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Abstract5

In high-altitude forests, climate warming is expected to reduce cold limitations on tree growth,6

potentially intensifying competition for light and altering stand dynamics. Such changes may7

affect the effectiveness of silvicultural strategies that rely on releasing trees from light competition,8

including continuous cover forestry, with consequences for the ecosystem services provided by the9

forest.10

We used the individual-based forest simulator Samsara2 to analyse the combined effects of11

climate warming and silviculture on light interception, mean tree growth and mortality rates,12

stand structure and ecosystem services in uneven-aged spruce–fir–beech mountain forests. We13

simulated stand dynamics in colder and warmer climates without water limitation, under two14

thinning intensities and three tree-selection strategies: random, aggregated and crop-tree selection.15

A warmer climate increased stand productivity by accelerating tree growth, particularly that16

of dominant trees. This intensified size-asymmetric competition, accentuating tree size differenti-17

ation and accelerating self-thinning. While these changes had a strong positive effect on timber18

production, deadwood volume and carbon storage, they had a more limited effect on tree-related19

biodiversity.20

Selective silvicultural strategies became more economically efficient in a warmer climate, espe-21

cially under higher thinning intensity, by maximising the growth advantage of the most valuable22

trees through release from light competition. Redirecting productivity gains towards specific size23

classes and species induced climate-driven structural changes, leading to stands of lower density24

dominated by larger conifers. However, it also simplified size distribution and limited the propor-25

tion of beech, thereby reducing tree-related biodiversity and carbon storage.26
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1 Introduction27

High mountain forests are particularly vulnerable to climate change (Palomo, 2017). The rate28

of warming increases with altitude, leading to more rapid temperature changes than in lowland29

areas (Pepin et al., 2015). In addition, high mountain forests are severely limited by cold tem-30

peratures, resulting in forests with unique structures dominated by large, cold-resistant conifers31

(Albrich et al., 2020a). Rising temperatures could therefore increase mountain forest productivity32

by increasing individual tree growth, provided that water and nutrient availability are not limiting33

(Elkin et al., 2013; Zlatanov et al., 2017). The effects of climate warming on tree growth and sur-34

vival may also vary with the level of light competition (Beauchamp et al., 2025). This could have35

drastic consequences for demographic processes (i.e. growth, mortality and regeneration) (Lind-36

ner et al., 2010), thus affecting stand structure and composition with predicted changes towards37

stands dominated by broadleaved species in mountainous areas (Albrich et al., 2020a). In Europe,38

most mountain forests are managed, and harvesting has complex effects on the process of light39

competition. Thus, how climate change impacts on individual tree growth and survival translate40

into changes in forest structure, functions and services may be highly dependent on silviculture.41

European mountain forests are traditionally managed under continuous cover forestry (also42

called uneven-aged management) (Brang et al., 2014). Operationally, this management is achieved43

through frequent, extensive silvicultural operations with selective thinning to maintain continu-44

ous forest cover, species diversity and an irregular structure of trees of different sizes and ages45

(Pommerening, 2023). This strategy is based on natural forest processes, in particular the nat-46

ural regeneration of native species. The aim is to promote timber production while maintaining47

biodiversity (Lafond et al., 2015), mitigating climate change through carbon storage (Hetemäki48

et al., 2022), providing enhanced recreational experiences (Peña et al., 2015) and ensuring protec-49
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tion against natural hazards and erosion (Dorren et al., 2004). Maintaining the sustainability of50

these functions and services is key to forest multifunctionality (Plas et al., 2018). In European51

mountains, continuous cover forestry has been adopted due to (1) the importance of protection52

against natural hazards (e.g. rockfalls or avalanches), which encourages foresters to avoid large-53

scale felling, (2) the heterogeneity of the environment and the frequency of disturbances, which54

naturally lead to forest mosaics, and (3) the steep terrain, which prevents intensive mechanisation55

(Cerbu et al., 2013). More recently, with climate change threatening the sustainable provision of56

key forest functions and services (Elkin et al., 2013), continuous cover forestry has been proposed as57

a promising solution (Mina et al., 2017) in line with the recent emergence of climate-smart forestry58

(Bowditch et al., 2020). Both the resulting complexity of the forest and the flexibility provided59

by selective thinning allow for greater resilience and adaptability faced with the uncertainties of60

global change (O’Hara, 2014).61

Continuous cover forestry relies on the precise control of light distribution within the stand62

and therefore strongly shapes tree competition for light (Pommerening, 2023). Light competition63

directly influences individual tree performance and seedling development, with sensitivity varying64

according to species shade tolerance (Valladares et al., 2008). The asymmetric nature of light65

competition (Weiner, 1990) leads to tree size differentiation (Oliver et al., 1996), whereby larger66

trees disproportionately capture more light and progressively increase their growth advantage,67

while smaller trees experience decreasing light availability over time, leading to suppression and68

eventual mortality (i.e. self-thinning). In addition, tree growth tends to be more sensitive to light69

