a last one with an intimate tree by tree mixture 

but where the trees of the same cohort have the same averaged dimensions. They are all represented in Fig. 6.S1. 

The evolution of the three different stands was simulated between 2001 and 2011 and they were compared based 

on the LAI and on the annual transpiration (Figs. 5.S2 and 5.S3). The differences in LAI and in annual transpiration 

among stands were analysed for each cohorts and for all trees together. In addition, mixed linear models were 

fitted to highlight the effects of the tree spatial distribution and of the clustering in cohorts taking the tree and the 

year into account as random factors. The cohort clustering effect was tested by comparing the intimate mixtures 

at the tree and cohort level while the tree spatial distribution effect was assessed by comparing the patch-wise and 

intimate mixture. 

The tree spatial distribution effect (patch-wise vs intimate mixture) generated differences in LAI ranging from -

35% to +23% depending on the year and on the cohort considered (Fig. 6.S2). According to the linear mixed 

models, this effect was always significant, except for the beech > 140 cm cohort (Table 6.S2). Regarding annual 

transpiration, the relative differences between the patch-wise and the intimate mixture range between -25% to +9% 

and the corresponding effect was significant, except for the beech 106-140 cm cohort (Table 6.S3). 

Compared to the individual approach, the clustering in cohorts induced differences from -9% to +30% for the LAI 

(Fig. 6.S2) and from -10% to +6% for the annual transpiration (Fig. 6.S3). The corresponding effect was 

significant, except for the oak 61-105 cm cohort concerning LAI and for the oak and beech 106-140 cm cohorts 

regarding annual transpiration (Table 6.S2 and 6.S3). 

The effects of tree spatial distribution and of clustering in cohorts are less pronounced at the stand than at the 

cohort level since they vary from one cohort to the other and partly offset each other at the stand level.  
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Patch-wise mixture (tree level approach) 

 
Intimate tree by tree mixture (cohort level approach) 

 
Intimate tree by tree mixture (tree level approach) 

Figure 6.S1: Visual representation of the three stands created for analysing the model sensitivity to the 

tree spatial distribution and the restriction of the individual approach into a cohort approach. 
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All cohorts together 

 

Beech (circ. 0-60 cm) 

 
Oak (circ. 61-105 cm) 

 

Beech (circ. 61-105 cm) 

 
Oak (circ. 106-140 cm) 

 

Beech (circ. 106-140 cm) 

 
Oak (circ. 140+ cm) 

 

Beech (circ. 140+ cm) 

 

 
Figure 6.S2: Temporal change in LAI (m²/m²) of the mixed stand in Baileux for all trees together and per 

cohort (four beech and three oak cohorts) according to three different stand configurations: a patch-wise 

mixture with a tree level approach and two intimate mixtures with a tree or a cohort level approach. 
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All cohorts together 

 

Beech (circ. 0-60 cm) 

 
Oak (circ. 61-105 cm) 

 

Beech (circ. 61-105 cm) 

 
Oak (circ. 106-140 cm) 

 

Beech (circ. 106-140 cm) 

 

Oak (circ. 140+ cm) 

 

Beech (circ. 140+ cm) 

 

 
Figure 6.S3: Temporal change in the annual transpiration (mm) of the mixed stand in Baileux for all trees 

together and per cohort (four beech and three oak cohorts) according to three different stand 

configurations: a patch-wise mixture with a tree level approach and two intimate mixtures with a tree or a 

cohort level approach. 
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Table 6.S2: Mixed linear model results for the different tree cohorts and for all trees to highlight the 

impact of tree spatial distribution (patch-wise vs intimate tree by tree mixture) and of cohort clustering 

(tree vs cohort approach) on LAI.  