availability in highly productive climates (Beauchamp et al., 2025), and may amplify the role of70

size differentiation under such conditions. Consequently, changes in mean climatic conditions may71

alter the effectiveness of silvicultural operations based on light competition, with implications for72

timber production and other ecosystem services.73
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In continuous cover forestry, light competition can be controlled through two complementary74

levers. Firstly, at the stand level, foresters can reduce overall light competition by increasing75

thinning intensity. This generally promotes faster growth and regeneration by increasing light76

availability, at the cost of a lower biomass (Lafond et al., 2014). Secondly, at the tree level, through77

targeted selection and thinning, silviculture can concentrate light resources locally on vigorous trees78

that best meet the forester’s objectives (Pretzsch, 2009). This typically involves identifying and79

releasing crop trees from their immediate competitors to maximise their growth potential. However,80

such fine-scale selection and harvesting is labour-intensive and may be more challenging in steep81

mountainous terrain (Cerbu et al., 2013). An alternative strategy is to create aggregated gaps82

centred around mature harvested trees, by removing all or almost all trees within a defined small83

area. Unlike crop-tree selection, this approach aggregates harvesting operations spatially rather84

than selectively releasing individual crop trees, facilitating harvesting operations and favouring the85

regeneration of light-demanding species in canopy gaps (Ligot et al., 2014). Overall, thinning and86

tree selection play an important role in shaping how individual trees experience light competition87

and, consequently, how silvicultural strategies mediate stand responses to climate change.88

Investigating the joint effects of climate, light and silviculture requires long-term, tree-based89

studies. Field experiments can be difficult to conduct due to the long temporal scale of forest90

dynamics, difficulties in controlling environmental factors, or laborious surveying protocols (Ganio91

et al., 2008). Forest simulation models allow us to make predictions about the trajectories of92

complex systems while controlling for other factors over a long period of time with multiple repli-93

cations (Peng, 2000). Among the various forest simulators, individual-based models are key tools94

for understanding how tree-tree processes scale up into stand structure and demographic processes95

(Seidl et al., 2012). Here we adapted the tree growth and mortality models from Beauchamp96

et al. (2025), which consider the interactive effect between climate and light competition, and97
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implemented them in the spatially-explicit, individual-based Samsara2 forest simulator (Courbaud98

et al., 2015). The key features of this simulator are its ability to account for light competition99

through the SamsaraLight ray-tracing model (Courbaud et al., 2003) and its coupling with a sil-100

vicultural algorithm allowing automatic, adaptive and selective harvesting (Courbaud et al. in101

prep). These features help represent how foresters apply selective harvesting rules in continuous102

cover forestry (Lafond et al., 2014).103

This study investigates the combined effects of silviculture and climate warming on typical104

managed European mountain forests: uneven-aged mixed stands managed for timber production105

with high-value Norway spruce (Picea abies) and silver fir (Abies alba) and lower-quality European106

beech (Fagus sylvatica), generally used for fuel wood. We examined (i) how silviculture and cli-107

mate jointly affect stand structure and dynamics, (ii) whether this joint effect can be explained by108

climate-induced changes in light competition effects on stand dynamics, and (iii) the resulting con-109

sequences for three ecosystem services: timber production, biodiversity conservation, and carbon110

storage. To address these questions, we used the updated Samsara2 forest simulator (Courbaud111

et al., 2015; Beauchamp et al., 2025) to simulate the changes in mature stands over 300 years112

under two contrasting climates. We applied six uneven-aged silvicultural scenarios, varying thin-113

ning intensity (with a target post-thinning basal area of either 20 or 30m2.ha−1) and tree-selection114

strategy (random, aggregated and crop-tree selection). We hypothesized that climate warming115

would strengthen size-asymmetric light competition, thereby amplifying the effects of selective116

silviculture on stand structure, species composition and, consequently, ecosystem services.117
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2 Material and methods118

2.1 The Samsara2 forest simulator119

Figure 1: Demographic processes and submodels driving sapling and tree dynamics in Samsara2.

2.1.1 Predicting stand dynamics120

The Samsara2 forest simulator is an individual-based and spatially-explicit model (Courbaud et121

al., 2015) where individuals are classified as either saplings (diameter at breast height, DBH <122

7.5cm) or trees (DBH ≥ 7.5cm) (Figure 1). Tree dynamics and regeneration processes (tree123

fecundity, sapling dynamics and recruitment) are calculated for each year and for each individual.124

A key feature of the Samsara2 simulator is the integration of the SamsaraLight ray tracing model125

(Courbaud et al., 2003), which estimates the light intercepted by each tree and the light on the126

forest floor (Appendix S1-1), used to predict tree and sapling’ growth and mortality.127
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Specifically, we adapted, then implemented, the recently calibrated individual-based tree growth128

and mortality models from Beauchamp et al. (2025) (Appendix S1-3), which explicitly account for129

interactions between light competition and mean climatic conditions. In these models, the nega-130

tive effect of light competition on tree growth and mortality increases under warmer, or wetter,131

more productive climates and weakens under colder, or drier, more stressful conditions. We also132

updated the regeneration models with data from Unkule et al. (2022) (Appendix S1-4), which were133

jointly calibrated for tree effective fecundity and sapling growth and mortality in alpine forests134

(Unkule, 2022, chapter 4). The sapling sub-models explicitly accounted for the effect of browsing135

by ungulates, but did not account for climate effects. Finally, to provide a more robust estimation136

of light interception, we revised the tree crown structures in the simulator based on the recent137

species-specific allometric relationships from Touzot et al. (2025) (Appendix S1-2).138

2.1.2 Simulating uneven-aged silvicultural operations139

An adaptative silvicultural algorithm (Courbaud et al. in prep) is implemented in the Samsara2140

simulator to represent uneven-aged operations with an automatic selection of trees (Appendix S1-141

5). Trees are classified into five categories: those to be conserved for biodiversity, those to harvest142

for timber production, crop-trees to be promoted, trees to be thinned for stand improvement, and143

other trees to be left growing for the time being. The user defines the number of trees to be144

conserved and promoted, the target basal area after the operation and the percentage of trees to145

be harvested for timber/improvement. For each category, the user weights various criteria such as146

species, diameter, biodiversity potential, market value, relative market value increase and distance147

to trees of the same or different categories. The trees within each category are then selected148

through multi-criterion optimisation.149
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2.1.3 Deriving indicators of ecosystem services150

Timber production We calculated the standing timber capital, defined as the sum of the market151

value of each tree in the stand at a given moment. For the market value of a tree, we estimated its152

merchantable volume and defined a price per unit volume (euros.m−3) for each species, diameter153

class and tree quality (Appendix S1-5). For each silvicultural operation, we also derived the volume154

(m3.ha−1) and income (euros.ha−1) from the harvested timber. It was not possible to consider the155

costs associated with the operation due to a lack of data.156

Tree-related biodiversity We considered tree-related microhabitats (TreMs) to be indirect157

biodiversity indicators for specialised forest species (Larrieu et al., 2018). TreMs are an important158

tool in forest management to help foresters select the trees to conserve for biodiversity (Asbeck159

et al., 2021). Samsara2 includes a model that estimates, for 11 TreM types, the annual probability160

of formation on individual trees based on tree size and species (Courbaud et al., 2017; Courbaud161

et al., 2022). We were therefore able to derive a tree-related biodiversity score at the stand scale162

to take into account the abundance, diversity and rarity of the TreMs on the trees that make up163

the stand (Appendix S1-6).164

Deadwood We considered stand deadwood volume, an important indicator of biodiversity and165

sustainable forest management. Deadwood provides key habitats and resources for saproxylic and166

other forest organisms (Stokland et al., 2012; Augustynczik et al., 2024). Samsara2 simulates167

transitions among deadwood decomposition stages and the associated volume loss during decom-168

position (Lafond (2014), Chapter 3.4) (Appendix S1-6). We assumed that randomly 50% of dead169

trees remained as standing deadwood (snags).170
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Carbon storage We used the CAT carbon accounting tool (Pichancourt et al., 2018) to estimate171

the total carbon stored in the above- and below-ground living biomass (Appendix S1-6).172

2.2 Simulation design173

We simulated mixed spruce–fir–beech stands (paragraph 2.2.1) under contrasting climatic condi-174

tions (paragraph 2.2.2) and silvicultural scenarios (paragraph 2.2.3). Simulations were run over175

300 years, with uneven-aged silvicultural operations applied every ten years. The first 200 years176

were treated as a burn-in period and excluded from the analyses to ensure that the stand dynamics177

were independent of the initial conditions and had reached equilibrium between silviculture and178

climatic conditions.179

2.2.1 Initial stands180

We selected ten plots from the French National Forest Inventory (FNFI) database to represent181

realistic initial conditions that are representative of mountainous, uneven-aged, mature stands of182

spruce and fir, accompanied by understorey beech. To account for the sampling design of FNFI183

plots, the sampled trees were replicated according to their weights, then randomly positioned184

within a 100 × 100 m plot (1 ha). To account for stochasticity in stand reconstruction, we185

created three replicates per plot, resulting in 30 initial virtual stands. Initial sapling distributions,186

not available in the FNFI data, were generated through a 100-year regeneration-only simulation187

phase to approximate equilibrium with the adult trees. The FNFI protocol, plot selection, stand188

virtualisation and characteristics of the initial stands are detailed in Appendix S2-1.189
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2.2.2 Climatic conditions190

We defined two climatic conditions, kept constant throughout the simulation: a cold-limited climate191

(i.e. Sum of Growing Degree-Days, SGDD = 1000◦C) and a warmer climate (SGDD = 2000◦C),192

representing an altitudinal gradient from the subalpine to the collinean zone. The SGDD values193

were chosen to represent the observed climatic space shared by fir, spruce and beech in the model194

calibration dataset. Water limitation was not considered (aridity index fixed to 1), in order to195

isolate the effect of temperature on the altitudinal productivity gradient.196

2.2.3 Silvicultural scenarios197

Figure 2: Conceptual representation and simulated post-operation stand structures for the three
tree-selection strategies (Random, Aggreg and Crop) and the two thinning intensities (BA20 and
BA30).