Effect Cohort Estimate (std dev) p-value 

Intimate vs patch 

mixture 

Beech (circ. 0-60 cm) -0.00032 (8.9 E-6) <.0001*** 

Beech (circ. 61-105 cm) 5.8 E-5 (2.7 E-5)  0.028* 

Oak (circ. 61-105 cm) 0.00016 (2.7 E-5) <.0001*** 

Beech (circ. 106-140 cm) 0.0018 (3.9 E-5) <.0001*** 

Oak (circ. 106-140 cm) 0.00071 (3.6 E-5) <.0001*** 

Beech (circ. 140+ cm) 7.6 E-5 (0.00013)  0.56 

Oak (circ. 140+ cm) 0.00019 (8.1 E-5) 0.018* 

All trees 0.00021 (1.3 E-5) <.0001*** 

Tree vs cohort 

approach 

Beech (circ. 0-60 cm) 0.00027 (1.0 E-5) <.0001*** 

Beech (circ. 61-105 cm) 0.00017 (2.8 E-5) <.0001*** 

Oak (circ. 61-105 cm) -4.9 E-5 (3.3 E-5) 0.14 

Beech (circ. 106-140 cm) 9.7 E-5 (4.0 E-5) 0.016* 

Oak (circ. 106-140 cm) -0.00015 (3.4 E-5) <.0001*** 

Beech (circ. 140+ cm) -0.00027 (9.9 E-5) 0.0070** 

Oak (circ. 140+ cm) -0.00033 (8.0 E-5) <.0001*** 

All trees 0.00010 (1.2 E-5) <.0001*** 

 

Table 6.S3: Mixed linear model results for the different tree cohorts and for all trees to highlight the 

impact of tree spatial distribution (patch-wise vs intimate tree by tree mixture) and of cohort clustering 

(tree vs cohort approach) on annual transpiration.  

Effect Cohort Estimate (std dev) p-value 

Intimate vs patch 

mixture 

Beech (circ. 0-60 cm) -0.012 (0.00043) <.0001*** 

Beech (circ. 61-105 cm) 0.0028 (0.00094) 0.0028*** 

Oak (circ. 61-105 cm) 0.0070 (0.00087) <.0001*** 

Beech (circ. 106-140 cm) 0.0034 (0.0014) 0.016 

Oak (circ. 106-140 cm) 0.0036 (0.00089) <.0001*** 

Beech (circ. 140+ cm) -0.011 (0.0040) 0.0049*** 

Oak (circ. 140+ cm) -0.019 (0.0018) <.0001*** 

All trees -0.0037 (0.00043) <.0001*** 

Tree vs cohort 

approach 

Beech (circ. 0-60 cm) 0.0014 (0.00051) 0.0082** 

Beech (circ. 61-105 cm) -0.019 (0.0014) <.0001*** 

Oak (circ. 61-105 cm) -0.0025 (0.0011) 0.026* 

Beech (circ. 106-140 cm) -0.0036 (0.0022) 0.11 

Oak (circ. 106-140 cm) 0.0014 (0.00092) 0.14 

Beech (circ. 140+ cm) 0.025 (0.0060) <.0001*** 

Oak (circ. 140+ cm) 0.0042 (0.0018) 0.019* 

All trees -0.0022 (0.00057) 0.0001*** 
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3. STAND SCALE MODEL EVALUATION 

 
Figure 6.S4: Daily evolution of the observed and predicted evapotranspiration (mm.day-1) for an average 

year calculated on the 2010-2018 period. This figure comes from the master thesis of Guillaume de Meue 

(De Meue, 2020). 

 

 
Figure 6.S5: Daily evolution of the observed and predicted GPP (gC.m².yr-1) for an average year 

calculated on the 2010-2018 period. The shaded blue interval corresponds to the observation uncertainty. 

This figure comes from the master thesis of Guillaume de Meue (de Meue, 2020). 
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Figure 6.S6: Self-thinning process reproduced by simulations for two pure stands (one oak and one beech) 

compared with empirical equations. On the left, the self-thinning curve of oak (gray) and beech (black) 

are based on Charru et al. (2012). On the right, the gray lines correspond to self-thinning lines for three 

intercept parameters (k’ = 15, 16, 17) based on Yoda (1963). These figures come from the master thesis of 

Brieuc Ryelandt (Ryelandt, 2019). 
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Figure 6.S7: Comparison of the observed and predicted stand NPP (top), mean dbh increment (middle) 

and mean height increment (bottom) for the European sites of Chap. 5. Predictions were based on the 

general CUE function. 
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