Following discussions with local forest managers (T.C., C.D., J.B. and C.R.) from the French198

National Forest Service, we identified two tree-selection strategies representative of uneven-aged199
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mountain forests managed for conifer timber production: crop-tree selection (Crop) and aggre-200

gated selection (Aggreg). Both strategies involve harvesting large, high-value mature conifers201

with limited future timber value increment relative to their size, while preferentially thinning202

European beech (Fagus sylvatica) to favour conifer growth and regeneration. However, the two203

strategies differ in how the trees are selected for thinning. The crop-tree selection strategy (Crop)204

concentrates thinning around retained selected crop-trees to release them from light competition.205

In our simulations, we defined crop trees as large, vigorous spruce and fir individuals with a high206

conversion efficiency of intercepted light into economic value. We distributed them throughout207

the stand. In contrast, the aggregated selection strategy (Aggreg) concentrates thinning around a208

lesser number of harvested mature trees, thereby creating localised canopy openings and heteroge-209

neous light conditions. To isolate the effects of the selection criteria, we also simulated a random210

selection strategy in which trees were randomly selected until a target basal area was reached.211

Each of the three tree-selection strategies was applied under two thinning intensities correspond-212

ing to target post-operation basal areas of 20m2.ha−1 (BA20) and 30m2.ha−1 (BA30), with BA20213

representing the more intensive management. This resulted in a total of six silvicultural modalities214

(Figure 2). The parametrisation of the silvicultural algorithm for the Random, Aggreg and Crop215

tree-selection strategies is detailed in Appendix S2–2.216

2.3 Output analysis217

We analysed the joint effect of climate and silviculture on various indicators of stand structure,218

stand demographic processes, timber production and environmental functions (see Appendix S2-3219

for indicator definitions). The indicators were computed with the average value over the last 100220

years of a stand’s history (or between each operations for timber production indicators). We tested221

each indicator for differences between climates and silvicultural treatments using Student’s t-tests.222
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To further characterise stand structure, we analysed the tree size distribution, computed as223

the mean density over years of all the simulations for each size class (5 cm width, from 7.5 cm to224

122.5 cm, plus a class for larger trees). We applied a log(x+ 1) transformation on tree density for225

a better visualisation of climate effect between abundant small trees and fewer very large trees.226

To investigate the mechanisms underlying the joint effects of climate and silviculture, we anal-227

ysed how light competition modulated demographic processes under each climate. We used the228

Proportion of Above-Canopy Light reaching the forest floor (PACL) as a proxy for stand-level229

light competition. Mean stand PACL PACLmean was computed as the average PACL at the scale230

of 10 x 10 m grid cells within each 1-ha stand over the last 100 years of the simulation. We used231

the SamsaraLight ray tracing model (Courbaud et al., 2003) to compute the PACL for each cell as232

the ratio between the energy reaching the cell and the incoming radiation above the canopy. We233

then used linear models to predict stand volume increment, mean tree growth, mortality rate and234

recruitment rate as functions of interaction between PACLmean and climate.235

Finally, we analysed the consequences of both climate and silviculture on ecosystem services.236

All the indicators were independently standardised between 0 and 1 by min–max scaling across all237

the simulations. They were grouped into two categories: economy (standing timber capital and238

timber income) and environment (tree-related biodiversity score, deadwood volume and carbon239

storage). We computed the economic score and the environmental score for each simulation as the240

mean of the standardised indicators within each category.241
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3 Results242

3.1 The joint effect of climate and silviculture impacted stand struc-243

ture and composition244

All tree-selection strategies produced the typical J-shaped size distribution of uneven-aged stands245

(Appendix S2-7), particularly under random selection (Random), where tree density decreased246

smoothly across size classes towards individuals with a DBH > 120cm (Figure 3). Size-specific247

harvesting modified this distribution under the selective strategies (Aggreg and (Crop). Com-248

pared with Random, aggregated selection (Aggreg) limited maximum tree size and increased the249

proportion of medium-sized trees, whereas crop-tree selection (Crop) promoted the retention and250

growth of very large trees at the expense of medium- and large-sized individuals (Appendix S2-6).251

Climate warming altered stand structure only under the selective strategies, especially when252

lower thinning intensity (BA30) was applied (Figure 3; Appendix S2-6). In both Aggreg and Crop,253

warming increased the proportion of very large trees while reducing the proportion of smaller size254

classes, particularly medium-sized trees under Crop. This resulted in lower stand densities and255

larger mean tree diameters. In contrast, Random showed no significant climatic effect on stand256

density or mean diameter, with only a slight increase in the basal area of very large trees.257

Climate effects on species composition also depended strongly on tree-selection strategy (Figure258

3). Under Aggreg, beech remained stable at approximately 25% of stand basal area regardless259

of climate or thinning intensity. Under Crop, beech was nearly excluded under BA20 in both260

climates and under BA30 in the warmer climate, whereas it remained close to 25% under BA30261

in the cold climate. In contrast, under Random, beech became highly dominant, especially in the262

warmer climate where it exceeded 75% of stand basal area.263
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Figure 3: Joint effect of climate and silviculture on stand structure indicators (top panel) and on
size distribution in tree basal area (bottom panel). Blue represents simulations in a cold-limited
climate and red in a warmer climate. Random, Aggreg and Crop correspond to the tree-selection
strategies. BA20 and BA30 correspond to the thinning intensities. In the top panel, points show
the mean value for each indicator over all the simulations in the specified climate and silviculture,
with error bars computed as the 95% confidence intervals around the mean. The significance of
the climate effect in a given silvicultural treatment is signified by *** if pvalue < 0.001, ** if
pvalue < 0.01 and * if pvalue < 0.05. In the bottom panel, size distribution is computed as the
mean density over all years for each size class and all simulations in the specified climate and
silvicultural treatment, with a log(x+ 1) transformation. Appendix S2-6 shows the basal area per
climate and silvicultural treatment for small, medium, large and very-large trees. Appendix S2-7
shows the size distribution without the log-transformed tree density.
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3.2 The effect of climate on stand demographic processes varied with264

silvicultural treatment due to changes in light competition265

Figure 4: Joint effect of climate and silviculture on stand demographic processes (top panel) and
relationships with the interaction between mean percentage of above canopy light PACLmean and
climate (bottom panel). Blue indicates simulations in a cold-limited climate and red in a warmer
climate. Random, Aggreg and Crop correspond to the tree-selection strategies. BA20 and BA30
correspond to the thinning intensities. In the top panel, point show the mean value for each
indicator over all the simulations in the specified climate and silvicultural treatment, with error bars
computed as the 95% confidence intervals around the mean. The significance of the climate effect in
a given silviculture is signified by *** if pvalue < 0.001, ** if pvalue < 0.01 and * if pvalue < 0.05.
In the bottom panel, points show the output indicators from a single simulation and the dashed
lines are the predictions from the linear regression. The output coefficients and significance of the
regressions are presented in the Appendix S2-8. The same analysis was performed for recruitment
rate and stand volume increment and is presented in Appendix S2-9.

Average tree growth rate increased in a warmer climate (Figure 4), particularly when thin-266

ning was more selective (Crop >Aggreg >Random) and more intensive (BA20 >BA30). Mor-267
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tality rates also increased with warming (Figure 4) and silvicultural treatment modulated this268

response but in the opposite direction from that observed for growth: the climate effect on mor-269

tality was stronger under less selective (Random >Aggreg >Crop) and less intensive thinning270

(BA30 >BA20). Stand volume increment was higher under the warmer climate, reflecting higher271

productivity, and this increase was consistent across all the silvicultural treatments (Appendix S2-272

8). Recruitment rate was not impacted by climate but was highly influence by silviculture, which273

was much greater in crop-tree selection (Crop), especially with more intensive thinning (BA20)274

(Appendix S2-8).275

The demographic responses to climate were mediated by changes in stand-level light competi-276

tion (see Figure 4 for mean tree growth and mortality rate, and Appendix S2-9 for stand volume277

increment and recruitment rate). The mean Percentage of Above Canopy Light PACLmean had278

a positive effect on mean tree growth, and this relationship was significantly stronger under the279

warmer climate. Consequently, warming had a much higher effect on growth at high light lev-280

els (a difference of +31.0% [28.2, 33.8] in yearly DBH increment from the cold-limited to the281

warmer climate when PACLmean = 50%) than it did at low light levels (+12.5% [10.2, 14.9] when282

PACLmean = 10%). Mortality responded differently to light availability depending on the climate:283

an increase in light levels led to a decrease in mortality under the warmer climate, but to an284

increase in mortality under the cold-limited climate. As a result, the effect of climate on mortality285

was non-significant at high light levels (a difference of +2.85% [-5.76, 11.5] in mortality rate from286

the cold-limited to the warmer climate when PACLmean = 50%), but extremely strong at low light287

levels (+106.29% [94.53, 118.10] when PACLmean = 10%).288

PACLmean was primarily driven by stand structure and composition, with lower ground-level289

light availability in stands characterised by higher beech proportion, greater total basal area and290

lower mean quadratic diameter (i.e. mature, homogeneous, dense beech stands) (Appendix S2-5).291
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As a major driver of stand structure, silviculture strongly affected PACLmean which increased un-292

der more selective (Crop >Aggreg >Random) and intensive thinning (BA20 >BA30) (Appendix293

S2-4). These differences explained the observed interaction between climate and silviculture: a294

silvicultural treatment promoting higher light availability (Crop and BA20) maximised the pos-295

itive effect of warming on tree growth while limiting climate-induced mortality associated with296

self-thinning.297

3.3 Consequences of the joint effect of climate and silviculture on298

ecosystem services299

The economic and environmental scores showed contrasting responses to silvicultural treatment but300

similar responses to thinning intensity, which were greater at a lower thinning intensity (BA30).301

The selective strategies (Aggreg and Crop) produced a much higher economic score, whereas302

the random strategy (Random) produced a much higher environmental score. Climate warming303

significantly increased the economic scores of the two selective strategies, and the environmental304

score of the random strategy. Consequently, climate warming amplified the effects of tree selection305

on the provision of ecosystem services.306

Economic indicators The economic differences among tree-selection strategies reflected con-307

trasting contributions of timber capital and timber income. Timber capital was highest under the308

crop-tree strategy (Crop), intermediate under Aggreg, and lowest under Random (Figure 5). Re-309

ducing target basal area (BA20) resulted in a homogeneously lower timber capital due to reduced310

stand biomass. In contrast, timber income was highest under Aggreg, slightly lower under Crop,311

and much lower under Random. For Crop and Aggreg, incomes were lower at BA20 than at BA30312

under cold conditions, but these differences disappeared with a warmer climate.313
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Figure 5: Joint effect of climate and silviculture on economic and environmental scores (top panel),
and on each ecosystem service (bottom panel). Blue represents simulations in a cold-limited climate
and red in a warmer climate. Random, Aggreg and Crop are the tree-selection strategies. BA20
and BA30 are the thinning intensities. In the top panel, points show the mean value for each
indicator over all the simulations in the specified climate and silvicultural treatment, with error
bars computed as the 95% confidence intervals around the mean. The significance of the climate
effect in a given silviculture is signified by *** if pvalue < 0.001, ** if pvalue < 0.01 and * if
pvalue < 0.05. All indicators were independently min-max standardised between 0 and 1 across
all the simulations, then averaged into an economic score (gray background) and an environmental
score (green background). Appendix S2-10 shows the mean size distribution of the harvested trees.
Appendix S2-11 shows the same graphical representation as the top panel for each ecosystem
service. Appendix S2-12 shows the relationships between the economic and environmental scores.
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Climate warming significantly increased the total harvested wood volume and the size of the314

harvested trees (Appendices S2-10 and S2-11). More specifically, harvested volumes were similarly315

high under Random and Aggreg, whereas Crop produced lower harvested volumes, particularly316

under BA20 (Appendix S2-10). Under Random, the harvested trees were distributed relatively317

evenly across size classes, while the two selective strategies preferentially removed larger trees318

(Figure 3). In addition, Crop combined the removal of small and medium-sized trees with the319

retention of large trees, resulting in a bimodal distribution of the harvested volume and larger320

harvested tree size than Aggreg.321

Environmental indicators Differences in environmental scores among tree-selection strategies322

were primarily driven by contrasting contributions of the various ecosystem services, with con-323

sistently higher values under less intensive thinning (BA30). Carbon storage and biodiversity324

were higher under Random than under Crop or Aggreg, with especially low carbon storage under325

Aggreg and low tree-related biodiversity under Crop. Deadwood volumes were the highest under326

Crop, intermediate under Random and lowest under Aggreg.327

Climate warming generally increased carbon storage and deadwood volume, but its effect on328

deadwood strongly depended on silviculture, with the largest increases under Crop and Random329

and consistently lower values under Aggreg. In contrast, tree-related biodiversity showed weak330

climatic responses overall, and even declined with climate warming under Crop and Aggreg under331

less intensive thinning (BA30).332
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4 Discussion333

4.1 Climate warming increased stand productivity and intensified light334

competition335

Our simulation study focusing on high-altitude mountain forests showed that the transition from336

a cold-limited climate to a warmer climate increased stand productivity through enhanced mean337

tree growth, with positive effects on timber production, deadwood volume and carbon storage.338

Previous simulation studies consistently projected substantial increases in forest biomass under339

warming in high-elevation forests (Elkin et al., 2013; Zlatanov et al., 2017), but these projections340

become negative at lower elevations where water supply becomes limiting. A 60-year observational341

study (Hilmers et al., 2019) found no net change in productivity of European fir–spruce–beech342

mountain forests, as the gains for fir were offset by declines in spruce. Although warming may343

eventually constrain growth through increased vapour pressure deficit (McDowell et al., 2020), the344

Samsara2 growth model (Beauchamp et al., 2025) can not capture the associated drought-induced345

decline in spruce growth under drier conditions.346

As productivity increased, we observed that light competition exerted stronger control over347

both growth and mortality, reinforcing size-asymmetric dynamics within the stands. These pat-348

terns reflect the scaling-up to population level of the individual-based interactions between light349

competition and climate represented in the Samsara2 model (Beauchamp et al., 2025), consistent350

with ecological theories predicting stronger competition effects in more productive environments351

(Craine, 2005; Maestre et al., 2009). Likewise, a field study in Central European forests showed352

that competition for light becomes stronger along fertility gradients in Central European forests353

(Pretzsch et al., 2010). Under a warmer climate, stronger competition increased the growth ad-354
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vantage of the dominant trees while reducing the survival of the suppressed individuals, thereby355

intensifying tree size differentiation and accelerating self-thinning dynamics. Similarly, Pretzsch356

et al. (2011) showed that limiting site conditions reduced the competitive superiority of dominant357

trees in European spruce and beech forests. Pretzsch et al. (2022) also reported that the increased358

tree growth resulting from nitrogen fertilisation during the 20th century intensified self-thinning359

in Scots pine stands in southern Germany.360

In our simulations, the intensified self-thinning with climate warming resulted in increased361

deadwood volume, particularly with lower thinning intensity. This is consistent with Augustynczik362

et al. (2024), who also predicted increasing deadwood volumes in cold-limited European forests363

under warmer conditions, driven by higher productivity and stronger competition, especially in364

denser stands. Deadwood inputs were also strongly influenced by silviculture through differences365

in the size of dead trees: crop-tree selection promoted particularly high deadwood volume through366

the occasional mortality of very large trees. However, there is a trade-off with economic objectives,367

as any climate-driven increase in deadwood is strongly contingent on whether or not the dead trees368

are retained in the stand (here retention was fixed at 50%), making deadwood provision highly369

sensitive to the forester’s priorities (Stokland et al., 2012).370

4.2 Silviculture redistributed the climate-driven increase in produc-371

tivity372

Silvicultural treatments combining thinning intensity and tree-selection strategy strongly ampli-373

fied the response of stand dynamics to climate warming by modulating light competition across374

organizational levels. At the stand level, reducing the basal area decreased overall competition,375

thus enhancing dominant tree growth under warmer conditions while limiting density-dependent376
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mortality through the earlier harvesting of suppressed individuals. Similarly, a field study by Ford377

et al. (2017) showed that climate warming in cold-limited montane forests in the USA resulted378

in a positive effect on mean tree growth, which was stronger in less crowded stands where com-379

petition did not constrain growth responses. The aggregated selection strategy created highly380

heterogeneous light environments and redistributed increased productivity towards the smaller381

trees in canopy gaps, thereby maximising their growth while increasing self-thinning in the denser382

patches. The crop-tree selection strategy concentrated the increased resource availability on a383

limited number of large, vigorous individuals. This mechanism is well established in silvicultural384

theory, where selective release enhances crop-tree growth, especially in productive environments385

(Pretzsch, 2009).386

Consequently, climate warming increased timber income more strongly under the more selective387

crop-tree strategy, highlighting the ability of silviculture to redirect enhanced productivity towards388

economically valuable trees. This effect was particularly pronounced under higher thinning inten-389

sity, where reduced competition maximised the growth of the selected individuals. Such economic390

gains depend on the sustained growth and survival of high-value large conifers that support both391

regeneration processes and timber production; these gains may become less reliable under more se-392

vere climatic conditions where warming is accompanied by drought stress, as observed by Heinonen393

et al. (2018) in boreal forests. With global change, these high-value individuals may become in-394

creasingly vulnerable to drought-, heat-, and pest-related mortality in European mountain forests395

(Mina et al., 2017; Albrich et al., 2020a). This is particularly true for species such as Norway396

spruce (Piedallu et al., 2023; Hallas et al., 2026), and may have potentially strong impacts on the397

economic value of the European forest landscape (Hanewinkel et al., 2013). We therefore highlight398

the high potential for greater economic gain with climate warming in high-elevation mountains,399

but also remind managers that there is a high risk of disproportionate economic loss associated400
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with concentrating investments on a limited number of highly valuable, but more vulnerable trees401

(Detten et al., 2017).402

Accurately representing silvicultural decision-making in continuous cover forestry remains a403

major challenge for forest modelling (Söderbergh et al., 2003). Our individual-based silvicultural404

algorithm successfully captured some key aspects of the targeted operations, as illustrated by the405

very low economic performance of the random selection strategy. However, the higher timber406

income observed with aggregated selection compared to crop-tree selection was somewhat un-407

expected. Aggregate thinnings promoted growth in canopy gaps, which primarily favoured the408

growth of abundant medium-sized trees, for which timber values increase non-linearly with diame-409

ter before plateauing at larger sizes. This pattern may reflect a modelling limitation related to the410

absence of explicit intra-specific variations in wood quality, since we assumed all the spruce and411

fir trees would produce uniformly high-quality timber. Although such variations may be lower in412

conifers than in broadleaved species, wood quality remains a central criterion in crop-tree silvicul-413

ture, which aims to select defect-free individuals while maintaining sufficient lateral competition414

to promote natural pruning and stem straightness (Pretzsch et al., 2016; Pommerening, 2023).415

Improving the representation of wood quality in forest simulators therefore remains an important416

step towards more realistic assessments of continuous cover strategies (Drew et al., 2022).417

4.3 Silviculture induced climate-driven changes in stand structure and418

composition419

Climate warming induced structural changes only under the two selective strategies Crop and420

Aggreg, despite enhanced growth and mortality under random selection. Because harvesting was421

not size-specific in the random selection strategy, the natural size distribution generated by self-422
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thinning was preserved, so warming mainly accelerated stand development without substantially423

altering stand structure. Pretzsch et al. (2022) also reported that increased growth from nitrogen424

fertilisation accelerated self-thinning in dense, unthinned Scots pine stands while maintaining stable425

density–size relationships. In contrast, selective silviculture redirected productivity gains toward426

targeted size classes through size-specific harvesting and tree release. Under these conditions,427

climate warming shifted stands towards lower densities with larger trees, while the fixed target basal428

area constrained biomass accumulation. More generally, our results illustrate how tree selection429

during thinning modifies tree size–growth relationships, identified by Forrester (2019) as a key430

determinant of stand structure and functioning.431

By selectively focusing thinning on beech, the two selective strategies effectively controlled432

stand composition and maintained spruce and fir dominance. In contrast, the random selection433

strategy revealed the strong competitive potential of European beech, whose proportion was much434

greater in warmer climate and reached 75% of the stand basal area. This late-successional species435

is highly competitive in mountain forests (Heiland et al., 2023), and its expansion under climate436

change has been widely reported in empirical and modelling studies (Aertsen et al., 2014; Tegel437

et al., 2014). The aggregated selection strategy also limited beech expansion by creating canopy438

gaps that reduced local competitive pressure and promoted Norway spruce regeneration, maintain-439

ing beech proportions below 25%, a threshold commonly recommended by forest managers in this440

context. The crop-tree selection strategy nearly excluded beech through the repeated thinning of441

small- and medium-sized trees, particularly under the lower target basal area, while maintaining442

mature reproductive conifers and more homogeneous light conditions favourable to Norway spruce443

regeneration. These results are consistent with uneven-aged silvicultural theory (Schutz, 1999)444

and simulation studies (Ligot et al., 2014), and emphasize the importance of retaining reproduc-445

tive conifers while selectively removing smaller competing individuals to ensure long-term species446
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control.447

Silviculture was therefore the main driver of the structure-dependent ecosystem services we448

studied. It shaped stand biomass, size distribution and species composition, while climate warm-449

ing primarily amplified these structural effects. Similarly, Mina et al. (2017) found that silvicultural450

operations exert a stronger influence on ecosystem services than does climate change. Thinning451

intensity was the primary determinant for carbon storage and tree-related biodiversity, with in-452

tensive management reducing both carbon stocks and habitat availability. Selective strategies453

increase the dominance of economically valuable trees but reduce both stand structural complex-454

ity and the abundance of European beech, which are critical for carbon storage (Pichancourt et al.,455

2018; Cuny et al., 2026) and habitat provision (Courbaud et al., 2022). This is consistent with456

studies showing that structurally complex stands, particularly unmanaged and mixed-species ones,457

support greater microhabitat diversity and abundance (Augustynczik et al., 2019; Asbeck et al.,458

2022; Asbeck et al., 2019). Such production-biodiversity trade-offs are widely reported in managed459

forest systems (Lafond et al., 2017), although habitat-tree retention and increased structural and460

species diversity may mitigate these effects and still respect production objectives (Lafond et al.,461

2015).462

4.4 Perspectives on resilience under global change463

Adapting silviculture to future conditions will require considering the increasing frequency and464

intensity of disturbances under climate change (Patacca et al., 2023). Climate-driven structural465

and compositional shifts towards fewer but larger dominant trees, lower abundance of smaller in-466

dividuals, and beech exclusion may simultaneously increase sensitivity to disturbance and reduce467

recovery potential. On the other hand, enhanced productivity could accelerate post-disturbance468

growth and stand reorganisation. Future studies should therefore consider how changes in stand469
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structure, composition, and dynamics driven by the interactive effect of climate and silviculture470

may influence forest vulnerability and recovery processes in increasingly disturbance-prone envi-471

ronments (Seidl et al., 2017; Albrich et al., 2020b).472

5 Conclusion473

Although our study focused on mountain forests, the mechanisms we identified may apply more474

broadly across productivity gradients. Increased resource availability, whether driven by tem-475

perature, water availability, or nutrient supply, can strengthen size-asymmetric light competition476

and promote structural differentiation within forest stands. More productive environments may477

therefore increase the importance of selective silviculture as a tool to redirect productivity gains478

towards vigorous trees and maximise their growth response. However, concentrating productivity479

gains on a limited number of large, high-value trees may lead to more economic specialisation of480

stand management and increase the risk of losing a substantial fraction of future returns following481

disturbances. Ensuring structural and compositional diversity therefore appears essential in highly482

productive forests, not only to mitigate trade-offs between ecosystem services, but also to enhance483

resilience under increasingly frequent and more intense disturbance regimes.484
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